

B




DPSL DPSL




i

Concrete Bridge Designer’s Manual





iii

Concrete
Bridge
Designer’s
Manual

E.Pennells

A Viewpoint Publication



iv

Frontispiece: Tarr Steps, Devon

Viewpoint Publications

Books published in the Viewpoint Publications series deal with all
practical aspects of concrete, concrete technology and allied subjects in
relation to civil and structural engineering, building and architecture.

Contributors to Viewpoint Publications include authors from within the
Cement and Concrete Association itself and from the construction
industry in general. While the views and opinions expressed in these
publications may be in agreement with those of the Association they
should be regarded as being independent of Association policy.
 
12.072 First published 1978
 
This edition published in the Taylor & Francis e-Library, 2004.
 
ISBN 0-203-22181-8 Master e-book ISBN

ISBN 0-203-27631-0 (Adobe eReader Format)
ISBN 0 7210 1083 0 (Print Edition)

Viewpoint Publications are designed and published by the
Cement and Concrete Association,
52 Grosvenor Gardens, London SW1W 0AQ
 
© Cement and Concrete Association 1978

Any recommendations made and opinions expressed in this book are
the author’s, based on his own personal experience. No liability or
responsibility of any kind (including liability for negligence) is accepted
by the Cement and Concrete Association, its servants or agents.



v

Preface

This book has grown from the need for a series of design guides for use in a
bridge design office. Its purpose is to help an engineer coping with the day to
day tasks of design, and to bring together in one volume some of the
information he needs to have close to hand.

Ideas have been collected from a wide range of sources and the author
acknowledges the contribution of numerous colleagues, particularly those at
E.W.H.Gifford and Partners.

A number of commercial organizations have generously made illustrations
and data available for inclusion in this manual.

Ernest Pennells first became involved in bridge design during the reconstruction
of numerous small railway overbridges to accommodate overhead
electrification of the London-Liverpool railway line.

His initial training with Contractors, and subsequent experience with Local
Authorities as well as Consulting Engineers, covered a diversity of types of
work: highways, buildings, heavy industrial construction and water-retaining
structures. But bridges became the dominant factor in the development of his
career.

In 1967 Mr. Pennells joined E.W.H.Gifford and Partners. He was their Resident
Engineer for the Braidley Road and Bourne Avenue bridges at Bournemouth,
which gained a Civic Trust Award, and commendation in Concrete Society
Awards. This was followed by a short tour in Chile representing the interests
of the practice. He was subsequently made
an Associate of the practice and became
responsible for several of their bridgeworks
contracts through all stages of design and
construction.

In 1976 Mr. Pennells went to Oxford
University for a period of further study, and
was later ordained as a Minister in the Baptist
Church.

A Fellow of the Institution of Structural
Engineers, Mr. Pennells is also a holder of their
Murray Buxton Award Diploma.
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The simplest form of bridge deck is a reinforced concrete
slab. It is, of course, only economic for short spans, and
where such a slab is employed it is often connected
monolithically with the abutment walls, forming part of
a box or portal section. This arrangement leads to the
more efficient utilization of the structure where the
proportions of height to span are favourable.

Slabs play a part in many other forms of construction,
and where a slab is spanning between open spaced beams
or adjoining webs in a box deck which are spaced at
intervals approximating to the width of a traffic lane, the
slab thickness will usually be 200mm (8in.), or
thereabouts. Assuming that the thickness has been kept
to a modest dimension to suit the span, continuous
support is usually provided for solid slabs because they
have a limited capacity to span transversely between
isolated bearings, and a simple rubber strip bearing is
adequate to cater for the small movements involved.

The thinnest possible slab is not necessarily the most
economic. It is worth investigating the relative costs of
concrete and reinforcement with various thicknesses of
slab. Fluctuations in the costs of concrete and
reinforcement make it impossible to state a universal rule
for this, and the question is discussed further in the chapter
on economics.

Once the depth of a cast-in-situ concrete deck slab
exceeds about 700mm or 28in., it becomes practical to
introduce voids, thereby reducing the self weight and
material content of the deck. Various types of void former
have been used. Spirally wound sheet metal was an early
type. It has been known for voids to become full of water
during construction, and the possibility of this taking place
in a permanent structure cannot be overruled entirely even
if drainage holes are provided. This could result in
significant overstressing of the deck. With spirally-wound
metal sheet it is only possible to produce a cylindrical
void so that, where it is necessary to change shapes, it
becomes essential to utilize an alternative material to form
the special shape required.

The use of expanded polystyrene overcomes the
potential objection of water filling the void, since the
material consists of a series of small closed cells, resulting
in very low porosity compared to the total volume
involved. The material has the further advantage of being
readily cut, either by using a hot wire in the factory or, on
site, simply a hand saw. The latter may not give the
smoothest result but is effective enough.

Other methods of void forming have been tried, with
varying degrees of success. Formers have been built with
timber frames overlain by tough cardboard, but the ability
of this type of former to maintain its shape after prolonged
exposure on a construction site is arguable.

Any void former requires very secure fixing to prevent
flotation during concreting. The flotation force can be
substantial—even more so when combined with the
vibration used to compact the concrete. Fixing the void
to the reinforcement cage is not a wise procedure—some
engineers have suffered the embarrassment of having their
reinforcement float with the void formers!

Although there is no compulsion to use a cylindrical void,
and other shapes could be exploited to advantage in some
circumstances, the circle does allow the concrete to flow
easily underneath the void. Any attempt to employ a wide
flat void could be disastrous for the concrete finish on the
soffit. The choice of dimensions for the spacing and depth
of voids must make due allowance for the practicalities of
concreting, particularly when bearing in mind the space
occupied by prestressing tendons, where they form part of
the deck construction. Due allowance for practical tolerances
in construction should also be taken into account. For
reinforced concrete construction the recommended minimum
dimension for the concrete thickness above and below a
circular void is 150mm (6in.), but for prestressed concrete
construction this might be reduced to 125mm (5in.). Voids
of other shapes require increased thicknesses. The spaces
between voids should be not less than 200mm (8in.).

The saving achieved by introducing voids stems from
the reduction in self-weight. Forming the void is likely to
cost a similar amount to the actual concrete replaced, so
the resulting saving in materials consists of a saving of
reinforcement, which is reduced because the load due to
self weight is lower. In prestressed concrete the prestress
required is further reduced as a result of the diminished
area requiring precompression.

Other benefits arise from voided slab construction. It
becomes possible to introduce strong transverse diaphragms
within the depth of the deck, simply by stopping-off voids.
Costs are also less sensitive to increases in depth than is
the case with solid construction, so that it becomes more
attractive to vary the shape of the overall cross-section of
a deck, introducing transverse cantilevers at the edges. This
not only gives economic benefits but also improves the
appearance of a structure by lightening the edge and giving
an interesting profile to the soffit.

CHAPTER 1

The bridge deck
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In a wide bridge it is also worth while breaking up the
deck into a series of broad “spine” beams of voided slab
construction, introducing linking slabs spanning
transversely to provide a connection between them and
to form a continuous deck surface. In addition to its affect
on the appearance this arrangement introduces benefits
in construction. There are difficulties in building wide
decks, particularly where prestressing is involved. The
relative movements between one part and another due to
the elastic deformation on stressing, and the subsequent
shrinkage and creep, can result in awkward problems.
Trying to cater for relative movement during construction
and yet to achieve fully continuous behaviour in the
completed deck can be particularly difficult with load-
carrying diaphragms. By breaking up the width of the
deck into distinct sections, each can be treated as a
separate constructional problem, and the linking slabs
can then be concreted following the completion of all the
main structural elements.

Where this approach to construction is adopted, the
transverse diaphragms should be kept within the width
of each spine element, and not taken across the linking
slab. Supports are provided separately for each spine.

The fact that a voided slab deck can be provided with
transverse diaphragms within its own depth allows a
simple form of bridge pier to be utilized. A cantilevered
diaphragm member can span up to 3 to 4m (or 10 to
14ft) depending on the proportions of the span and the
width. With a plate pier 3 or 4m wide, plus cantilevered
edge slabs spanning 3 or 4m, the effective width of each
“spine” element could be up to 16m or 50ft, which is
sufficient to accommodate a three-lane all-purpose road.

The plate type of bridge pier is not only pleasing in
appearance because of its simplicity of line, but is also
straightforward to construct. It blends well with the lines
of a deck of this type.

The economic change-over point between reinforced
and prestressed concrete construction in a voided slab
depends on the prevailing relative costs of concrete and
steel. The economic choice therefore changes in differing
circumstances, but is probably within the range of 20 to
25m or 65 to 80ft. That is to say, for spans of up to 20m
reinforced concrete is cheaper, between 20 and 25m
further investigation is necessary, and above 25m
prestressed concrete should be the economic answer.

One important factor in the economy of a prestressed
concrete deck is the layout of prestressing cables adopted.
It is fundamental to the efficiency of a cable that its profile
should move through as great a height as possible, to
give maximum eccentricities at both midspan and support.
Where twin cables are used between adjacent voids, the
maximum range of eccentricity is exploited by bringing
the cables from a parallel, side-by-side position at midspan
to a similar side-by-side position over the pier. The path
followed by each cable, when viewed in cross section
through the deck, therefore describes an “X” through
the length of the span, as shown in Figure 3.

Where a voided-slab deck is a continuous prestressed
structure of more than three spans it becomes necessary
to use serial construction (see Data Sheet 57). This involves
building one or two spans at a time, coupling the
prestressing cables for subsequent spans on to the end of
those spans that are already built and stressed. The details

necessary to accommodate suitable anchorages can
impose restrictions on the eccentricity that can be achieved
at pier positions. If the construction joints for the span-
to-span connections are provided adjacent to the pier, the
prestressing anchorages force the cables down into the
deck to a lower level than that required by the cables
themselves, in order to achieve the necessary edge
clearances. To avoid this restriction it may become
necessary to move the span-to-span construction joint
away from the piers.

With the construction joint within the span, the point
of connection becomes subject to deflection during the
course of construction and prestressing. This can be
difficult to deal with in a manner consistent with obtaining
a good finish.

One disadvantage of serial construction is the
constraint imposed on the constructional sequence. The
work effort required from the differing trades in
contributing towards the progress of construction tends
to come in short, concentrated efforts that do not provide
the continuity of work which is so desirable to achieve
optimum productivity.

There are also limits to the rate of construction which
can be achieved, and since serial construction demands
that erection proceeds sequentially, span by span, from
the starting point, long construction periods become
inescapable in the case of viaducts. To speed construction
it is sometimes necessary to produce a design requiring
the construction of two spans at a time. The
disadvantage of this arrangement is that frictional losses
will be high at the end remote from the stressing point,
which can only be the leading edge of construction. It is
inevitable that the effective prestress will differ at
adjoining piers (due to the different frictional losses).
The range of stresses that must be catered for during
design becomes a further constraint on achieving the
maximum economy in terms of the balance of forces on
a cross-section.

Beam-and-slab construction

Cast-in-situ construction using beams and slabs—as
commonly, adopted in building construction—is rarely
used in bridges in the UK, other than locally within the
context of other forms of construction to provide
trimming around openings. Where beam-and-slab
construction is used, it invariably occurs in conjunction
with precast beam units. Early forms of such
construction were based on the use of I-beams with slabs
spanning transverely, as is common in steel construction.
Composite action between the precast unit and the deck
slab then forms a T-section. A number of variants have
been employed for the shape of the precast unit in an
attempt to achieve the optimum economy in the design
condition for the precast unit while it is acting
independently (i.e. during construction) as well as in the
completed structure.

To streamline construction, it can also be beneficial to
precast part of the slab itself. This usually means
precasting a sufficient thickness of slab to support the
dead weight of the full slab, and completing the thickness
with cast-in-situ concrete (see Figure 5).
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Figure 2. Bourne Avenue Bridge, Bournemouth. Prestressed voided slab with reinforced concrete
side cantilevers, built using serial construction with couplers.
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When railway modernization was in progress in the
UK, with the accompanying change from steam to
electric and diesel motive power, the inverted-T bridge
deck became very popular. It provided a means of
constructing a bridge deck without recourse to falsework
which could otherwise impinge unacceptably on railway
clearances. Also, while steam traction was still common,
it had been desirable to have a bridge with a flat soffit,
in order to avoid smoke traps which had the effect of
worsening the deterioration of a structure by trapping
hostile elements in the exhaust from the locomotives and
thus promoting corrosive attack. A wide range of T-
beams came on to the market, and steps were taken
towards standardization, as it was felt that this would
produce economies. This development gave rise to the
marketing of rapidly-designed bridge decks. By the
simple expedient of selecting the appropriate standard
units, and stacking them side by side on a drawing:
“BINGO!”; the design was virtually complete. This
procedure held considerable attractions for design offices
with limited experience in bridge design.

The use of bridge decks based on the use of
contiguously placed precast units still has a place in
particular circumstances where there are severe
restrictions on temporary headroom during construction,
where speed of erection is a prime consideration for the
deck, or where safety requirements favour this approach.
The current standard unit in the UK for this form of
construction is the M-beam, a particular version of an
inverted-T. There are also box sections and other types
of inverted-T on the market. Details of some types of
precast deck beams currently available are given on Data
Sheet 1.

Where precast beam units are used in a bridge deck
and the span is such that prestressing is the economic
answer, the choice remains between pretensioning and
post-tensioning. Where a small number of units are being
utilized, post-tensioning is likely to be more economic
because pretensioning requires a fairly elaborate set-up
for fabrication. Such expense can only be justified where
the number of units to be produced is sufficient to gain
advantage from the fact that with pretensioning the
anchorages are re-usable through the fabrication of a
number of components.

It has often been argued that precasting should
represent the economic solution to most bridge problems.
This impression arises from the relative simplicity of the
constructional procedures on the site. Against this must
be set the fact that most forms of precast construction
involve more total work, and additional handling
operations are needed above those required to complete
cast-in-situ forms of construction. It is also necessary to
finance the overheads at a precasting factory in addition

to those on the construction site, which must increase the
already substantial margins added to the direct cost.

In many instances the cost of a cast-in-situ form of
construction, as represented by the prices tendered by
contractors, is cheaper than the precast alternative.
Comparisons of this kind are difficult and can only be
valid where alternative designs of equal merit are used as
yardsticks. Even in a structure where the spans cover a
range favourable for precasting, most practical bridge
decks have geometrical complications which demand
dimensional variations in the length of the units or their
spacing, thus robbing the work of fabrication and
assembly of that repetitiveness which gives the prime
potential saving in precast construction.

There are obvious limitations in the length and weight
of precast units which can be transported, so that only
spans of less than 30m or 100ft can be dealt with by
using single precast beams.

It is sometimes possible to construct a precast deck in
a manner which results in continuity as regards imposed
loading only. The adjustments which would be necessary
during erection to counteract the deflection due to self
weight make it impracticable to achieve full continuity
for the dead loading when precast beams are used. The
effects of continuity are sometimes simulated by providing
articulated joints within the span acting in conjunction
with cantilevers from the support. The drawback with
this solution is that the joints in a bridge deck invariably
leak and, whereas the consequences of this can usually
be concealed at the abutments, the siting of a joint within
the span usually leads to disfiguring staining on the
elevation. Unless the joint is successfully masked, it can
also detract from the lines of the structure.

Where a bridge of precast beam construction consists
of several spans, the intermediate supports invariably
require a portal frame, the cross member of this portal
usually being located below the deck. Although attempts
have been made to conceal the cross-head within the depth
of the beam-and-slab construction, the resulting details
are complex, and are therefore unattractive.

Box-section decks

Precast construction has been applied to post-tensioned
prestressed concrete box decks, but the circumstances
where this is justified and provides an economic solution
are the exception rather than the rule. The arrangement
involves heavy handling on the site and a good deal of
labour in forming joints.

The precast solutions which have been adopted are
generally based on the use of segments which represent
the whole of the deck cross-section. These are precast in

Figure 3. Layout of prestressing cables.
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short lengths which are then jointed by cast-in-situ
concrete, usually in joints about 100mm (4in.) in
thickness. An alternative solution, in which precast
segments represent only part of the cross-section of the
deck, has been adopted where there were stringent
limitations on the size of unit which could be handled on
site (see Figure 6). Such a precast solution requires
extensive falsework to support the components until
jointing is complete and prestressing has been carried out.
The need for this falsework detracts from the potential
advantages of precasting and makes box construction
generally better suited to cast-in-situ concrete work.

The natural flexibility of cast-in-situ concrete
construction can be well exploited in a cellular type of
deck. The external profile of the cross-section can be
maintained, while variations in the relative positions of
webs, as well as their thickness, can be made to suit the
geometry imposed on a structure by the highway layout.

There are a number of variations on the basic theme
of a box section. Not only is there a choice as to the
number of cells which can be included but the soffit profile
can be varied, providing a haunch at the pier locations
where the bending moments tend to be higher. Nor is
there any necessity for the web members to be kept
vertical. A number of boxes have been constructed with
sloping outer webs, which gives an interesting profile to
the bridge soffit. Whether or not this adds to the cost of a
structure is arguable in the light of the proportions of an
individual deck but, where such a solution is appropriate,
the additional labour involved in forming the unusual
shape should be offset by reductions in material content
necessary. Of course, where such shaping is introduced
purely as a gimmick without having functional relevance
it must be expected to add to the cost.

The argument supporting the provision of sloping outer
webs is that the width of the upper slab of a box deck is

Figure 4. Box construction applied to Calder Bridge.
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enforced by the width of the pavement to be carried.
Although a box could be built with its outer webs on the
extremities of the section, it may be advantageous to limit
the width of the box itself, thereby reducing the material
content. Providing transverse cantilevers at the edges of
the deck is one significant step towards this, and sloping
the outer webs can further reduce the width of the bottom
slab, if the box is sufficiently deep to make this
worthwhile. Whether or not such a shape is appropriate
depends on the width of the highway and the depth of
the box.

The bottom slab of a box has only to maintain
equilibrium with the prestressing cables at midspan.
Adjacent to the supports it has the primary function in
resisting the reverse bending moments over the continuous
supports, and it is then a relatively simple matter to thicken
the slab in this region without incurring the penalty of
significantly increasing the bending moments due to self-
weight.

Where box construction is adopted another
fundamental alternative presents itself: whether to provide
internal or external prestressing cables. Internal cables
are buried within ducts contained in the concrete forming
the deck cross-section. External cables are suspended
freely within the voids of the box, stressed in that
condition, and subsequently protected by a casing of
concrete, grout, or some other means.

If internal prestressing cables are used and the structure
has several spans, the same limitations arise that apply to
voided slab construction. That is to say, serial construction
must be adopted because it is only possible to prestress

one, or possibly two, spans at a time from one end because
of the rapidly accumulated friction within the length of
the ducted cables. It is also likely that the dimensions of
the box, in terms of web thicknesses, will be dictated by
the concrete required to accommodate the prestressing
ducts and to cover them.

The use of external prestressing cables removes these
restrictions. The frictional losses accumulated along the
length of an external cable are very low, so that it becomes
possible to stress a number of spans at one time with
quite modest losses. This can make a marked impact on
the design of a multi-span structure. Not only does it
become possible to dispense with intermediate anchorage
positions for prestressing, which would be required with
serial construction, but the sequence of construction for
the bridge can be freed from the strait-jacket of serial
construction, demanding its span-by-span approach.

It is unlikely that accumulated friction will limit the
number of spans which can be constructed and prestressed
in a single operation. It is more likely that restrictions will
arise from the prestressing equipment, in that it is necessary
to stress a cable by a series of bites, i.e. strokes of the jack,
and it is desirable to limit the load at which a further bite
is commenced. This limitation arises from the fact that in
commencing a fresh bite the prestressing jack must first
overcome the resistance to withdrawal of the wedges, which
have locked-off temporarily at the end of the preceding
bite. If a cable is to be stressed to 70% of its characteristic
strength, it is desirable that the last bite should commence
at a figure not higher than 65%, to allow for the overload
due to withdrawal of the wedges, so that the length of

Figure 5. Interior of box deck under construction. External prestressing cables located ready for stressing.
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cable must be no more than that which will allow a single
stroke of the jack to raise the cable through 5% of its
characteristic strength. If the working stroke of the jack is
150mm (6in.), this implies a limiting length of 200m or
650ft where stressing is to be carried from one end only.

Where a box section is cast-in-situ it is obviously
necessary for the section to be built up in a series of
operations. For deep boxes it may be necessary to cast the
bottom slab, webs and top slab separately. For shallower
sections the webs and top slab may be cast together. In a
single-celled box there may be advantages in casting the
bottom slab and webs together, and subsequently adding
the top slab. Difficulties in securing the web forms make
this arrangement unattractive for multi-celled boxes.

To simplify the casting sequence in a long length of
deck, a considerable advantage can be gained from
allowing the construction of the box itself to precede the
concreting of such diaphragms and stiffeners as may be
necessary along its length. This arrangement enables the
formwork for the box to proceed without complications
due to the transverse reinforcement and formwork. Special
attention must be paid to detailing the reinforcement for
the stiffeners and diaphragms if free movement of the
box formwork is to be attained.

The main limitation on the size of boxes at the lower
end of the span range becomes the practicability of casting
a shallow box. It is necessary to work inside to strike and
remove the formwork and, where external cables are used,
to thread and protect the prestressing cables. Where a box
is to be built with re-usable timber forms the clear height
inside the deck should not be less than 900mm (3ft), which
implies a minimum overall depth of 1.2m (4ft). If external
cables are used and they are to be protected by a casing of
cast-in-situ concrete, the headroom inside the box should
not be less than 1.5m (5ft). Lesser headrooms are acceptable
where alternative forms of protection are provided.

Optimum deck proportions

In spite of the fact that a substantial proportion of on-
site constructional costs in the UK are due to labour,
experience has shown that the forms of construction
which require minimum material content are those which

tend to prove the economic solution, even though
alternatives may exist which are simpler to assemble and
which call for fewer man-hours to be worked on site.

Economic designs make the best structural use of the
material contained within the deck, and the non-working
parts of the structures are kept to a minimum. The
penalties to avoid are the provision of heavy webs at
midspan, where shearing stresses are only nominal, and
unnecessary areas of flange at points having nominal
bending moments. For example, in many forms of precast
construction it is necessary to provide a flange on the
precast element in order to maintain stability prior to its
incorporation in the finished deck. In many beam sections
this temporary top flange is stressed at low levels in the
permanent structure but adds significantly to the self
weight. In voided-slab construction the shape of the web
is structurally inefficient and where significant depths are
involved the amount of structurally-unnecessary material
carried by such a section becomes substantial. In wide
box construction the top flange is necessary throughout
to support the pavement, but the bottom of the box, which
acts as a flange, is only nominally stressed at points away
from support or midspan locations. A source of self-
weight common to many forms of construction is the
concrete added to a section solely to protect the
prestressing tendons.

To achieve an economic solution it is necessary to assess
critically any concrete which is included for non-structural
reasons. It is also essential to make the maximum use of
those elements of the structure which are indispensable.
The prime example of this is the slab surface provided
over the full width of the deck to support the road
pavement. For optimum structural efficiency this slab
member must be well utilized. It forms a natural flange
to resist longitudinal bending, and the minimum thickness
which it can practicably be given provides sufficient
capacity to span transversely between longitudinal
members that are spaced at about a width of one traffic
lane apart.

To make the best structural use of longitudinal
members a prime consideration is that their number
should be kept to the minimum compatible with the
capacity of the deck slab. Since it is impossible to design
a beam of any type which is 100% structurally efficient,

Figure 6. Precast beam-and-slab construction.
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the idea of using a minimum number of longitudinal
members ensures the provision of the minimum of
structurally-surplus material in the deck.

The best use is made of the upper surface of a deck
slab spanning transversely by allowing it to make the
maximum possible contribution to carrying the load
across the width of a deck. For example it can cantilever
a significant distance beyond the outer members to
support parapets, verges and part of the carriageway itself.
The presence of a verge lowers the intensity of loading,
and transverse cantilevers of 3 to 4m or 10 to 14ft are
quite practical. Longitudinal members spaced at a width
of one traffic lane apart are well within the capacity of a
reinforced concrete slab about 200mm (8in.) in thickness.
This provides an economical layout whether the
longitudinal members are the webs of a box-section, or
precast beams.

A structure of the minimum depth is not necessarily
the most economic. To achieve maximum economy the
balance of cost between the concrete and steel for
reinforcing (or prestressing) needs examining. This matter
is discussed further in the section on economics. For
economic design the costs of approach roads also need to
be taken into account, which may give rise to substantial
extra costs that are proportional to the deck thickness.

Of course economy is not the sole consideration and a
slender structure is often preferred for the sake of
appearance.

Selection of deck

Physical constraints arising from the nature of the site
may eliminate some solutions. Restrictions on the depth
available for construction may demand a deck having

the minimum depth or may eliminate the use of falsework
where the restrictions apply during construction. Access
to the site, or the height of a deck above the ground can
also be factors limiting the choice in extreme
circumstances.

In most cases several options remain. Appearances are
important and, assuming the deck to be well proportioned,
the complimentary consideration is the form chosen for
the intermediate supports. Portal frames have little to
commend them in this respect—they add to the apparent
overall depth of construction and interrupt the lines of
the deck. The plurality of numerous supporting columns
can add confusion to the general appearance beneath the
bridge, which may already be busy with traffic routes. If
skew is present this confusion is compounded. To simplify
the form of the supporting piers a deck structure must be
of a type which has some capacity to span transversely as
well as longitudinally, thus replacing the cross-beam of a
portal. This means using a voided-slab or box-type
structure.

For a long length of bridge or viaduct, there may be
circumstances where the ground features admit a range
of options in terms of the number and dimensions of the
individual spans. Obviously in such circumstances full
advantage must be taken of the benefits of repetition by
adopting an even spacing for the piers, although the end
spans should, if possible, be shorter than the intermediate
spans to achieve optimum structural economy. Where the
length of a structure is such that a large number of spans
becomes necessary, the rate at which it is practicable to
construct the bridge must be taken into consideration. If
serial construction is adopted it is unlikely that the rate
of construction can exceed one span per month even after
working has settled into a productive rhythm. Although
the cheapest structure might be a voided slab with a span

Figure 7. Precast construction applied to box-section deck.
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of less than 30m or 100ft there could be a case for building
longer spans by using box construction so as to enable
the adoption of external prestressing to achieve a faster
rate of construction. Substructure costs often influence
the economic layout.

For multi-span structures the preferred articulation is
to adopt full continuity. Serial construction introduces
varying moments in adjoining spans as construction
proceeds. These moments are subsequently modified by
shrinkage and creep, eventually converging on the values
which would occur in a structure built in the fully-
continuous state. Because time is taken to achieve this
situation a range of figures must be taken into account in
the calculations, adding to the margins of residual stress
to be provided and thereby adding to the material content
in the deck.

Where the choice of deck construction remains open,
cast-in-situ concrete box construction will prove to be
the most-economic solution for spans in excess of 35m.
For spans of 30 to 35m or 100 to 115ft the box will be
economic where a depth of not less than 1.2m (4ft) is
acceptable. For spans of 25 to 30m a prestressed concrete
voided slab is the appropriate choice, changing to a
reinforced concrete voided slab at some point between
25 and 20m or 80 and 65ft span. Where the depth of the
deck is less than 700mm (about 28in.) a solid reinforced
concrete slab is appropriate.

Data Sheet 2 summarizes the limiting dimensions and
spans for various types of deck construction.

Precast construction should be used where restrictions
on the temporary headroom preclude the use of falsework
under the deck, where safety considerations demand the
provision of a continuous soffit during construction by
using contiguous precast beams, or where the speed of
erection is a prime consideration.

Standard bridges

During recent years the Department of Transport has
undertaken an extensive study of bridge standardization,
as a result of which it hopes to publish a range of detailed
designs that are applicable to commonly recurring
bridging problems associated with highway construction.

Although the forms of construction adopted for this
standardization are well known and proven bridge deck
types, the task has nonetheless proved to be complex
because of the bewildering number of combinations of
factors controlling the basic geometry of a bridge. In view
of the fact that standard solutions can only be applied to
a small proportion of total bridging problems, the effort
required to resolve this difficulty, combined with the
consequent cost of the exercise, raises questions as to
whether this approach to design standardization is
economically productive.

Standard precast beams are prominent in the standard
designs, which is likely to have the effect of strengthening
their dominance of the scene where precast construction
is concerned. The incidence of precasting other than for
standard beam sections has become rare in bridge
building. Either this argues for economic advantages
having arisen from the use of standard sections, or it
argues for conservatism in the design approach where
precasting is concerned.

Cast-in-situ reinforced concrete slab decks and
composite steel-and-concrete construction also figure in
the range of standard designs prepared by the DTp, so
that a choice of types of construction can be offered to
the contractor at tendering stage, enabling him to select
the type of construction best suited to his resources and
methods of working.
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Precast deck beams
Data sheet No 1
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Data sheet No 1 Continued
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Reinforced concrete slab

Suggested applicability: spans up to 8m.
Max depth: 800mm without voids.
 

Reinforced concrete spine beam

Suggested applicability: spans from 6 to 12m.
Max. depth: 750mm without voids.

Reinforced concrete voided slab

Suggested applicability: spans from 10 to 20m.
Max. depth: 1.000m.
Span/depth ratio: 1:17 for simply-supported spans;
1:20 for continuous spans.

 
Prestressed concrete voided slab

Suggested applicability: spans from 20 to 30m.
Max. depth: 1.000m, extended to 1.200m in some circumstances.
Span/depth ratio: 1:22 for simply-supported spans;
1:27 for continuous spans.
 
 

 
Prestressed concrete box deck

Suggested applicability: spans in
excess of 30m.
Minimum depth: 1.200 m.
Span/depth ratio:
1:24 for simply-supported spans;
1:30 for continuous spans.

Cast-in-situ concrete decks
Data sheet No 2
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Bridge deck references
Data sheet No 3
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Because of the close interaction between a bridge deck
and its supporting structure it is essential that the two be
considered together in formulating outline proposals, to
ensure that they are compatible. Ground conditions may
be such as to make some settlement of the foundations
inevitable, and where the magnitude of settlement
involved is substantial, this may rule out the use of
structural forms involving continuous spans or a
torsionally stiff deck, because these would be unable to
accommodate large displacements at the points of
support.

The techniques of ground investigation by means of
boreholes are well known and widely practised. However,
it is important to realize that an investigation carried out
without proper supervision and understanding may be of
little value, and can even be positively misleading in ways
that may give rise to major problems during construction,
or to the unsatisfactory performance of the completed
bridge.

The supervision of ground investigations needs to be
in the hands of personnel who know the techniques of
investigation well enough to differentiate between real
difficulties and a lack of care on the part of the operatives,
and who are also able to identify the strata encountered
during the investigation. In many instances the latter
requirement calls for little more than common sense, but
some subsoil formations present variations which may
only be identifiable by trained geologists. Even so, the
consequences of these differences may be very significant
in terms of the design, construction and serviceability of
the foundations.

Information regarding the allowable bearing capacities
of granular and cohesive soils is summarized on Data
Sheet 4, Data Sheet 5 deals with the field identification
and classification of various types of soil, as required by
CP2001, while Data Sheet 6 tabulates approximate
foundation pressures according to CP2004:1972.

Abutments

Mass concrete construction is economic for retaining walls
of small height, but is not normally competitive with
alternatives in reinforced concrete at the height required
for a bridge abutment giving highway clearance. The
simplicity of construction suggested by mass concrete is
offset by the need to taper the section in order to limit the
quantities of materials involved. An interesting solution

to this requirement occurs where the cross-section is given
a triangular shape with the front face battered, resulting
in a sloping front to the abutment.

Cantilevered reinforced concrete walls are probably
the most widely used form of construction for typical
highway bridges. They require simple formwork, but as
the height increases, the reinforcement can become very
heavy and the section thickness substantial.

With increasing height it becomes economic to shape
the section of the wall stem in plan, creating a T, which
allows the use of wall panels of the minimum practical
thickness in combination with cantilevered T-beams. This
arrangement results in a reduction in the quantities of
concrete and reinforcement required but adds complexity
to the formwork arrangements needed.

The traditional counterfort wall employs T-ribs that
extend right to the back of the footing, but at intermediate
heights this is not necessary—the T-ribs need only be
sufficiently deep to enable them to resist the shearing
forces involved, and to keep the amount of tension
reinforcement required within reasonable limits. The
resulting stub-counterfort wall provides an intermediate
solution between the cantilever and the full counterfort,
and can be economic at heights which are appropriate to
providing the necessary highway clearance.

Where types of wall involving more-complex
formwork requirements are to be utilized it is important
to keep the spacing between counterforts regular, so that
the formwork panels can be given the maximum amount
of re-use without modification.

For the bases of retaining walls it is often the shearing
stresses that control the thickness of footing needed. This
is particularly true as regards the recent requirements of
the Department of the Environment (DoE) in its Technical
Memorandum BE 1/73 which limits the shearing stress
in relation to the amount of main tension steel provided.

For large abutments where the ground is rising away
from the bridge spans there can be advantages in using a
hollow abutment. This consists of four walls forming a
box in plan and supporting a deck of simple cast-in-situ
reinforced concrete beam-and-slab construction. The front
and side walls simply act as supports to the deck, while
the rear wall retains the earth fill to the approach
embankments. The potential advantage of this
arrangement is that the height of the retaining wall at the
rear of the hollow abutment is much less than would be
required if the retaining wall were the front wall of the
abutment.

CHAPTER 2

The sub-structure
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The various types of abutments are illustrated on Data
Sheet 7, and their design is dealt with on Data Sheet 10.
The various modes of failure that may occur are discussed
on Data Sheet 9.

Piers

The choice of construction of a bridge deck will dictate
how much freedom exists in choosing the pier
construction. If support is required at intervals across the
full width of the bridge deck, some form of supporting
wall or portal frame is called for. However, where a deck
has within itself some capacity to span transversely at
intermediate-support positions by means of a diaphragm
within the depth of the deck, then a wider choice is
possible.

Simplicity in the form of the pier not only has the merit
of providing easier, and therefore more-economical,
construction but is also more likely to produce an
attractive result. Complex shapes have been used with
success, but for every good example there are several poor
imitations and it is evident that piers of a complex shape
should only be adopted after a careful investigation of
their potential appearance. It is probably better to limit
their use to situations where good modelling facilities
enable a realistic representation to be made of the final
result. Although perspective sketches can be prepared,
they are frequently misleading because they can at best
only represent the appearance from a single viewpoint.

One choice to be made in relation to the overall
articulation of a structure is whether the bearings should
be placed at the heads or the feet of piers. A monolithic
connection between the head of a pier and the bridge
deck is undoubtedly a clean and tidy solution visually,
but bearings at the foot of a pier require a chamber and
introduce associated drainage problems which usually
combine to create additional expense. There are also
problems in providing stability for the pier during
construction, and for these reasons bearings at the heads
of piers are usually preferred.

Banks seats

Where no abutment is provided and the end of the bridge
deck is supported at the head of a slope formed by a
cutting or embankment, the foundation may be a strip
footing, a buried skeletal abutment or a piled bank seat,
depending on the level of suitable founding strata.

The choice of a bank-seat support usually follows from
a designer’s wish to minimize the interruption to the flow
of lines of the deck. It is possible to detail such a
foundation in a way that enables the deck profile to
continue into the earthworks without the supporting
foundations being visible. To achieve this it is usually
necessary to construct part of the bank seat with an edge
profile to match that applied to the deck itself. With this
arrangement the movement joint in the deck is likely to
pass through the parapet clear of the earthworks.
Attention to draining this joint is therefore important in
order to avoid weathering defects.

Several types of bank seat are illustrated on Data Sheet 8.

Transition slabs

Opinions differ as to the merits of providing transition
slabs on the approaches to a bridge. Maintenance
problems have been known to arise with transition slabs,
but those who favour their use attribute this to poor
original design or detailing. Where ground conditions are
such that the embankment supporting a road will settle
significantly, depressions are liable to develop immediately
adjoining the ends of the bridge deck, giving a very poor
riding characteristic to the carriageway. This in turn
increases the settlement as a result of pounding from traffic
on the poorly-aligned section of road. This problem is
aggravated by providing rigid supports at the ends of the
deck such as would occur if this element were piled. It is
also apparent that embankments of a substantial height
will be subject to settlement within themselves, quite apart
from that of the supporting sub-grade, thus further adding
to the problem.

A well-designed transition slab distributes the relative
settlement between a bridge deck and the approach
embankments, thereby very much improving the riding
characteristics of the pavement and eliminating the
recurring maintenance problems associated with the
formation of depressions immediately behind rigid end
supports to the deck.

Piling

It often becomes necessary to employ piled foundations
for bridgeworks where the ground near to the surface is
too soft to sustain spread footings or would be susceptible
to substantial settlement. In addition to providing a means
of supporting the foundation loads, the use of piling can
make it possible for the other ground works (such as the
construction of pile caps in the place of spread footings)
to be carried out at higher levels than might otherwise be
possible. This can be beneficial where the foundation is
to be built adjacent to a waterway or in waterlogged
ground.

The various types of pile that are available are listed
on Data Sheet 11. Data Sheets 12 and 13 give charts for
the design of precast concrete and steel bearing piles
respectively according to the well-known Hiley pile-
driving formula.

The choice of the type of pile to be used is influenced
by ground conditions. Where rock or some other hard
bearing stratum occurs at an accessible depth, preformed
piles driven to provide end bearing can be an attractive
proposition. Steel H-piles are more easily driven, cut and
extended than their reinforced concrete alternatives.
However, it is self-evident that reinforced concrete is a
more suitable material where corrosive conditions exist.
Preformed piles can be driven at a rake of up to 1:4,
thereby absorbing horizontal forces without inducing
substantial bending moments in the pile section. Loadings
in pile groups which include rakers can be assessed by
the elastic centre method described in the Civil
Engineering Code of Practice No. 2: “Earth Retaining
Structures”. To minimize the risk of high bending
moments developing in piles, any arrangement adopted
should be such as to avoid the intersection of all the pile
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centre-lines at a single common point, because with such
an arrangement the rotation of the pile cap about that
point is possible. This risk is avoided by ensuring that the
layout adopted produces intersections of centre-lines at
no less than two well-separated points.

Large-diameter piles are normally installed vertically,
but it is still possible to absorb horizontal loads although
these do give rise to bending in the pile. Methods of
assessing the horizontal-load capacity of large-diameter
piles have been developed which utilize the subgrade
resistance in combination with the stiffness of the pile.

The techniques of constructing large-diameter bored piles
are best suited to cohesive soils. Granular layers near to the
surface can be successfully dealt with, but at greater depths
the risks of the shaft sides collapsing become too great.

Piling adds to the cost of a bridge, so that the
practicability of providing traditional footings always
merits careful investigation. Even where the soil will only
permit low bearing pressures it is usually cheaper to
provide extensive spread footings than to employ piles.

Groundworks

For work within the ground, simplicity of construction
can have considerable merits. A mass concrete foundation
may be bulky, but is worth consideration as a means of
speeding construction in difficult ground conditions and
it provides a firm base for continuing the work in
reinforced concrete with the added complexities involved.
In waterlogged ground the use of circular cofferdams filled
with mass concrete minimizes the temporary works and
leads to the rapid completion of the work in the ground.

Diaphragm walls

For vertically-sided cuttings, such as those required for
lengths of sunken road, the work of excavation can often
be minimized by using such constructional techniques as
contiguous bored piling or diaphragm-wall construction,
in place of conventional retaining walls. Since these
techniques are usually associated with particularly-
difficult ground conditions, such as those arising with
over-consolidated clays, the design approach involves
consultation with authoritative experts.

The construction of a diaphragm wall requires the
excavation of a deep trench in short lengths, using a
bentonite slurry to support the faces of the excavation
where necessary. A prefabricated cage of reinforcement
is lowered into the excavation and concrete is placed by
tremie. Each short length forms a panel, and the joints
between panels introduce some measure of structural
discontinuity into the wall. Precast wall panels have been
used in some instances, and involve the use of a bentonite
drilling mud which develops a strength appropriate to
the surrounding ground.

Reinforced earth

A rapidly-constructed and lighter form of retaining wall
construction has been developed in recent years which
is based on the use of facing panels that are stacked
without any attempt to provide fixity or bond with
adjacent units, but where each panel is tied back to the
earth fill by straps that are buried in the retained
embankment during construction. The facing to a
reinforced earth wall can consist of concrete panels,
metal troughs or—more recently—lightweight panels of
fibre-reinforced concrete. The technique has been widely
demonstrated on the Continent, and several examples
have now been built in the UK. In addition to giving a
lighter wall than could be achieved in traditional
reinforced concrete construction, this technique has the
merit of allowing construction to proceed on ground
which may not be suitable to form the foundation for a
conventional wall.

Joints between the facing panels are usually made to
accept movements which may arise due to settlement,
and the flexibility of the finished construction makes it
highly tolerant to differential settlement without affecting
its structural integrity. The technique has been used for
bridge abutments as well as free-standing walls. Some
settlement is likely to occur, although this can be nominal
where ground conditions are firm. In circumstances where
the use of conventional abutments would involve
extensive groundworks associated with foundations, it
may be found that the use of reinforced earth could
provide a solution which makes substantial savings by
eliminating much of the groundworks.
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Granular soils
 

The bearing capacity of a granular soil is closely
related to its density. The more tightly compact the
soil is, the greater its capacity.

The standard penetration test is the technique adopted
for assessing in situ the compactness of granular soils.

The bearing capacity can therefore be related to
standard penetration test values N.

Cohesive soils
 

The ultimate bearing capacity q
d
 per unit of area of a

continuous footing is
 
q

d
=5·70c=2·85q

u
 
and of a circular or square footing is
 
q

dr
=q

ds
=7·4c=3·7q

u
.

 
The ultimate bearing capacity of a rectangular or
oblong footing of width B and length L is
approximately equal to
 
q

do
=2·8q

u
(1+0·3B/L)

 
 

Soil strength
Data sheet No 4

Suggested allowable bearing values for clay

N: number of blows per 300 mm in standard
penetration test.

q
u
: unconfined compressive strength,

q
d
: ultimate bearing capacity of continuous footing,

q
ds
: ultimate bearing capacity of square footing,

q
a
: proposed allowable bearing value (where G

s
=3).

G
s
: factor of safety with respect to base failure.
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CP2001: Soil identification
Data sheet No 5
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CP2004:1972 Approximate foundation pressures
Data sheet No 6

Presumed bearing values under vertical static loading
NOTE: These values are for preliminary design purposes only, and may need alteration upwards or downwards.

Undrained (immediate) shear strength of cohesive soils
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Mass concrete

Economic for small heights, such as where
headroom is less than that needed for
vehicular traffic.

Cantilever

Simple shape to form but demanding high
concentration of reinforcement in the stem
as height increases

Stub counterfort

Reduces weight of reinforcement compared
with cantilever, but calls for more complex
shuttering.

Counterfort

Even more complex shutters
with large areas to
the side of counterforts.

Hollow abutment

For high abutments on sloping ground this
construction offers advantages over heavy
counterfort construction.

Abutments
Data sheet No 7
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A bridge constructed at existing ground level to span
across a road in cutting may need only nominal bank
seats if good foundation strata are available at shallow
depths. This may give rise to particular problems
where negative reactions are likely to develop.

 

“Spillthrough” or “skeleton”
abutments are suitable where
spread footings are needed at a
level well below a bank seat. It is
often advantageous to design a
footing to offset the foundation in
relation to the bearings, because
the permanent horizontal loading
shifts the reaction.

 

Where the load-bearing strata are
at a considerable depth below the
bank seat level, piled foundations
are called for. Driven piles are
usually preferred where the bearing
strata are of rock or granular
material: bored piles are suitable in
cohesive ground. Horizontal loads
are accommodated in bored piles
by their resistance to bending, but
driven piles can be placed at a rake
to form a framework.

Bank seats
Data sheet No 8
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Sliding

Resisted by friction in granular soils or adhesion in
cohesive soils, aided by the passive resistance of the
soil in front of the toe. If public utilities are to instal
services in front of the wall the location or depth of
the trenches may invalidate the passive resistance.
Sliding resistance can be increased by incorporating a
heel below the foundations.

Foundation yield

Produces a similar effect to overturning.

Overturning

In practice overturning is usually associated with some
yielding of the foundation, since this produces very
high pressures under the front of the footings.

 
 

Slip circle
 

Only a problem in cohesive soils.
 
 

Structural failure

Failure can occur in the stem or the footing if an
inadequate section is provided.

Modes of failure
Data sheet No 9



Loading The following loading conditions should be considered when
case designing the section:

Construction cases:
1 abutment self-weight+wing walls

2 abutment self-weight+wing walls+deck load+temperature rise

3 abutment self-weight+fill behind abutment+HA surcharge

Working-load cases: HA loading
4 abutment self-weight+fill behind abutment+fill on toe+

deck dead load+temperature fall+shrinkage+HA surcharge

5 abutment self-weight+fill behind abutment+fill on toe+
deck dead load+temperature fall+shrinkage+HA surcharge+
HA live load+HA braking away from abutment

Working-load cases: HB loading
6 abutment self-weight+fill behind abutment+fill on toe+

deck dead load+temperature fall+shrinkage+HB surcharge

7 abutment self-weight+fill behind abutment+fill on toe+
deck dead load+temperature fall+shrinkage+1/3rd HA
surcharge+HB live load+HB braking away from abutment

8 abutment self-weight+fill behind abutment+fill on toe+
deck dead load+temperature fall+shrinkage+HB
surcharge+1/3rd HA live load+1/3rd HA braking away
from abutment

25% overstress on steel and concrete stresses and bearing
pressures, and reaction allowed to fall outside middle-third for
cases 1, 2, 3, 6, 7 and 8

 

Abutment design
Data sheet No 10
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Pile types
Data sheet No 11

Displacement piles

Replacement piles
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Precast concrete piles
Data sheet No 12
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Steel bearing piles
Data sheet No 13
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Sub-structure references
Data sheet No 14
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Parapets

The minimum function of a parapet is to prevent
pedestrians from accidentally falling from a bridge deck.
In recent times it has become expected that they will also
provide some measure of similar protection for vehicles.

The requirement for a parapet to provide a safeguard
against a vehicle which is out of control plunging over
the edge of a bridge cannot be specified in terms of a
static loading condition. The ability to absorb or redirect
the energy of an errant vehicle is a function of the
flexibility and constructional details of a parapet as much
as on the nature and speed of the vehicle. Design
regulations have therefore been based on the containment
requirements in terms of a specified weight of a vehicle
and its approach angle, and the assessment of suitable
parapet designs has become a matter of tests rather than
design calculations.

It would be impracticable to stipulate that a parapet
should be capable of containing any vehicle travelling at
any speed. Requirements must be rationalized, and very
few incidents have arisen in which vehicles have plunged
through parapets, although there is inevitably much
publicity in instances where this does occur with a
consequent loss of life.

The selection of the type of parapet for a bridge is of
fundamental importance to its appearance. In fact, for
traffic users crossing a bridge the parapet is likely to be
the only indication that they are on a bridge structure.
The fundamental choice is between a solid concrete
parapet, usually surmounted by a single rail, and a more-
open metal parapet. Each can have visual merits
depending on the general configuration of the bridge
structure. In the case of a simple bridge that is required
to provide a single span over a single two-lane carriageway
and with solid abutments, the short span will inevitably
be slender and may be visually weak by comparison with
the mass of the abutment wing-walls. A deep concrete
parapet can offset this, particularly if the parapet is
continued as a distinctive element along the full length of
the wing-walls as well as over the span. On the other
hand, if a three-span or four-span bridge is required over
a motorway to carry a local road, with consequent light
loading, it would seem inappropriate to introduce heavy
concrete parapets onto a structure which would otherwise
be slender.

Because it is very important to the finished appearance
of a bridge, the parapet and its supporting upstand merit
particular attention during detailing. The main potential

hazard is weathering as a result of water staining. Even
where the parapet is non-corrosive, such as where it is of
aluminium, if water running off the parapet is allowed to
run over the front face of the supporting upstand, this
will lead to severe staining in time which will have a
disfiguring effect. The width of the supporting upstand
therefore needs to be ample to accommodate the parapet
post fixings and base plate, with a sufficient margin of
width to ensure that the water drains into the bridge rather
than over the front face.

The choice of fixings can also create hazards as regards
appearance. If some form of pocket is detailed it is possible
for these pockets to become filled with water during the
course of construction, and to give rise to frost damage
to the upstand. Even the introduction of anti-freezing
agents to prevent this does not always solve the problem.

Where a metal parapet is to be used a choice must be
made between steel, which will then require painting (not
only in the course of construction but as a regular item of
maintenance), and aluminium, which has gained
widespread favour. Its colour is complementary to
concrete, and the absence of any need for routine
maintenance in the form of painting is a significant
advantage.

Data relating to the design of parapets are summarized
on Data Sheet 15.

Expansion joints

Fundamental requirements for an expansion joint are
that it should allow free movement of the structure under
the influence of thermal, elastic and creep movements,
and that any constraining force that is applied should
be easily absorbed by the structure. It should also provide
good riding quality for traffic passing over the joint,
and it should either be waterproof or be associated with
drainage details which prevent any disfiguring
weathering of the structure below the deck surface. The
joint should be serviceable and it should require the
minimum of maintenance. Since it is unlikely to last the
life of the structure it should also be replaceable without
prejudice to the viability of the structure, and at a
moderate cost. Expansion joints not only have to cater
for the surface of the main carriageway, but must also
make provision for movements in kerbs, verges and
parapets.

However good an expansion-joint detail may be,
the joint presents an interruption in the traffic surface

CHAPTER 3
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which is likely to give rise to noise in use, and to a problem
of some degree as regards maintenance. Where long
structures are constructed it is preferable to minimize the
number of joints, accepting the need to cater for large
movements where they do occur rather than to have joints
at frequent intervals. The range of types of construction
of bridge decks now in common use makes it feasible to
produce long lengths of continuous structure. Even where
precast beams are being used which will not themselves
be made continuous under added load, it is possible to
detail the deck slab as a continuous member but with the
provision of simple articulation joints at the deck-support
locations.

The mechanical type of expansion joint is used for large
ranges of movement. Such a joint may be based on the
use of opposing sets of finger plates which interlock to
provide a running surface throughout a range of
movement up to the length of the projecting fingers. This
type of joint has been well proven over the years. Its
disadvantage is the need for heavy fixings because of the
cantilever action of the finger plates. With smaller ranges
of movement, however, the fingers can be shallower in
depth and in some instances may be partially supported
by a flat plate on the opposing side of the joint, thereby
reducing the cantilever and also the weight of the fixings
needed.

For lower ranges of movement several types of joint
are available that are based on the use of compressible
neoprene or rubber membranes. If a wide strip of rubber

or neoprene is exposed on the traffic face it can give rise
to difficulties in the riding quality of the joint. At various
ranges of compression the upper surface will tend to
change profile and therefore alter the riding
characteristics. In any event, some traffic noise must
inevitably arise from the juxtaposition of two different
riding surfaces. In some joints this potential difficulty has
been offset by introducing a series of steel members,
breaking up the width of the compressible membrane into
narrow strips which are set below the traffic surface, so
that the running surface is provided by the steel members
themselves. These joints obviously become simpler as
fewer membranes are needed to cater for reducing ranges
of movement, until only a single membrane is provided.

Fillers based on foamed plastics are alternatives to the
use of rubber or neoprene as compressible membranes.
Such fillers can be effective in joints catering for small
movements, provided that the filler material remains in
compression at all stages of movement in the joint.
Although the filler is normally bonded to the supporting
edges of the joint, and certain types of foam plastics are
capable of working in a stretched as well as a compressed
state, adhesives do not usually show the degree of
reliability in service which would warrant relying on
tension across such a joint. Although the materials
themselves may be capable of performing in this way, a
civil engineering site does not permit the close control of
workmanship which would be necessary to guarantee
results throughout long lengths of joint.

Figure 8. Controlled impact test on rectangular hollow-section barrier.



31

Because it is necessary to install the joint filler in a
state of compression, nosings must be established before
the installation of the filler. It is important to achieve a
strong and true-to-line shoulder on each side of the joint.
This may be done by using high-strength concrete or
epoxy nosings. The latter have come into widespread use
in recent years, but difficulties have been experienced
where the shape of the nosing results in high shearing
stresses under the impact of vehicle wheels. It is important
that the shoulders of the nosing should be square.

Where the range of movement being catered for is very
small, flexible sealants may be used. There are a variety
of types available on the market in the form of
polysulphides. Again, it is important that the shoulders
of the joints should be firm and true to line.

For the smallest movements, perhaps associated with
points where the deck support permits rotation without
translation, carriageway finishes can be continued over a
joint in the structure.

Types of expansion joints form the subject of Data
Sheet 16, and information relating to deck movements is
collated on Data Sheet 18.

Bearings

The advent of PTFE (polytetrafluroethalene), giving low
frictional surface-to-surface contact, has meant that
mechanical types of bearings such as rollers and rockers
have largely been superseded. The working pressures that
PTFE can sustain are such that the design of bearings
gives contact areas well matched to the capacity of the
concrete, and the sliding surfaces permit substantial
movement without the need for enlarged bearing
dimensions.

The objective of a bearing layout in a bridge deck is to
allow those movements which must take place as a result
of thermal changes, creep, shrinkage and articulation of
the structure to occur, while maintaining the deck in
position. Restraints against longitudinal and lateral
movement must be provided, and bearing manufacturers
have various details in their products to provide restraint
in certain directions while allowing specified movements.
Some of these devices restrain movement in one direction
only while others are bi-directional. In some instances
the restraint is sensitive to direction and care must be
taken to ensure that a pair of bearings do not act against
one another in service conditions, and that they allow
lateral as well as longitudinal movements to take place.

Rotations are accommodated by spherical or
cylindrical interfaces in a PTFE bearing, acting in
combination with a second, plane, sliding surface. Where
a cylindrical surface is adopted, it is essential that any set
of bearings acting together along a single line of rotation
should have a common axis—not only in plan, but also
in elevation. Where there is any doubt about the
practicability of achieving the accurate setting of the
bearings, spherical surfaces must be used in preference to
cylinders. Some bearing manufacturers recommend this
as a matter of course.

Where small movements and rotations are to be
accommodated, it may be appropriate to use rubber
bearings which permit movement by shear displacement.

The choice is a matter of cost, but the capacity of rubber
bearings is limited to lower ranges of load and movement.

The service life of a bearing may not equal that of the
rest of the structure. It is important to make adequate
provision for inspection during the life of the structure
because any tendency for the capacity for movement to
be restricted quickly leads to the deterioration of the
structure, in the form of cracking and spalling. It is possible
that the bearings will need to be replaced during the life
of a bridge. This is obviously a fairly major operation,
and it is not appropriate to prepare the details with a
view to making simple replacement a prime requirement,
unless no resultant penalty of cost or serviceability will
arise. However, it is obviously appropriate to see that the
details are such that replacement is possible without
prejudicing the viability of the structure.

Many bearings contain steel components that are
susceptible to corrosion. A high standard of protective
coating is appropriate on these because, within the context
of the concrete structure, the need for painting
maintenance does not generally arise, and it is therefore
unlikely that the paintwork on small components will be
given regular attention. In any event, to obtain access to
the bearings in order to repaint them would usually be
extremely difficult.

Further information regarding bearings is given on
Data sheet 17.

Waterproofing

Mastic asphalt is a long-established and widely used
material for waterproofing bridge decks. It provides a
continuous membrane which can follow the shape of the
bridge deck without difficulties. One disadvantage that
it has, however, is that it requires good weather conditions
for successful laying. While a bridge deck is damp, laying
is delayed by the fact that the heat leads to the “blowing”
of the freshly laid material so that, during adverse weather
conditions, there may be lengthy periods during which it
is not possible to make progress with waterproofing,
which can cause embarrassment regarding the time
required to complete the works. Preformed bituminous
sheeting is less sensitive to laying conditions but the
evaporation of moisture trapped on the deck surface can
cause the subsequent lifting or blowing of the sheeting.

Recent developments include the introduction of
materials which are applied by spray. These bond directly
to the deck surface, thereby preventing any migrant path
for water beneath the impermeable layer, such as can occur
with unbonded materials with the result that one weak
spot allows the water to travel over large areas, finding
its way to the lowest corner of the deck where leaks
develop.

Sprayed material and bituminous sheeting require
protection before the road pavement materials are added.
This protection may take the form of sand asphalt or
concrete tiles.

Several products are now marketed which are based on
preformed sheets and combine a water barrier and a surface
that can withstand constructional traffic during completion
of the road pavement, without requiring secondary protection.
The drawback in using such materials is that they involve
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special details wherever problems of shaping arise, as inevitably
occurs at the edges of the bridge deck or where changes in
camber occur across the width of the formation.

Where a bridge deck carries a dual carriageway with a
continuous gradient (due to superelevation) from one side
of the bridge deck to the other, problems can arise from
the migration of water through the central reservation.
The heavy finishes in the central reserve may act as a

reservoir in which the water collects, discharging slowly
on the downhill carriageway so that this pavement surface
does not dry out with the rest of the carriageway surface.
This can present an icing hazard. Its prevention requires
the introduction of a water barrier within the central
reservation, together with filter drains in the finishes unless
these are formed of materials that are completely
impermeable.
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P1 Vehicle parapet with plinth less than 700mm
high. For use on motorway under-bridges.

P1 Vehicle parapet with plinth 700mm high or more.
For use on motorway under-bridges

P2 Vehicle pedestrian parapet. For use on road
bridges where speed is restricted to 48 km/h.

P2 Vehicle pedestrian parapet. For use on
all-purpose road bridges, the design speed
being stated.

Parapets
Data sheet No 15
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Above left: FT expansion joint panel.

Above right: FT joint installed.

Left: Specimen section of Rheinstahl joint.

Below left: Installation of Rheinstahl joint.

Below right: Transflex joint installation.

Expansion joints
Data sheet No 16
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Recent years have seen a rapid growth in the
number of proprietary expansion joints available
on the market.

Some of these offer a waterproof joint while in
other cases drainage is needed below the joint.
This is a particularly important consideration in
the event of a joint being introduced within the
total length of the structure at points where it
would be difficult to provide positive drainage
immediately below the joint.

There are wide differences in the provision that
must be made for installation and fixing, which
may be very significant in cases where details at
the end of the bridge deck are already congested.

Data sheet No 16 Continued
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Bearings
Data sheet No 17

Spherical PTFE bearing allowing
movement in any direction and
rotation about any axis by low-
friction contact surfaces.

Cylindrical PTFE bearing
allowing movement in any direction
and rotation about cylinder axis by

low-friction contact surfaces.

Combined PTFE and
reinforced rubber bearing,
allowing rotation by
deformation of rubber, and
translation by sliding.

Laminated rubber bearing
allowing movements and
rotations by deformation
of rubber.

Rocker bearing allowing translational movement in one direction
only, and rotation about axis of rollers.

“Pot” bearing allowing movement in any direction within the
plane of the bearing by low friction sliding surfaces, and rotation
about any axis by deformation of an enclosed rubber membrane.
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Movements to be catered for at bearings and expansion joints arise
from the following causes.

 
1) Thermal expansion and contraction (see Data Sheet 31).
2) Shrinkage of the concrete (see Data Sheet 58).
3) Creep in the concrete (see Data Sheet 58).
4) Elastic shortening under prestress.
5) Displacements of the structure under load.

 
Because expansion joints are installed at a late stage in construction
some of these movements will already have taken place, and less total
movement has to be catered for than in bearings at the same location.

Elastic shortening under prestress is normally assessed on the mean
stress induced in the deck section by the prestress.

In most bridges displacements of the structure under load produce very
minor movements.

Bearings at fixed points, or those providing restraint in a given
direction must be designed to resist the following lateral forces arising
from the articulation of the deck.

 
1) Friction in sliding bearings.
2) Wind.
3) Horizontal loading from traffic:

e.g. centrifugal force, braking and traction.
 

Data used for the graph:
Coefficient of expansion 12×10-6 per 1°C
Temperature range 38 to -12°C
Coefficient of shrinkage 300×10-6

Creep coefficient (post-tensioning) 36×10-6

Elastic modulus 32–5 kN/m2

Average prestress 7 N/mm2

Deck movements
Data sheet No 18
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Normal loads

The basic (Type HA) highway loading which is applied
to public highways in the UK is given a simplified form
comprising a uniformly distributed load combined with
a line load across the width of each traffic lane, thereby
allowing easy calculation of the design bending moments
for the main span of a bridge deck.

This loading is considered to be adequate to represent
the effects of closely-spaced vehicles of 24 tonnes laden
weight on loaded lengths up to 30 metres. Where the
loaded length exceeds this figure the equivalent vehicles
of 24 tonnes laden weight would have to be more widely
spaced and interspersed with lighter vehicles of 10 tonnes
and 5 tonnes laden weight to give design forces matching
the HA loading specified.

Heavy lorries with weights significantly greater than
24 tonnes have now become commonplace, but the
regulations governing the design and operation of
commercial vehicles are so designed that equivalent
effects are not exceeded because these greater weights
are spread over large axle spacings and gross areas. In
addition to the overall restriction on vehicle weights,
limitations are placed on the maximum single wheel and
axle loads. The design loading incorporates a 25%
allowance for impact on these local loadings which is
regarded as adequate in the light of suspension systems
current in the UK.

Details of the requirements of BS 153 and BS 5400
regarding HA loading are presented on Data Sheets 23
and 24 respectively.

Exceptional loads

For major roads, and those giving access to certain types
of industrial installation, provision has to be made for
moving abnormal loads, giving rise to design loadings
beyond those covered by type HA loading.

Abnormal (Type HB) loading has to be
accommodated on all motorways and trunk roads. This
provides for a vehicle of up to 180 tonnes gross laden
weight, although the actual design load to be taken for
a particular highway is specified in terms of the number
of units of HB loading to be applied: 45 units gives 180
tonnes; 37 1/2 units, 150 tonnes; and 30 units, 120
tonnes.

Special routes are designated for vehicles in excess of
these weights and in some cases bridges must be designed
to deal with loads of up to 360 tonnes gross weight (Type

HC loading). In fact it is found that because of the
larger area and greater number of wheels, loads in
the order of 300 tonnes gross weight can often be
accepted on structures designed for 45 units of Type
HB loading, loads of the order of 200 tonnes are
possible where 37 1/2 units of HB loading have been
allowed for, and 175 tonnes where 25 units of HB
loading have been accommodated. These are very
general guide lines and it is obviously necessary to
check by calculation the actual structure where
abnormal loads are to be carried.

Abnormal loading forms the subject of Data Sheet 25.

Local effects

The application of the normal HA line load is parallel
to the supports for slab elements, regardless of what
direction this may take with respect to the alignment
of the traffic lane. This is because the knife-edge load
does not specifically represent an axle but is a load
which, when combined with the distributed loads
specified for the span, gives rise to design forces
appropriate to the strength requirement for an element
of a deck structure.

Loading specifications have a history which goes
back to well before the general use of methods of
structural analysis capable of simulating plate action,
and some loading specifications were drawn up to
enable the strength requirements for slab elements
within steel girder bridges to be evaluated by means of
simple hand calculations. However, methods of analysis
which evaluate the the design moments due to complex
loading cases are now in widespread use, and it is
therefore no longer considered necessary to enhance
the distributed-load element of HA loading on short
spans to give the appropriate design forces, because
these can be evaluated directly from the concentrated
wheel loads.

For the design of local structural elements within a
bridge deck—such as the slabs spanning between
longitudinal members—the requirement of a single wheel
load of 11 1/4 tonnes is common to both HA and HB
loading. There is, however, a difference in that the HA
wheel includes an impact allowance of 25% whereas the
HB wheel load is nett, so that such an impact factor as
may arise due to local HB loading is, in effect, accepted
as an overstress.

The distribution of the moments arising from
concentrated wheel loads at the edges of a slab which is

CHAPTER 4
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fixed along the line of support (as is commonly the case
in a cellular or box deck) is subject to sharp peaks. Plotting
the design bending moment along the length of a support
will show the peak and illustrate how the area over which
the load is applied becomes significant in evaluating design
moments. It is therefore relevant to take the thickness of
finishes and the wheel contact area into account.

Overall stability

Simple types of bridge deck rarely produce stability
problems but where narrow pier arrangements are used,
as is frequently the case with lengths of elevated roadway,
it becomes important to check that a structure remains
stable with heavy vehicles on the outer extremities of the
deck. Another form of instability is for uplift to develop
at the bearings under some loading conditions where there
are marked differences in span on each side of a support.

Factors of safety normally applied to stability
calculations are 1.1 for dead loading and 1.5 for imposed
loading.

Wind

Recent design regulations governing the loading to be
applied to highway structures give a great deal of attention
to the evaluation of wind loading, despite the fact that
this is rarely significant in small-span and medium-span
bridgeworks. However, it is evident that any structure
which is sensitive to stability problems will inevitably tend
to be more sensitive to wind loading.

Data concerning wind loading on bridges are set out
on Data Sheet 27.

Thermal effects

Thermal effects have likewise come in for closer scrutiny
in recent years. It was formerly regarded as acceptable to
allow these to be absorbed within the margins of safety
provided when specifying allowable stresses, but the
increasing complexity of structures combined with the
closer tolerances worked to in design, arising from more-
exact methods of analysis, have made it more important
to evaluate the effects of such marginal loadings. The
wider use of cast-in-situ forms of construction such as
cellular decks also means that continuous spans are more
commonplace, and these are subjected to greater stresses
from thermal effects than simply-supported spans.

Thermal effects on bridgeworks are considered on Data
Sheets 28 to 32 inclusive.

Centrifugal force

On elevated roadway structures and bridges carrying
highways that have sharp horizontal curvature, centrifugal
force must be taken into account. This involves making
assumptions about the speed and weight of vehicles,
together with the intervals between them where the loaded

length allows several vehicles in line. A judgement may be
made on the intervals between vehicles, based on the
information about stopping distances given in the Highway
Code. BE 1/77 specifies design forces to cover these
conditions in anticipation of the requirements of BS 5400.

Settlement

The effects of differential settlement often need
investigation unless the foundations are of a type which
would not permit settlement to occur. The time scale over
which settlement is likely to take place becomes an
important factor in assessing the stresses which may arise
in a structure, because the creep due to shrinkage has the
effect of relaxing such stresses.

Loss of support

BS 5400 is likely to make recommendations regarding
the investigation of the effects of a loss of support due to
the damage of a pier on some highway structures. The risk
of such a loss at an individual bearing due to deficiencies
in the seating also merits consideration, as do the
consequences that this may have on certain types of
structure. This has been known to give rise to serious
difficulties with torsionally stiff beams supported on a pair
of bearings at each end, where the imperfect levelling of
the bearings leads to the loading being taken wholly on a
single bearing at one end, with the possibility that the
resultant loading within one web may distress the beam.

Shrinkage and creep

The effects of shrinkage and creep can also be significant
on structures which are built and loaded in stages—as in
the case of serial construction. Because of the differing
maturity of the concrete in various parts of the complete
structure, when changes in the state of loading occur during
construction, differences in the rates of creep and shrinkage
arise that modify the pattern of statically-indeterminate
moments, which can be significant to the design.

Reference should also be made to Data Sheet 18.

Vibration

Very slender decks may be susceptible to vibration at
frequencies which could be distressing for people using
the bridge. This is not usually a problem on bridge decks
that are subject to highway loading, but is more likely to
become a significant factor in the design of footbridges,
where the light loading permits the adoption of a very
slender structure with a resultant low natural frequency,
to which pedestrians may be sensitive.

The evaluation of the natural frequencies of vibration
within a statically-indeterminate structure is complex. It
is usually regarded as sufficient to make a simplified
calculation, based on the action of a simply-supported
beam between the points of contraflexure.
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Design regulations in the UK do not stipulate
acceptable levels of vibration, but some guideline is given
in an appendix to CP 117, and BE 1/77 includes details
of the requirements for footbridges.

Several studies have been undertaken aimed at assessing
human tolerance to vibration. Some of these results are
summarized on Data Sheets 33 and 34. The subject is
complex but rarely becomes an important consideration
for bridge design.

Collision

Although there have been instances of major damage to
bridge piers arising from the impact of vehicle collisions,
this is not regarded as a major risk. However, BS 5400
does make recommendations about the resistance to

impact which should be expected from a bridge pier.
This is obviously more significant in a footbridge
structure, where the other strength requirements for a
pier are low.

Design regulations call for the provision of crash
barriers in front of bridge piers in most instances, giving
some measure of protection.

Other design data

To assist the designer, the bending moments, reactions
and deflections at critical points on members subjected
to various arrangements of loading and various types of
fixity are tabulated on Data Sheets 35, 36 and 37,
respectively. Requirements regarding railway clearances
in the UK form the subject of Data Sheet 38.
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Highway dimensions
Data sheet No 19
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Carriageway widths are based on traffic
lanes of 3.650 m nominal width: 2 lanes
7.300 m; 3 lanes 11.000 m; for all classes
of road.

Verge widths vary with the class of road
and whether or not pedestrians have to be
catered for. In the absence of specific
alternative provision for pedestrians, a
minimum of 1.000 m verge width has to be
provided.

Clearances to bridge substructures at
overbridges may be increased where sight
line requirements demand.

The headroom requirement for new
construction is generally 5.100 m, although
an increased headroom of 5.200 m is called
for below light structures, such as
footbridges, as an additional precaution
against damage by vehicles. The minimum
headroom to be maintained under an
existing construction is 5.029 m.

Data sheet No 19 Continued
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For HA loading: see Data Sheets 23 and 24.
For HB loading: see Data Sheet 25. For HC loading: see Data Sheet 25.
 
Braking and traction (BS 153):
 

A horizontal load applied at road surface level over an area 3 m×9 m:

HA: 100 kN+17 kN per m of span in excess of 3 m with a maximum
value of 253 kN.

HB: 450 kN (for 45 units of loading).

Horizontal loading (braking and traction) (BS 5400):
 

HA: 8 kN/m loaded length plus 200 kN but  700 kN.
HB: 25% total nominal HB load adopted.

 
Centrifugal force:
 

Footways and cycle tracks:
 

5.0 kN/m2 for local design.

4.0 kN/m2 in combination with carriageway loads, or 4×HA u.d.l./31.5
where span exceeds 23 m.

  

Accidental wheel loads:

This loading applies to local effects and shall not be taken into account in determining global effects
on the deck. Associated carriageway loading shall be assumed to consist of full HA loading on one
traffic lane and one third HA loading on remaining traffic lanes.
 

Pier impact (Technical Memorandum BE 1/77):
 

225 kN normal to carrageway with 75 kN parallel to carriageway at guardrail
fixing level or 750 above carriageway where there is no fixing,

plus 150kN normal to carriageway with 150kN parallel to carriageway
between 1.000 and 3.000 above carriageway.

Collision loads on supports of bridges over highways (BS 5400: Part 1):
 

150 kN normal to carriageway with 50 kN parallel to carriageway at guardrail
fixing level or 750 above carriageway where there is no fixing,

plus 100 kN normal to carriageway with 100 kN parallel to carriageway
between 1.000 and 3.000 above carriageway.

applied over a length of 5 m in combination with a vertical load of 300 kN.

Traffic loading
Data sheet No 20
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2 lanes HA+verge loading
HB+1 lane HA/3+verge loading
HC+unloaded lane+verge loading

2 lanes HA+1 lane HA/3+verge loading
HB+2 lanes HA/3+verge loading
HC+unloaded lane+1 lane HA/3+verge loading

2 lanes HA+2 lanes HA/3+2 lanes HA+2 lanes HA/3+verge loading
HB+3 lanes HA/3+2 lanes HA+2 lanes HA/3+verge loading
HC+unloaded lane+2 lanes HA/3 +2 lanes HA+2 lanes HA/3+verge loading

Load lanes to BS153
Data sheet No 21



45

2 lanes HA+verge loading
HB+1 lane HA+verge loading

2 lanes HA+1 lane HA/3+verge loading
HB+1 lane HA+1 lane HA/3+verge loading

2 lanes HA+2 lanes HA/3+1 lane HA+3 lanes HA/3+verge loading
HB+1 lane HA+2 lanes HA/3+1 lane HA+3 lanes HA/3+verge loading

Less than 4.600: W÷3 load lanes.
4.600 to 7.600: 2 lanes

7.600 to 11.400: 3 lanes
11.400 to 15.200: 4 lanes
19.000 to 22.800: 6 lanes

Proposed load lanes for limit-state design
Data sheet No 22
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HA loading to BS153/Tech memo BE1/77
Data sheet No 23

Uniformly-distributed lane loading applied in conjunction with knife-edge load of 120 kN
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BS 5400: Part 2:1978 HA lane loads for limit-state design
Data sheet No 24

The loaded length is the length of the base of the positive or negative portion, as
the case may be, of the influence-line diagram for the member under
consideration.

Where the positive or negative portion of the base of the influence line consists of
separated parts, as for continuous construction, the maximum effect shall be
determined by considering any part or combination of separated parts, using the
loading appropriate to the length or the total combined length of the loaded
portions.

Uniformly-distributed lane loading applied in conjunction with knife-edge load of 120 kN
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Abnormal loads
Data sheet No 25
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Bending moments and shearing forces
Data sheet No 26
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Wind loading
Data sheet No 27

Wind gust speed,

Vc=KVS1S2 m/s,

where K is a coefficient relating to
combinations of load. K is normally 1.0,
with the exception of:

�0.85 applied to loading combinations
during erection unless temporary
condition of up to two days duration
only; and

0.3 applied where loading combination
includes maximum temperature
stresses.

V: Hourly mean wind speed in m/s.
S1: Funnelling factor (1 to 1.1).
S2: Gust factor. (Values given in

accompanying table.)

Transverse wind force,

P
t
=qC

d
A1,

where

q: Dynamic pressure head=
C

d
: Drag coefficient.

A1: Nett exposed area.

Values of gust factor S2 and hourly speed factor K 
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Temperature stresses 1
Data sheet No 28

NOTE: For each 100m above sea level, the minimum shade temperature reduces by 0.5°C and the maximum shade temperature reduces by 1°C.

Annual minimum shade air temperatures
at sea level in 120-year return period

Annual maximum air shade temperatures
at sea level in 120-year return period
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Temperature stresses 2
Data sheet No 29

In addition to the overall movement of bridge decks in
response to mean bridge temperature, stresses are set up with the
cross section due to changes in the temperature gradient as air
temperature and solar radiation vary through the day.

This can be calculated from the data given on Data Sheet 31
by the methods described in TRRL report LR561 (see eferences).
In the absence of such calculations the following
conservative temperature gradients may be adopted:
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Temperature stresses 3
Data sheet No 30

Simplified temperature gradients through bridge decks are
shown on this Data Sheet but they relate to the use of a
thickness of surfacing material rather less than that
usually adopted in practice. As the thickness of finishes is
very significant in arriving at the temperature distribution
it is worth while calculating gradients from solar radiation
and shade temperature data given on Data Sheet 31.

Representative results for a 1 m thick voided slab with
100mm surfacing are shown below.

Coefficient of thermal expansion 12×10-6/°C steel or
concrete, except for limestone aggregates (7×10-6/°C).
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Temperature stresses 4
Data sheet No 31

Maximum shade
temperature and
high solar radiation

Minimum shade
temperature and
high out-going radiation

Simplified temperature
criteria for use in the
absence of temperature
gradient calculation
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Temperature stresses 5
Data sheet No 32

Thermal stresses
 
In a statically-indeterminate
structure the assessment of forces
arising from thermal stresses can
best be approached by allowing the
individual components of the
structure to adopt the deformed
shape suggested by the stress
gradient through the thickness of
the member, and then applying a
force system at the joint positions
to restore compatible slopes at all
joints.
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Vibration 1
Data sheet No 33

CP117: Part 2:1967 sets out the following criterion for
bridge deck vibration:

The acceleration A and amplitude � of vibrations
under the passage of a single 20-ton vehicle should
desirably be such that A� does not exceed 5 in2/s2.
The maximum increment � of deflection, in inches, due
to a static 20-ton vehicle assumed as a single point
load on the centre line of the bridge, should be
calculated using the fully composite rigidity EI of the
full width of the bridge. The fundamental natural
frequency of the bridge should then be determined
from:

 

where wd= dead weight, including finishes, in tons per
foot of bridge

g=32.2ft/s2

          EI=flexural rigidy in ft/tons units of the full
width of the bridge

and L=span (ft).

Where Nf is greater than 4 c/s, the maximum
amplitude of vibration � may be taken to be 0.4�. For
lower values of Nf, the maximum amplitude should be
taken to be 0.75�.
The maximum acceleration may then be determined as

Lenzen’s criteria

Assessment of response to vibration



57

Vibration 2
Data sheet No 34

The following method of assessing the vibration characteristics
of prismatic, symmetrical footbridge decks, simply supported
or continuous over up to three spans, and supported on
bearings which may be idealised as knife-edge supports, was
proposed by Technical Memorandum BE 1/77, and is
included in BS 5400: Part 2: Appendix C:

Max vertical acceleration a=4�2f2ysK� m/sec2

where f= fundamental natural frequency in Hz
ys= static deflection in metres under point load of 0.7 kN
K= configuration factor
�= dynamic response factor.

Requirements are that the natural frequency exceeds 5 Hz, or
that max vertical acceleration is not greater than  m/sec2.
Where f exceeds 4 Hz, the acceleration that has been calculated
may be reduced by an amount varying linearly from 0% at 4 Hz
to 70% at 5 Hz.
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Bending moments
Data sheet No 35
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Reactions
Data sheet No 36
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Deflection
Data sheet No 37
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Railway clearances
Data sheet No 38

Clearances stated refer to straight track without overhead electrification
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Loading references
Data sheet No 39
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Even where the main structural elements of a bridge deck
are prestressed, there are parts of the structure which
behave as reinforced concrete.

Design regulations relating to bridgeworks prior to the
appearance of BS 5400 called for design to be undertaken
on an elastic basis and in the case of reinforced concrete,
provided that limitations on allowable stresses were
observed, there was no requirement to check ultimate
resistance.

BS 5400 introduces the limit-state philosophy which
means that strength calculations are approached on a
load-factor basis. One step in this direction had, in effect,
already been taken in earlier design requirements when
limitations on deflections and crack control were
introduced as additional factors to consider, over and
above the limiting of the stresses in the constituent
materials.

Although calculations aimed at limiting cracking often
have the effect of reducing the allowable stresses in the
reinforcement, there are still benefits in employing
deformed bars, not only because they give better crack
control than plain bars but also because there are potential
economies due to the shorter lap lengths required.
Differences in cost between plain and deformed bars are,
in any event, usually marginal so that these benefits are
well worth a minor premium in cost.

In seeking economy when proportioning reinforced
concrete members it is well to remember that the most
slender member does not necessarily result in the lowest
cost. The relative prices of steel and concrete need to be
taken into account in evaluating economic member sizes
although, of course, in many instances the additional
weight from the thicker sections may have an adverse
effect on other elements forming the structure. An obvious
example is a reinforced concrete slab as a component of
a more-complex deck structure. Considering the deck slab
in isolation, an economic solution may well suggest a
thickness significantly greater than the minimum possible
value, but the added dead load to be taken by the main
structural elements of the deck would be a penalty which
would more than offset the savings in the cost of the slab.

A high proportion of deck slabs spanning up to 3.5m
(or 12ft) tend to be 200mm (8in.) thick. They not only
need to be designed for local wheel loads and other loads
imposed directly on them, but also for effects arising from
the differential displacement of the members supporting
the slab. This is true whether a cross-section is cellular or
in the form of open spaced beams, because each is subject
to the distortion of the cross-section under localized loads.

The design moment for local wheel loads can be
evaluated by using influence surfaces, such as those given
by Adolf Pucher in “Influence surfaces for elastic plates.”
Alternatively Westergaard’s analysis of concentrated loads
on slabs can be used, but the method only covers simply-
supported slabs so that the results must be adjusted to
allow for continuity.

Pucher’s charts show influence surfaces for specific
sections within a slab, e.g. at midspan or at a support,
each being represented by an individual chart. In many
cases it is possible to judge by examination the average
value of the influence surface contours over the loaded
area, but where these contours are closely spaced it may
become necessary to draw cross-sections of the influence
surface, in the manner described in the handbook.

Any slab which forms part of the cross-section of
longitudinal structural members, as in a beam-and-slab
or box deck, will be subject to a combination of stresses
arising from the longitudinal bending of the deck, together
with the local effects of concentrated loads on the slab
spanning as an individual member. These stresses are
additive, but where the overall bending of the deck
produces significant stresses this bending, in effect,
prestresses the slab. It can therefore be considered as a
prestressed member when assessing coexistent local
bending stresses, provided that the whole slab section
remains in compression under the combined loading.

Distribution steel is not only needed to resist local
stresses but also to control cracking due to shrinkage.
The extent to which this is likely to take place in a slab
element depends on several factors, including the
concreting sequence adopted. In fact a high proportion
of what is generally referred to as “shrinkage cracking”
is actually the thermal contraction which takes place
during the setting and curing of the concrete due to the
dissipation of the heat generated during setting. The
correct choice of a curing method to assist in the
dissipation of this heat at an early stage in the setting
action may therefore help to control such cracking.

Nevertheless, whatever the precautions and sequence
of concreting adopted, clearly some thermal contraction
and subsequent shrinkage will take place, and the
reinforcement provided must be sufficient to control the
consequent cracking. This is particularly important at the
edge of a deck, where the cracks will be more visible and
exposed to weathering. Very large amounts of
reinforcement are needed if an attempt is to be made to
eliminate all visible cracks, and a compromise is usually
necessary. Twelve-millimetre (1/2in.) high-yield bars at

CHAPTER 5
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150mm (6in.) centres around the perimeter should be
regarded as a minimum amount for even the thinnest
section. For crack control the spacing of the reinforcement
is as important as the quantity provided, so that large
bars spaced well apart are unlikely to be effective.

Where applicable, UK design regulations relating to
bridges call for the calculations to be based on a modular
ratio of 15. Other national codes call for different values,
some as low a ratio as eight. The discrepancy stems from
the fact that the elastic modulus for high-strength
concretes is, in fact, quite high but shrinkage and creep
have the effect of adjusting the relative stresses within
the concrete and the reinforcement. British design
regulations have taken the view that the calculations
should represent the long-term effect—i.e. after shrinkage
and creep have taken place—and stresses/which are
calculated using a modular ratio of 15 are representative
of this. Lowering of the modular ratio has the effect of
increasing the calculated stresses in the concrete of a
reinforced concrete section, thereby tending to require
slightly deeper members with marginally less
reinforcement.

Concern about fatigue in reinforced concrete sections
has recently led to the introduction of limitations on the
total range of stress to which any given reinforcement

may be subjected in the loading history of a member, as
well as the limiting tensile and compressive stresses which
the reinforcement may be designed to resist.

Detailing

The objective when detailing is to achieve a simple
arrangement of reinforcement which provides bars where
they are needed with the minimum of superfluous steel
and without imposing restrictions on the formwork. A
simple arrangement of reinforcement means using
straight bars where possible to produce a layout of
reinforcement which creates a readily identifiable pattern
that a steel fixer can easily memorize, thus enabling him
to work without needing to make constant reference to
the details. These objectives almost inevitably mean the
use of a small number of different bars within an
arrangement.

Putting reinforcement where it is needed sounds
obvious, but it is all too easy to detail arrangements of
reinforcement which take no sensible account of
tolerances that may reasonably be expected, either in bar
bending or fixing. If a link passes round the full perimeter
of a column section and its dimensions are calculated from

Figure 9. Mechanical splicing of reinforcement by swaging.
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the column size and cover required, without making any
allowance for tolerances, difficulties are likely to arise in
maintaining suitable cover to the reinforcement.

There is often a conflict between the desire to adopt simple
arrangements and the need to minimize superfluous
reinforcement. Any attempt to restrict the reinforcement
provided to the amounts theoretically required at closely
spaced sections within a member would lead to an
arrangement of reinforcement in which each reinforcing bar
had its own individual dimensions and shape. There are,
however, points within a structure where there is a tendency
to duplicate reinforcement. In a cellular deck, for instance,
the junction between the web and slab members suggests
the adoption of a detail in which the vertical reinforcement
is bent into the plane of the slab reinforcement to provide
anchorage. If this is done, then that reinforcement should
be arranged to contribute to the strength of the slab section,
rather than simply to include it in addition to the
reinforcement already provided in the horizontal plane.

For an arrangement of reinforcement to be convenient
for construction it is essential that the constructional
sequence and the location of construction joints are taken
into account when deciding on the arrangement of steel.
For example, where the head of a wall is to provide support
for a slab, a simple reinforcement layout would provide
an L-bar in the corner linking the wall to the slab. However,
during the process of constructing the wall, the bar is
projecting through the plane of the face of the wall, which
restricts the height of the wall formwork, and this can prove
costly. Where the members are sufficiently thick it is often
possible to adopt alternative reinforcement layouts which
allow the use of wall forms of any height.

Where long lengths of slab or wall are constructed
without joints, cracks will inevitably develop. If it is
important to control the positions of these cracks this
can be attempted by creating lines of weakness. However,

to be effective such lines need to coincide with the
construction joints, since cracks within monolithic
concrete sections usually express their own opinion as to
where a plane of weakness is, regardless of what the
designer does in terms of reducing the reinforcement
locally or providing rebates in the face of the section.

Design data

Typical reinforced concrete details for bridgeworks are
illustrated on Data Sheet 40. Some information
concerning the design of diaphragms is presented on Data
Sheet 41, and Data Sheet 42 deals similarly with the design
of slabs linking spine beams.

Design may be undertaken either by employing
elastic-strain (so-called modular ratio) theory or a limit-
state analysis based on load-factor methods. The
principal formulae and data necessary for the
application of these alternative theories are summarized
on Data Sheets 44 and 45 respectively. Modular-ratio
design can be facilitated by the use of various design
factors corresponding to the permissible working
stresses in the concrete and the reinforcement and, for
a modular ratio of 15, these factors may be read from
the chart forming Data Sheet 46: brief examples of the
use of the chart are given on Data Sheet 47, which also
includes a chart that relates the stress in the
reinforcement to the bar spacing in order to achieve
adequate crack control.

The areas of various numbers and spacings of
reinforcing bars of different sizes are tabulated on Data
Sheet 49, while Data Sheets 50 and 51 present details of
the requirements of BS 4466 for reinforcing bars of
preferred shapes and other permitted shapes,
respectively.
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Reinforced concrete details
Data sheet No 40
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Design of diaphragm
 

The importance of diaphragms to the structural action
of the bridge deck varies with the form of construction
adopted. In some instances they act as little more than
local trimmers stiffening what would otherwise be an
unsupported edge of a deck slab; in other cases they
stiffen the overall action of the deck, thereby improving
the load-sharing characteristics of the main structural
elements. In either of these cases failure of a diaphragm
need not prejudice the stability of the deck. However,
in some forms of construction the diaphragm is of

fundamental importance to the structural integrity, and
its failure would be catastrophic.

There can be dangers in relying on the results of
sophisticated structural analyses to design diaphragms which
come into the latter category, because any assumptions made
in the analysis which are not realised in the actual structure
could adversely affect the loading conditions on such an
element. The independent assessment of diaphragm loading
on the basis of simplified and conservative assumptions is
therefore a worthwhile precaution.

Diaphragm design
Data sheet No 41

Bending in diaphragm

The development of an I-section to resist bending
depends on shear lag considerations in the deck slabs. It
also gives rise to horizontal shear flow in the slabs, as
illustrated at A. The bottom slab at a pier will be
subjected to biaxial compression at all stages in
loading, and therefore well able to absorb this shear
flow, but the top slab is subject to tension—particularly
at loads approaching ultimate conditions—and needs
significant reinforcement.

Shear in diaphragm

The pattern of shear cracking likely to develop as
ultimate conditions are approached merits
examination, particularly in the light of any
penetrations made in the diaphragm for access or for
prestressing cables.

Bending in deck

For loading cases as ultimate conditions are
approached the deck section cracks, thereby reducing
the proportion of the cross-section available for the
effective transfer of shear from the webs to the
diaphragm. Adequate reinforcement is needed to
transfer the shear in this condition.

Shear in deck

The pattern of cracking developed as ultimate conditions
are approached can affect the integrity of the I-section of
the diaphragm where the reinforcement contributing to
its action has been spread outside the net width of the
diaphragm.

Torsion

Torsion adds to the shear flow in the slabs, which are
also subject to I-section horizontal shear, as well as to
shear in the webs.
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With a load on one spine beam only the link slab is
deformed by the differential deflection between the
spines. This in itself leads to a transfer of shear across the
link slab, thereby sharing load between the spines.

A concentrated load on the link slab not only
produces local bending in that slab, but will also
tend to rotate the spines, since they are subject to
edge loading. The rotation relaxes the edge
moments in the link slab.

The design forces in the link slab can usually be
adequately assessed by considering local loading in
conjunction with an evaluation of the worst distortion
moments arising from unequal loading between the
spines.

The latter involves the following series of calculations: 

1. The deflection of one spine under unequal loads.
2. The shear in the slab per unit deflection.
3. The deflection of the spines under shear from the

slab, which has a sinusoidal distribution.

The calculation is resolved by bringing the several
deflections into balance.

For deep box spine beams the in-plane forces become
an important consideration, making the above
approach conservative.

Link slabs
Data sheet No 42
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Principal moments
Data sheet No 43

Bridge decks are often analysed by mathematical
models which present the results in the form of
moments and torsions on axes at right-angles to each
other. For design purposes it is necessary to know the
principal moments and torsions, which may not be on
these same axes.

Mohr’s circle provides an answer, if it is assumed that
the plate is isotropic.

a) Moments on element of slab

b) Principal moments,
Mxy small; M1 and M2 have same sign.

 c) Principal moments,
Mxy large; M1 and M2 have opposite signs.

Note: α is the angle between the planes of the
principal moments and those of Mx and My.
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Reinforced concrete: elastic design
Data sheet No 44
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Reinforced concrete: limit-state design
Data sheet No 45
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Reinforced concrete: factors for elastic design
Data sheet No 46
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Example 1.
Since moment=0.80 MN . m,
 

 
From Data Sheet 46,
 

 
Therefore
 

 
Thus
f

cb
=8.2 N/mm2 and f

st
=177 N/mm2.

 

Also from Data Sheet 43,
 

j=0.863, so that la=0.863×950=820 mm.

Example 2.
(Illustrating the use of the accompanying crack-control chart.)

Assuming n=0.4, then
 

 
Since spacing=150mm, from accompanying chart
p

st
=150 N/mm2.
Moment=0.1 MN m/m width. Therefore

 

 
For f

st
 of 150 N/mm2, from chart on Data Sheet 46, H=127 and

thus p=1.6/127. Therefore
 

 
Provide 25mm bars at 150mm centres (A

st
=3270 mm2/m). Thus

 

 
and
 

Therefore
f

cb
=8.2 N/mm2 and f

st
=145 N/mm2.

Design-factor examples
Data sheet No 47
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Slab moments
Data sheet No 48

For slabs less than 6m in span, BS 153 calls
for a transverse moment not less than 50% of
the maximum moment due to the imposed
load.

For spans of up to 6 m the design is likely to
be dominated by the effects of concentrated
wheel loads.

Bending moments for encastre slab under 45
units of HB loading (11 1/4-tonne wheels).

BE5/73: Transverse moments in simply-
supported deck slabs.
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Reinforcement
Data sheet No 49

Reinforcement: metric sizes and areas
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BS4466 preferred shapes
Data sheet No 50
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BS4466 Other shapes
Data sheet No 51
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Data sheet No 52
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The idea of prestressing concrete was a natural
progression following the introduction of reinforced
concrete. Whereas the latter set out to overcome the lack
of strength of concrete in tension by providing steel bars
in those areas of the concrete susceptible to tensile stresses,
the purpose of prestressing is to induce compression in
the concrete which will oppose the tensile stresses that
arise due to applied loading, thus ensuring that the whole
concrete section remains in compression at all the stages
of its working life. Recommendations for the limiting
concrete stresses in precast and site-cast prestressed
concrete are tabulated on Data Sheet 53.

One of the early motivations of the idea of prestressing
came from the thought of producing a simulated arch.
Whereas the cross-section of a natural arch remains in
compression due to the natural thrust which develops at
the arch springings, prestressed concrete artificially
replaces the force line, which occurs naturally in an arch,
by a curved steel tendon which is under stress, thus giving
rise to a comparable force system in the member.

Several types of prestressing tendon have been
employed. Steel bars and drawn wire were early materials,
while in more recent years helically-spun stranded cables
built up from cold-drawn wire have become the most
commonly used type of tendon.

Provided that the tendon force is effectively transmitted
to the concrete section, nothing dictates that the tendon
must be contained within the cross-section of the member.
Internal tendons are more common but the use of external
tendons can allow reduced dimensions to be adopted for
the concrete member in circumstances where the size of
the section is dictated by the need to accommodate the
tendons themselves.

Many patented anchorage systems are marketed for
each type of prestressing tendon. Where rolled steel bars
threaded at the ends are used a nut bearing against an
anchor plate makes a simple anchorage assembly. One
of the earliest types of anchorage for multiple-wire cables
was that developed by Freyssinet. This is based on a
tapering hollow cylinder within which the wires are
secured by a conical metal wedge designed to anchor,
simultaneously, each of the wires around its periphery.
The method leads to the wires forming a natural circular
grouping in cross section, thus fitting conveniently into
a circular duct. Magnel developed a system in which
each prestressing wire is independently wedged by a
series of tapering plates. This allows the formation of a
cable of almost any size, contained within a rectangular
duct. The system developed in the UK by Gifford,

anchors each strand independently using its own metal
barrel and wedge grip. It is this principle which forms
the basis of the majority of systems marketed for
anchoring strand or wire cables today.

One departure from the wedge principle for anchoring
wire is that in which the end of the wire is deformed into
a button head, having a shape rather like the head of a
knitting needle. This method is now marketed as the BBRV
system in the UK.

One disadvantage of the threaded-bar and button-head
types of anchorage is the need to precalculate the length
of each tendon accurately in order to prepare the
anchorage. Exponents of these systems discount this
complaint as a minor chore, however.

A fundamental requirement for prestressing tendons
is that they must be protected against corrosive attack in
order to maintain the integrity of the structure. Where
the cables are contained within ducts inside a concrete
section this protection is provided by pumping cement
grout into the duct after prestressing has taken place.
Where the tendons are external to the section other
options become available, including providing an added
casing of concrete directly around the tendons, or using a
polyvinylchloride coating to enclose the cable which has
been prepacked with grease.

The anchorage is a significant part of the cost of a
prestressing tendon and where a substantial number
of similar units are to be fabricated there can be
advantages in stressing between anchorages that are
external to the members themselves, tensioning the
tendons prior to casting the concrete in direct contact
with them and thereby forming an immediate bond.
This technique is known as pretensioning. On
releasing the anchorages the force in the tendon is
transmitted to the concrete section by the bond which
is developed between the tendon and the concrete.
This approach to construction obviously requires the
use of a permanent prestressing bed where the re-
usable anchorages are established, and therefore
involves precast concrete construction. The method
only becomes economic where the number of units to
be produced is sufficient for the saving in the cost of
anchorages (which would otherwise be built into each
individual unit) to offset the cost of handling precast
units, any loss of economy in the structural form of
the members,  the establ ishment costs  at  the
pretensioning bed, and the structural limitations of
pretensioning as opposed to post-tensioning in terms of
design. To be worthwhile, substantial quantities of similar

CHAPTER 6
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units must be required, and this pretensioning technique
is at its best in the fabrication of small, repeatable units
such as lintols for buildings, or railway sleepers, where
the cost of providing individual anchorages in each unit
would represent a significant proportion of their total
cost. For large units such as bridge beams the balance of
these factors is more difficult to predict.

Because of the changes in stress induced by the
application of loading at different sections along a beam,
the optimum use of prestressing requires that the position
of the tendons should change within the section from one
point to another along the length. In post-tensioning this
is achieved without difficulty by fixing the cable ducts to
the required profile before concreting. Where
pretensioning is used this obviously cannot be done, since
the tendon is stressed prior to concreting. The tendon
can be pulled or deflected out of a straight line to
approximate to the ideal profile but this “harping” adds
complexity to the stressing procedure and is only reckoned
as appropriate for large units. An alternative technique
for simulating the effect of a profile is to break the bond
between selected tendons and the surrounding concrete
near the ends of the unit. This “debonding” is achieved
by placing sleeves over the selected tendons and thus
rendering them ineffective at that point. Plastics hosepipe
is commonly used for this purpose. Further information
regarding debonding is given on Data Sheet 54.

Parasitic forces

In statically-indeterminate structures, parasitic forces are
set up by the prestressing force in addition to the moments
induced by the eccentricity of the prestressing cable
(measured from the centroid of the section) at points along
the beam. An exception to this occurs where the shape of
the cable profile is such that it would not modify the
support reactions—a so-called concordant profile—which
is rarely achieved in practice.

Parasitic forces develop because the structure is not
free to deform as the prestressing forces alone would
dictate. The deformation of the structure is constrained
by the supports, and constraining forces therefore develop
at these supports, modifying the reactions to external
loading and inducing a pattern of moments in the
structure: i.e. parasitic moments. This is illustrated on
Data Sheet 55.

For design purposes it is necessary to assess the
“effective” eccentricity of the cable at points along the
structure, this eccentricity not necessarily being equal to
the eccentricity of the cable measured from the centroid
of the section. The effective eccentricity can be assessed
by treating the forces exerted on the structure due to the
prestressing force as a loading case, thus producing
bending-moment and shearing-force diagrams. The
bending moment at any section, divided by the

Figure 10. Equipment for grouting prestressing cable ducts under pressure. High-speed mixer and
storage bin with continuous agitation.



81

prestressing force, then gives an effective eccentricity at
that point.

An alternative approach is to plot a diagram of Pe/EI
for the structure, the eccentricity e being measured from
the centroid of the section in the first instance. The
diagram is then balanced at the points of continuity by
adjusting the indeterminate moments to give a compatible
“moment-area” diagram, showing zero relative
displacement at the points of support in accordance with
“moment-area” methods.

Combination of prestressing force and dead load

Although consideration of the stresses at known critical
cross-sections (e.g. at midspan and at the supports) may
show satisfactory stresses at all stages; where prestressing
cables are subject to reverse curves it is necessary to check
the stresses throughout the span. This is best ensured by
drawing a stress profile for the combined effects of the
prestressing force and the self-weight. For a prismatic
deck, the stress diagram for the prestressing force will
follow the profile of the prestressing cable so that, having
evaluated the stresses at the pier sections and at midspan,
this diagram is readily constructed. An example is shown
on Data Sheet 56.

Difficulties can arise in calculating the stresses
produced by prestressing forces and applied loading on a
voided slab deck at the pier diaphragms. Sectional
properties are well defined within the span. At the
supports, however, the situation is complicated by shear
lag and by the presence of a diaphragm which is solid
over the pier. The effect of shear lag is to remove the side
cantilevers from the effective section resisting the bending
moments. For prestressing calculations the gross area—
i.e. including the cantilevering slabs—still applies to the
average stress induced by prestressing forces.

At the face of the diaphragm member the section is
again well defined. Any tapering of the voids that is
adopted to assist in providing shearing resistance or a
more gradual distribution of stress between the fully
voided section and the solid pier section at the centre-line
must, of course, be reflected in the sectional properties
taken at this point.

At the centre-line of the pier the real section is solid,
but the uniform stress due to the prestressing force requires
a certain distance to redistribute itself over the solid section
in place of the voided section for the rest of the deck. It is
therefore questionable whether stress calculations that are
based on the solid section give valid answers. As the size
of void increases it becomes clearer that stresses evaluated
at the face of the diaphragm are those which are most
relevant for design purposes.

An additional effect of the diaphragm is to modify the
longitudinal bending moments because the support
reactions are distributed through the width of the
diaphragm, rather than acting at a point, as is usually
assumed when calculating moments and shearing forces
on the deck. This means that any stress calculations that
are based on peak values of the bending moments tend to
be academic, and do not reflect a real stress situation in
the bridge. This shortcoming is generally accepted as a
contribution towards conservatism in design, but where

calculations for severe temperature stresses must also be
taken into account, demanding substantial residual
stresses under applied loads, it seems appropriate to
consider this width of support.

Serial construction

Some of the difficulties incurred when employing serial
construction are discussed on page 3, and illustrated on
Data Sheet 57.

Loss of prestress

Although the force transmitted to a structure at the
anchorage points may be well defined at the time
stressing of the tendons takes place, these stresses will
be modified by the subsequent behaviour of the structure.
The prestressing tendons and the concrete are sustaining
each other in an equilibrium state of stress, arising from
the strains locked in by the stressing operations. Steel
subjected to locked-in strain experiences some loss of
stress with time, this phenomenon being known as
relaxation. Concrete is subject to shrinkage and to minor
changes in the stress/strain relationship with time, these
effects being known as creep. In the process of stressing,
the loads imposed by successive tendons as they are
stressed cause the structure to deform elastically, thereby
modifying the locked-in strain in those tendons that have
previously been tensioned. All of these effects reduce
the locked-in forces, thus resulting in a loss of prestress.
An additional loss of prestress in post-tensioned tendons
arises from the friction between the cable and the duct,
which leads to a progressive reduction in the actual force
in the cable as the distance from the jacking point
increases.

The total loss of prestress is usually substantially greater
with pretensioning than with post-tensioning because the
whole prestressing force is applied to the member
simultaneously in pretensioning, and the demand for rapid
fabrication usually leads to the stress being transferred
into the member while the concrete is still relatively
“green” and thus more susceptible to losses due to creep.
Also, pretensioning is affected by the entire shrinkage of
the concrete, whereas in the case of post-tensioning some
of this shrinkage takes place prior to the commencement
of prestressing, and does not therefore affect the
prestressing force.

Data Sheet 58 gives specimen design charts for the loss
of prestress, based on selected coefficients for shrinkage,
creep and modulus of elasticity.

Anchor blocks

At the point where a prestressing cable is anchored the
full prestressing force in that cable is transmitted to the
structure. This represents a substantial force concentrated
on a very small area, and early prestressed concrete design
and construction produced examples of failure in the
region of anchorages, due to the splitting of the concrete.
Similar problems can still overtake the unwary designer.
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The effect of these large anchorage forces is not unlike
that of driving a wedge into the structure, and the shape
of many prestressing anchorages encourages the analogy.

Several theories were developed as a basis for the design
of anchorages (Freysinnet, Guyon, Magnel, Bortsch,
Bleich, Siever, Morsch, etc), producing significant
differences in the results. The Cement and Concrete
Association (C & CA) undertook a substantial series of
tests, presenting its findings in two research reports, the
first dealing with single anchorages and the second with
group effects. These have formed a basis for most
prestressed anchor-block design in the UK since that time.

The prime requirement resulting from the calculations
derived from these research reports is the need for heavy
reinforcement perpendicular to the axis of the prestressing
cable and immediately behind the anchorage, to withstand
the splitting forces arising from the wedge-like action of
the anchorage.

An additional requirement in the region of prestressing
anchorages is the need to examine the way in which the
forces disperse into the full section of the deck. For
example, in a box-section deck groups of anchorages are
usually concentrated in concrete “anchor blocks” formed
by an enlargement of the web. The dispersal of these large
concentrated forces into the full cross-section gives rise
to shearing and tensile stresses around the blocks. Each
case requires individual assessment, assumptions being
made as to the flow of the forces, and reinforcement being
provided to cater for the shearing and tensile stresses that
result. Within the anchor blocks themselves the design
approach can be based on deep-beam theory.

The substantial amounts of reinforcement often
necessary in the region of anchorages call for particular
care in detailing. It is all too easy to adopt an arrangement
of reinforcement which fits well on a drawing but proves
quite impossible to assemble on site. If there is a conflict
between the need to provide the theoretical amount of

reinforcement required and the resulting production of
an arrangement so congested as to prevent good
concreting in that region, it is obviously even more
important that well-compacted concrete should support
an anchorage than that the calculated area of
reinforcement should be present.

The fixing of closely-spaced reinforcement can usually
be facilitated by detailing the steel in such a way that the
reinforcement required in the bottom of the deck to deal
with slab or diaphragm action can be fixed first.
Anchorage-block reinforcement is then assembled on top
of this mat, followed by the top surface reinforcement
for the diaphragm or slab, which is assembled on top of
the bursting steel. The system of stirrups adopted must
permit this sequence.

For bursting steel itself many designers favour the use
of a spiral immediately around the anchorage. This
follows from the development of an early form of
anchorage for small prestressing systems, which was
constructed with fine-aggregate concrete inside a
contiguously wound helix. The attraction of the spiral is
its unquestionable effectiveness in all directions within
the plane of the splitting force, and the fact that it unites
a significant lump of concrete with the anchorage. Only
in smaller stressing systems is this spiral adequate on its
own, however, and a system of links, U-bars and straight
bars will often be needed to supplement the spiral. Where
conventional links are used care should be taken to detail
reinforcement to a shape which avoids a double thickness
of steel at the overlap closing the link. The close spacing
of reinforcement needed in an anchorage zone can be
prejudiced by employing avoidable laps of this kind.

The design of anchor blocks forms the subject of
Data Sheet 59 while Data Sheet 60 deals with anchor
blocks for external cables. Various types of anchorage
for strand are illustrated on Data Sheet 61 and
appropriate design data are tabulated on Data Sheet

Figure 11. Relationship between creep and time.
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62. Data Sheet 63 illustrates some of the anchorage
systems that are available for prestressing methods that
use wire, and details of strand couplers are presented
on Data Sheet 64.

Shear

The capacity of a prestressed concrete member to resist
shear depends on the amount of bending moment acting
in conjunction with shearing force at the section. This is
best appreciated by considering the case of a simply-
supported beam subject to concentrated loads at third
points, as shown on Data Sheet 65. Adjacent to the
supports the limiting shear capacity of a beam depends
on its ability to sustain the diagonal compressive force
arising from the shearing force, without causing buckling
of the section.

Moving away from the supports into the area where
the pattern of shearing stresses is fully developed (clear
of the influence of the support reaction), but where
bending stresses are modest, any distress arising from
excessive shear will be shown by the formation of diagonal
cracks near the neutral axis of the member—where the
shearing stresses are a maximum—and extending towards
the boundaries of the section as the load increases, until
failure occurs either by the shear stirrups yielding or the
web buckling in compression.

In the vicinity of the two applied loads is a region of
shearing stress associated with high bending stresses. In
this area failure of the section will be heralded by the
formation of cracks beginning at the extreme tensile fibre
and extending upward into the member as the load
increases. The propagation of these cracks impinges on
the cross-sectional area available to provide effective
shearing resistance, and thus reducing the shear capacity.
Once a critical point is reached, the shearing and bending
effects combine to extend the crack to the point where
failure occurs. In the case of a continuous beam it is
normal to find areas of high shearing stresses and high
bending stresses together, so that this mode of failure
becomes critical in such cases.

Between the two applied loads, nominal shearing stress
will be combined with high bending stresses. Failure in
this zone would occur as a result of pure bending.

The approach necessary to calculate the shear capacity
differs according to the zone concerned. Inclined
prestressing cables have a marked effect on the principal
stresses in a web subjected to shear and are therefore
significant in assessing the shear capacity where bending
does not produce flexural cracks. The moment at which
flexural cracks commence to form is unaffected by the
inclination of the stressing cables so that, where the shear

capacity is limited by flexural cracking, inclined tendons
do not help.

Ultimate moment of resistance

The basic aim in prestressed concrete design is to maintain
the section in compression under all conditions of loading.
However, where overload does occur tensile stresses can
develop to such an extent that the section begins to crack,
and the whole basis of evaluating the capacity of the
section to resist load changes.

There are fundamental differences between the
behaviour of bonded and unbonded tendons in ultimate-
load conditions. Since a bonded tendon is united with
the concrete section at all points along its length, the
concrete and the prestressing tendon will continue to
act together, responding to the same strain-distribution
curve at each section, until failure takes place. With
unbonded tendons, whereas the concrete section will be
responding to the varying systems of force and
distributions of strain at individual sections, the tendon
is stressed by a strain that is locked into it by being held
at points far removed from each other along the length
of the member. It is therefore insensitive to particular
distributions of strain of individual sections so that,
although the concrete at a particular section may be
strained to a point approaching its ultimate capacity,
the prestressing tendon crossing the section may only
be stressed to a level approximating to its normal
working load.

The general approach to assessing the ultimate
resistance of a prestressed concrete member is to seek, by
trial and adjustment, a balance between the internal and
external forces based on an assumed distribution of strain.
For sections having a simple geometric shape, this analysis
can be reduced to the solution of a formula based on
simplified assumptions regarding the distribution of strain.

Data Sheet 67 summarizes the assessment of the
ultimate moment of resistance of section.

Other design data

The remaining Data Sheets relating to the chapter give
additional material that is useful in prestressed concrete
design. Calculations for interface shear are illustrated on
Data Sheet 66. Information relating to prestressing ducts
is presented on Data Sheet 68, while Data Sheet 69
describes the procedure to be followed when calculating
differential shrinkage. The various properties of strand
are tabulated on Data Sheet 70 and data relating to strand
relaxation are collated on Data Sheet 71.
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The following mixes are selected as being the most appropriate for precast and
cast-in-situ work, respectively. Variations may be appropriate in particular jobs.

 
Factory-made precast concrete
 
52 ½ N/mm2 at 28 days (E=34 ½ kN/mm2)

Working stresses: (Group I loading)

Compression in bending:
For HA loading 17.3 N/mm2

For HB loading 22.0 N/mm2

Tension (applied load) 0
Tension (prestress/dead load) 1 N/mm2

Shear : (see BE2/73 flow chart)

At transfer : Compression in bending

Tension 1 N/mm2

For shear : See BE2/73, Clause 8
 

Site concrete
 
45 N/mm2 at 28 days (E=32 ½ kN/mm2)

Working stresses: (Group I loading)

Compression in bending:
For HA loading 14.85 N/mm2

For HB loading 18.6 N/mm2

Other stresses as above.

Where parts of prestressed structures having 37 ½ kN/mm2 or higher 28-day
concrete strength are acting as reinforced concrete, the following stresses can be
adopted.

Working stresses:

Compression in bending 12 ½ N/mm2

Direct compression 9 ½ N/mm2

Shear, bond, etc., as for 30 N/mm2 concrete.

Prestressed concrete: elastic design
Data sheet No 53
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Debonding
Data sheet No 54

Debonding/deflecting
 

One of the limitations on the design of pretensioned
units is that the arrangement of prestress which is most
effective at midspan, where some of the stresses induced
by prestressing are offset by the self-weight of the unit,
may produce unacceptable distributions of stress at the
support positions.

One solution to this problem is to break the bond
between selected prestressing strands and the concrete
near the ends of the unit, thus rendering these tendons
ineffective towards the ends of the units. This
arrangement thereby modifies the prestressing force and
may produce acceptable stresses.

The debonding is usually achieved by providing a sleeve
of p.v.c. piping which is slipped over the strand.

Curve is parabolic, i.e. y=fx2, i.e. 

The concrete reaches a tension of 1.0 N/mm2 at
(11.55-a)=b. Therefore 

and thus

i.e., a = 11.55-8.3=3.25 m.

 An alternative to debonding is to pull selected prestressing cables out of
their normal straight line between the anchorages after applying calculated
preloading, thereby simulating the profile of a ducted tendon.

Deflected tendons
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Parasitic forces
Data sheet No 55

If an unrestrained beam is subjected to
eccentric prestressing forces it will tend to
deform.

Assuming unyielding supports, the same
member acting as a continuous beam would
give rise to the shearing-force and bending-
moment diagrams illustrated, when subjected
to uniformly distributed loads.

Any tendency for the beam to deform under
the prestressing forces will modify the
reactions, change the shearing forces and
hence the bending moments
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Stress profile
Data sheet No 56

Moments and stresses
due to self weight

Effective eccentricity
of prestress

Stresses due to prestress
(axial+moments)

Stresses due to
prestress+self weight
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Serial construction
Data sheet No 57

It is essential to consider the loading conditions at all stages
of construction where serial construction is adopted. The
design forces arising from self-weight and prestress can be
significantly different from those calculated for the
completed “fully-continuous” state. Creep and shrinkage
also modify the statically-indeterminate forces.
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Loss of prestress
Data sheet No 58

Losses indicated for post-tensioning assume
several cables per beam, and that each cable is
fully stressed in turn. This means that 50% of the
elastic shortening in the concrete applies.

Additional losses arise due to friction in the jack,
and anchorage slip at lock-off. These are normally
accounted for by raising the jacking force.

Loss of prestress due to friction.

Loss of prestress due to relaxation, shrinkage,
creep and elastic shortening.
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The design forces to be taken into consideration in the
design of anchor blocks include the following.

A. Anchorage bursting forces, requiring reinforcement
in the immediate vicinity of the prestressing
anchorage.

B. “A”-frame tension arising from deep-beam action,
distributing prestressing forces into the full depth
of the section.

C. Shear developing between the anchor block and the
top and bottom slabs of the cellular deck.

D. Tensile forces arising from the lateral distribution
of the prestressing force across the width of the deck,
akin to “A”-frame action in plan.

E. Shear between the anchorage blocks and the top
and bottom slabs of a cellular deck.

F. Tensile forces similar to those in D above, but at
the extremity of the deck.

Forces “D” and “F” might be visualized as akin to the
tensile forces developing in a beam for which the
prestressing forces act as reactions and the distributed
prestress in the deck acts as the load. The depth of this
beam is then equal to the depth from the end of the
deck to the furthest end of the anchor block.
 

Anchor block
 

Prestressing force=P0.

Crushing stress

Tensile stress in concrete
 

 

Bursting force

Permitted tensile stress in concrete

Bursting reinforcement

where

Location of bursting steel:
 

 

Anchor block design
Data sheet No 59
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Anchor blocks for external cables
Data sheet No 60
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Strand anchorages
Data sheet No 61

Below: Jack for simultaneous stressing
of all strands in a cable.

 Above: Design details must admit
access for heavy jacking equipment if
simultaneous stressing is to be adopted.

 Below: Individual stressing of strands
in a cable.
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Each prestressing system manufacturer
has his own stressing equipment. In
some circumstances there can be major
differences in the access to the jacking
point necessary, which may influence the
design details and/or the choice of
prestressing system employed.
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Strand anchorage forces
Data sheet No 62
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Wire anchorages
Data sheet No 63

Preformed cable with
button-head wire anchorages

A button-head.
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Strand couplers
Data sheet No 64

1 Temporary anchorage-coupler assembly.

2 Form of coupler for joining stranded cables at point where
no intermediate stressing is required.

3 Alternative form of coupler, suitable for use with
temporary anchorage, and allowing simultaneous stressing of
all strands in cable.

4 Extrusion fittings for anchoring strand at a point remote
from the jacking position.

5 Rig for on-site assembly of extrusion fitting strand
anchorages.

6 Strand cable coupler allowing stressing of first-stage cable
prior to extension and stressing for subsequent spans, based
on single-strand stressing.
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Shear in prestressed concrete
Data sheet No 65

Methods of calculation for assessing the shear capacity of prestressed concrete
members vary according to the combination of forces acting. These are generally
identified as the four sets of conditions illustrated in zones A, B, C and D.

Principal tension Stirrups provided to resist shear at ultimate load are
only nominally stressed until cracks develop

Zone A: High shear with nominal bending

Cracks do not develop up to failure, which may involve
crushing or buckling of the web.

Zone B: High shear with moderate bending

Cracks develop in the web due to the principal tension
exceeding the tensile strength of the concrete. They
extend toward the flanges with increases in load.
Failure can occur due to shear-tension failure, or by
buckling of the web in compression.
 

 
Since inclined prestressing tendons help to reduce the
principal tension in the web the component of the

prestress Vp is taken into account for this condition.

Zone C: High bending and shear

Cracks commence in the tension flange and extend up
into the web with increasing load. This can lead to
bending-shear failure as the reduced area of concrete in
compression is crushed. Shear cracks accelerate the
reduction of the effective concrete section.

Zone D: High bending with low shear

If V ≤ 1/2V
c
, provide nominal reinforcement.

If V > 1/2V
c
, design stirrups.
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BE2/73 Interface shear
Data sheet No 66

Forms of construction involving composite precast and cast-in-situ concrete
have to be checked for shear at the interface between cast-in-situ and precast
components. The following specimen calculation is based on the requirements of
DoE Technical Memorandum BE2/73:

Specimen calculation
Load case : 4 Beam section: Node 13

Shearing force per web S =0.26 MN
Overstress =25%

Sectional properties:
Interface width L

s
=150 mm

Slab area A =0.493 m2

Height of slab c.g. above n.a. y =0.300 m
Moment of inertia of section I =0.086 m4

Longitudinal shearing force

=447 N/mm
Material properties:

Lesser cube strength of slab or beam (  37.5) U
w
=37.5 N/mm2

Permissible tensile strength of shearing reinforcement f
s

=175 N/mm2

Characteristic strength of reinforcement (  425) f
y

=410 N/mm2

(Use 410 for high-yield steel, unless good reason)
Tensile stress at top of slab in hogging region f

fc
=—N/mm2

(assuming concrete uncracked)
Rules :

(i) Limiting longitudinal force

=478 N/mm
Rule (i) satisfied if > Q

 (ii) Required steel in slab bottom excluding that for
coexistent bending

=436 mm2/m

Area of bottom reinforcement provided =900 mm2/m
Required steel cutting interface excluding that for

coexistent bending
(iii) Sagging region

=1606 mm2/m

(iv) Hogging region
=—mm2/m

Area of interface reinforcement provided =1790 mm2/m.
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Ultimate moments
Data sheet No 67

Total forces in concrete and tensile steel must
be equal and opposite.

Under working loads the concrete section
remains in compression. The total tension in
the prestressing steel is balanced by the total
compression in the concrete. Stress and strain
are assumed to be distributed linearly.

As the loading passes the point where tension
develops in the concrete, the section is
assumed to crack. As that crack extends past
the untensioned reinforcement the tensile
strain adds to the effective prestress. The
additional tensile strain in the prestressing
steel also increases the tensile force—assuming
the cable to be effectively bonded at the
section.

The strain is considered to be linear at all
stages of loading, but stress-strain relationship
under ultimate conditions is not linear, and the
stress distribution is assessed from typical
stress-strain curves.

In the case of unbonded cables, the tension
in the steel is not affected by the tensile
strains developing in the concrete at the
critical section. However, any normal
reinforcement cast into the concrete section
will be so affected.

The assumed distribution of stress-strain must
be plotted on the design section and resultant
forces evaluated to meet the following basic
requirements:

For the relationship between stress and strain,
see Data Sheet No. 45.

Strain in concrete      0.0035.
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Prestressing ducts and saddles
Data sheet No 68

The most commonly used form of
ducting for prestressing cables is
made up from sheet metal, spirally
wound to give some measure of
flexibility along its length combined
with a robust section.

Ducts for prestressing cables must be
held securely in position at frequent
intervals. The forces exerted during
the placing of the concrete are severe
and the consequences of
displacement are disastrous. The
stresses in a prestressed section are
sensitive to tolerances relating to
location of the cable, so that
accurate positioning is important.

Bars supporting ducts should
preferably be curved in sympathy
with the duct. Straight-bar supports
give rise to local indentations which
must increase the friction when the
cable is stressed.

Spot welding can be used to secure
the duct supports to the adjoining
reinforcement, but weld splatter is
liable to affect the formwork
surfaces nearby.
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Prestressing saddles need mechanical strength to resist
the forces imposed by the prestressing cable. Their
design is also influenced by the need to limit the
bearing stresses imposed on the concrete. Length and
curvature should allow for tolerances arising in
location and setting-out as well as in saddle
manufacture. Where pre-applied coatings are used on
the strand on the saddle length it is even more
important to avoid tearing and splitting the coating.

Saddle for separate support
to each individual strand.
Suitable for single-strand
stressing

Saddle for supporting cable
group. Suitable for stressing
cable group in one pull.

Data sheet No 68 Continued
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Where a concrete section is
constructed in two stages involving
the placing of fresh concrete against
already mature material, differential
shrinkage will set up stresses in the
section, which may be significant. The
most obvious example of this is a
beam-and-slab deck.

When a cast-in-situ slab is cast on top
of precast concrete beams, the
shrinkage in the slab subsequent to
casting will be greater than in the
beam.

Since the joint between the beam and
the slab ensures that no slipping takes
place between them, it is evident that
a tensile force must develop in the slab
and a compressive force in the beam,
to keep them the same overall length.
Statics demand that these two forces
must be equal and opposite.

 
This tension and compression action
suggests the accompanying stress
diagram.
 

But the distribution of stress produces
a moment, and as there is no system
of external forces to maintain
equilibrium, a further set of internal
stresses arises to absorb the moment.
 

Adding the two foregoing diagrams
together then gives the shrinkage
stresses.
These stresses are in turn modified by
creep.

Differential shrinkage
Data sheet No 69
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There are several grades of
prestressing strand available. All
prestressing strands are stress
relieved, but further processes are
often employed to reduce the losses
arising from the relaxation of the
steel. These processes involve a
combination of applied heat and
stress, carried out under such
varying trade names as
Thermalising, Normalising, etc.

Compact strand is pulled through a
die after being spun as a stranded
cable, which not only physically
modifies the cross-sectional shape,
but also enhances the strength
characteristics of the stranded cable
as a result of the further cold
working.

For the purposes of assessing
prestressing strand extensions,
calculations should be based on
values of E taken from tests on
specimens of the actual strand used.
For design purposes a figure of 200
kN/m2 may be used.

Strand
Data sheet No 70

NOTE. The values in brackets are exact conversions.
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For prestressed concrete the accepted procedure for
design purposes is to allow for the relaxation of
prestressing steel on the basis of tests, taking the value
at 70% of the ultimate tensile strength and 20°C after

Strand relaxation
Data sheet No 71

1000 hours. Relaxation is sensitive to stress and
temperature, as is illustrated by the accompanying
graphs relating to British Ropes Dyform strand.
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Prestressed concrete references
Data sheet No 72
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If man has always been as preoccupied with creature
comforts as he is today it seems likely that his earliest
efforts at producing a structure to span between
supports would have been aimed at providing a roof
over his head, rather than at bridging a gap. Timber,
vegetation and animal skins are likely materials to have
formed his earliest attempts at a roof covering. Because
of the limited life of these materials the best evidence
that remains as to these earliest techniques of
construction is in the methods still adopted by primitive
peoples today.

A tree deliberately felled to provide a dry crossing of
a stream is presumed to have formed the first man-made
bridge. As problems of transportation led to the adoption
of established routes and the heavy use of such crossings,
stone offered the prospect of a more durable material.
Its first application probably followed the use of
structural forms pioneered by heavy timbers; some
members standing on end (or stacked) to act as posts,
while others were laid to span between these closely-
spaced supports.

Stone imposes severe limitations as to the distances that
it will span in this way, not because of its tensile strength
but because of the practical limitations in the size of a single
stone which can be cut and handled. The surviving heritage
of Greek and Egyptian architecture contains ample
examples of what has been achieved with this simple
structural form. Columns had to be closely spaced to restrict
beam action to short spans, and this had a constricting
effect on the layout of buildings, making it impossible to
achieve wide open spaces under the covering of a stone
canopy. The nearest approach was to adopt a colonnade
of closely-spaced columns in two directions in the form of
a grid. Wide spaces could only be covered by using timber,
so that the development of techniques for jointing timbers
controlled progress in that respect.

Despite their limitations, stone columns and architraves
formed the basic structure for many magnificent buildings.
Their durability cannot be questioned in the light of
examples that survive until today. Even in the UK, which
claims no special place in that architectural era, the well-
known bridge at Tarr Steps in Devon represents a simple
example of stone slab construction reputed to have been
in service for up to 3,000 years (see Frontispiece).

The development of the arch was a major
breakthrough for construction using stone, now making
it a material suitable for use in the construction of bridges

as well as for prestigous buildings. It might be
appropriate to go to the expense and special effort of
cutting and transporting very large stones to create
impressive public buildings, but when it came to more
utilitarian structures, such as bridges, a form of
construction had been needed which made use of the
more-readily-available small stones.

The circular arch form used by the Etruscans and
Romans demanded a fixed relationship between rise and
span. These peoples built barrel roofs as well as free-
standing arches, to give long covered areas. It was also
possible to form an intersection between barrel arches
crossing each other, but only where the intersecting barrels
were of similar dimensions—otherwise problems of
stability would arise at the intersection. The circular arch
therefore imposed severe limitations on the layout and
appearance of buildings.

Much Roman architecture still adhered to the
traditions of columns and architraves adopted by the
Greeks. The arch seems to have been more extensively
used in bridge construction and in the creation of
particular spectacles: triumphal arches and public
buildings. The fact that great men and national victories
were commemorated by building arches reflects the
importance of such arches in the technology of the
empire, almost amounting to the status of a national
symbol.

It was not until the 12th century that the concept of
the Gothic arch was introduced, breaking away from the
semi-circle, to adopt a form embodying a pointed apex.
This change introduced flexibility into the relationship
between the span and the height of an arch, so that
transepts could be created having a span differing from
the intercepted aisle. This gave a new degree of freedom
in the planning of structures.

Pointed-arch forms also allowed greater spans, because
the horizontal thrust at the arch springing is of a lower
magnitude than with the semi-circular form. This trend
was further aided by the development of flying buttresses
which help to balance the horizontal forces. In this context
the innovation of adding pinnacles to the buttresses might
be regarded as an early example of prestressing—by
adding deadweight—aimed at stabilizing these complex
structural forms. Although these features were given
elaborate decorative treatment by way of carving, their
prime function was (in most cases) structural rather than
ornamental.

Development of structural form

CHAPTER 7
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When the processing of metals developed to the stage
at which it could be applied to the construction of large
structures, its first use was based on the structural form
of an arch, reflecting the technology which had developed
from centuries of construction using stone.

Iron Bridge in Shropshire is the first example of a metal
bridge, which still stands as a monument to the skill and
craftsmanship of those who built it in 1799. The bridge
at Coleport, built in 1818, is a further example. Both are
of arch construction, which is not the form best suited to
metals.

Cast iron, being weak in tension, tended to be used
primarily in compression members with only a limited
use for beam members. The development of wrought iron,
with its superior tensile qualities, opened the way for
further developments in structural form.

The influence of earlier materials and the structural
forms to which they were applied have created pitfalls
for the designer as well as inhibiting the way in which
a new material is first applied. The notorious weakness
of cast iron in tension lured engineers into faulty design
in that, when early structures in wrought iron were
built, great care was taken to test the strength of
members in tension but the phenomenon of buckling
in long struts was not appreciated until accidents took
place.

The capacity of wrought iron to accept tensile stresses
opened the door to several new structural forms. Suspension
cables became the tensile complement to the all-
compression arch. Frameworks were developed in which
some members acted in compression and others in tension.
The well-known characteristics of the arch form were

exploited in some framed girders by giving the compression
boom an arch shape, the springings of the arch being tied
together by a straight tensile member—the lower boom.
Stephenson’s design for the Conway Bridge represents an
early suspension bridge, which was subjected to model
testing as a means of proving the design.

It was when mild steel was developed, offering a wide
range of rolled sections and plates, that truss and plate
girder forms were fully developed. Each of these forms
found its best application within particular ranges of span.

The early use of concrete shows yet another repetition
of the cycle associated with the introduction of new
materials, which start with the disadvantage of being
applied to structural forms better suited to their
predecessors. It was inevitable that concrete should
initially be regarded as reconstituted stone and used in
that context. People now knew the limitations of
compression-only materials, and thus concrete had
obvious applications if the arch form were adopted.

Reinforced concrete presented an opportunity to adopt
structural forms in parallel with those used for steel
sections, and the I-beam has become an established
structural form utilized in reinforced and prestressed
concrete structures. Some attempts were also made to
build concrete structures of lattice girder form.

Because steel is produced by a rolling process, which
gives long lengths of continuous members, the structural
forms that were created in steel were inevitably based on
linear structural action. To provide adequate support for
an area of floor or bridge deck it was necessary to create
a grid with a primary, secondary, and sometimes tertiary
members spanning at right-angles to one another to cover

Figure 12. Temple of Bacchus. A remnant of the magnificence achieved with the simplest structural
forms.
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the area. But the potential merit of concrete is its ability
to form shapes which can have a bi-directional structural
action, and to be moulded to give economy to suit those
two complementary actions. The voided slab or hollow
box can be tailored to suit the varying requirements of
relative longitudinal and transverse strengths at different
points in a bridge deck, representing the effective use of
concrete in structural forms which are peculiarly its own
and making optimum use of its inherent qualities.

The earliest efforts at building in concrete using box

forms were substantially influenced by earlier efforts at
building boxes in steel, where transverse stiffening
members and diaphragms are essential to prevent the box
buckling. In the case of concrete, however, experience has
shown that a satisfactory box structure can be achieved
without such stiffening diaphragms being needed,
resulting in substantial economies.

The rate at which new materials become available for
construction, and the parallel development of structural
forms is accelerating rapidly. The column and architrave

Figure 13. Braidley Road Bridge, Bournemouth.
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and the arch each developed through a period somewhat in
excess of a millenium. Metal structures have been with us
for little more than a century and reinforced concrete has
barely celebrated its jubilee. If this acceleration continues,
structural engineers will have to foster a new flexibility in
thought about structural form as they handle new materials.

Future development

It is, of course, a good deal easier to review the past than to
predict the avenues along which future development is likely
to take place. There is a natural tendency to feel that our
methods of construction are well developed in the context
of the materials we have available. This has doubtless been
the view of engineers of each generation. In fact the foregoing
review seems to suggest that it is the availability of new
materials which has paved the way for each break-through
in constructional techniques, and that designers have been
relatively slow to respond to each new material, and to find
the best use for it.

There is limited scope for the exploitation of
concretes having significantly higher strengths than
those available at present. The prime effect of utilizing
substantially stronger concrete would seem to be that
limitations on design would then be imposed by the
requirements of stiffness rather than of strength. Fibre-
reinfored concrete is at present receiving a great deal
of attention, but it seems likely that the impact of this

material would be to increase the range of application
of cement-bound materials, rather than to extend the
capability of existing structural applications. Even if
fibre reinforcement were applied to conventional
structural concrete construction, its impact on the
dimensions of beams and slabs would be only marginal.
However, fibre reinforcement makes it possible to
create very thin concrete sections compared with those
which can be formed with conventional reinforcement.
This opens up new possibilities for cement-bound facing
panels which can be light in weight.

A good deal of attention has also been given to the
possibility of developing prestressing tendons from non-
corrosive materials. Although this might be useful in
removing one cause for anxiety over the life of a
prestressed structure, it would make no great impact on
the design concept.

Turning attention to the structural forms adopted, it is
apparent that box construction has greatly increased in
popularity over recent years. Now that we have outgrown
the tendency to provide complicated and unnecessary
stiffeners at frequent intervals throughout a span, boxes
are becoming progressively lighter in construction and
this is likely to extend their range of application.

The ribbon bridge has appeared on the scene in recent
years. This is a catenary of prestressed concrete forming
what is, in effect, a stiff suspension cable. It has been
applied to footbridge construction, but although a ribbon

Figure 14. Precast concrete track for experimental tracked hovercraft.
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highway bridge is theoretically possible, its appearance
is likely to be distressing. The marked sag is too suggestive
of imminent collapse to be acceptable.

Some interesting work has been done on the possible
applications of triaxial prestressing. We know that the
weakness of concrete as a material is due to its limited
tensile strength, so that if it can be maintained in a
compressive state on all axes, its potential strength is
very high. A cylindrical element of concrete can be
maintained in a state of triaxial precompression by
winding a tensioned wire around it, or by enclosing the
concrete within a steel tube. This results in a member
that is capable of resisting very much higher axial forces
than would be acceptable on a comparable cylinder of
concrete not reinforced in one of these ways. Some work
carried out in the USSR has considered the theoretical
possibilities of building trusses of concrete maintained
in triaxial compression by a spiral winding of wire. It is
hard to believe that a structure of this form would be
competitive with the alternative steel structure, however.

If we are to speculate on the future development of
structural forms, it is perhaps easier to imagine the
potential impact of new types of problem. The tracked
hovercraft is a case in point: the requirement for long
lengths of elevated structure, narrow in width and
demanding very high standards of tolerance to admit the
anticipated speed of vehicles of this type imposes severe
demands on constructional tolerance. The experimental
track erected on the fens in East Anglia was based on
pretensioned precast concrete box construction, for which
a very high standard of tolerance was achieved.

There is a good deal of excitement in being involved
with new developments, but this is not a goal to be pursued
for its own sake. The rôle of the designer is to produce an
economic and pleasing solution rather than a novel one.
Concrete is firmly established as the principal material
for bridge construction in the short-span to medium-span
range. The prime effort of designers should be directed
toward ensuring that the structures we build do not
detract from their environment.

Figure 15. Erecting beam for hovercraft track.
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decks. Its attraction lies in the fact that a system of
interconnecting beams forming a grillage, gives a pictorial
analogy of the structure which most designers feel they
can readily comprehend. There are also ample
programmes available that are capable of solving the
resulting grillage equations. There are no restrictions on
support conditions, the cross-section need not be constant,
and skew can be accommodated provided that a grillage
can be generated which is representative of the deck shape.

Because this is the most widely used method of analysis
a more lengthy explanation is given in the following
sections of this chapter.

Finite-strip method

This is a particular version of finite-element technique. The
bridge deck is divided into strips which may all be in the
horizontal plane for a plate deck, or in a three-dimensional
arrangement, as would be required for box construction,
with the strips in the horizontal plane representing the slabs,
and those in a vertical (or inclined) plane the webs.

This is a very useful method, economical in computer
time and giving good solutions for those structures which
lie within its limitations. It can only represent bridge decks
having constant cross-sections and with right end supports.
Irregular intermediate supports, can, however, be catered
for by the technique of superimposing results to give zero
deflections at the points of support on a beam originally
considered as spanning between the end supports.

Finite-plate elements

This analytical method is reputed to be very versatile, and is
capable of representing complex structures acting in a complex
manner. This flexibility inevitably leads to complex computer
programs which do not always behave as anticipated. It is
expensive to use compared with the other methods, and its
complexities mean that it is not the method for a design
engineer who has not been steeped in computer lore and in
the mathematics involved in the behaviour of plates.

The method was developed for the design of aircraft
structures, where design and development costs dominate
the total cost of a project. In that context such
sophisticated methods make sense. For the design of
bridge works—which are normally “one-off” designs—
the relevance of its application is open to debate.

CHAPTER 8

Structural analysis of bridge decks

Analytical methods

A five-year research programme was recently carried out
by the Construction Industry Research and Information
Association (CIRIA) in conjunction with the Cement and
Concrete Association to evaluate the various methods of
analysis available for the design of bridge decks. It was
concluded that the following four analytical tools could
be appropriate in given circumstances.

The load-distribution method.
Grillage analysis.
The finite-strip method.
Finite-plate elements.

Load-distribution method

The use of the load-distribution method has been well
documented by the C & CA. Its range of application is
limited: it is only applicable to slab, pseudo-slab and
beam-and-slab types of construction having prismatic
cross-sections, the spans being simply supported, with
line supports and right spans only. In practice this
analytical tool is of much wider use than these limitations
first imply. Its results can generally be accepted for skews
of up to 20°, and a series of discrete supports can be
accepted as representing a line support, provided that
there is no significant overhang beyond the outer
bearings and that the spanning effect between the
bearings does not become dominant in terms of the
behaviour of the deck.

Even where it is felt that the load-distribution method
would not provide a suitable final analysis for a deck it
can be a useful tool for making a reasonable
approximation of the load-distribution characteristics at
an early stage in design calculations.

Until recently this has been a method that could be
undertaken by hand calculation, but the theory has now
been reformulated in a manner which lends itself to
computerized calculation, with the resulting benefit of
improved accuracy.

Grillage analysis

Grillage analysis is perhaps the most versatile, and
certainly the most widely used, method of analysing bridge
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Approach to analysis

To design a structure which will give good service an
engineer needs to evaluate the forces and stresses
developed within its various components under service
conditions. This requires an appreciation of how the
structure is behaving, which may be aided by analogies
with structures which will lend themselves to
mathematical solution.

It is important for the designer to maintain the
realization that any mathematical analysis carried out is
an analogy that is not always truly representative of the
way in which the real structure would behave. Too great
a reliance on the quantitative answers arising from some
form of mathematical analysis may be indicative of a lack
of engineering judgement.

Methods of analysis are evaluated by comparing the
results with those given by laboratory tests carried out on
models. Considerable progress has been made towards
making models representative of prototype structures, but
heavy reliance is still placed on measuring the deflected
shape under load because of the difficulties in attempting
to measure strains, which may be more directly related to
the stresses developed. The fact that a good comparison is
achieved between the displacements obtained on a
laboratory model and on an analytical mathematical model
does not, in itself, mean that they are both predicting the
same pattern of stresses. So the results of mathematical
analyses still need to be approached with caution.

Gri l lage analysis  is  the most widely used
mathematical model, and the type of deck structure
most difficult to represent in this way is a cellular
deck, whether this is a voided slab or a box form of
construction. The difficulties arise from the fact that
the grillage is two-dimensional only, whereas a cellular
deck behaves in a three-dimensional manner. A
consideration of these differences can be a valuable
aid to understanding both the cellular deck and the
analytical limitations of a grillage.

Torsion

There are fundamental differences between a grillage and
a cellular bridge deck in relation to the forces and stresses
which arise due to torsion. Elementary considerations of
equilibrium demand that a shearing stress in one plane
can only co-exist with a shearing stress of equal intensity
in the complementary plane. In the case of a simple beam
this means that shearing stresses of equal intensity are
present over a vertical cross-section and in the
complementary horizontal plane. In the case of the top
or bottom slab of a cellular deck, the implication is that
shear flow arising from torsion is of equal intensity over
both transverse and longitudinal sections through the
deck, at any one point. By contrast with this there is no
interdependence between the longitudinal and transverse
torsional moments within a grillage. Balanced results can
only be achieved by carefully evaluating the sectional
properties. To obtain accurate values for torsion using a
grillage, which might be directly applied to the real
structure, it is necessary to re-assess the torsional
stiffnesses of the component members for each individual

loading case, in the light of the pattern of deformation
that is anticipated.

The torsional resistance of a cellular deck results from
two primary components, shear flow in the webs and
shear flow in the top and bottom slabs. A rectangular
cell subjected to torsion develops shear flow of a pattern
which means that the vertical (web) members make a
contribution to the torsional resistance which is equal to
that afforded by the top and bottom slabs.

A grillage subjected to torsion develops a system of
reacting forces consisting of three components.

A torsional shear in the longitudinal members in
association with torsion in the transverse members.

A differential flexural shear in the longitudinal
members, due to non-uniform load sharing.

Torsional moments in the longitudinal members with
associated flexure of the transverse members.

 
The torsional moments evaluated in the longitudinal
members by using a grillage are inevitably under-
estimated: assuming the stiffnesses of transverse members
have been correctly evaluated, an appropriate amount of
shear flow will develop in the webs. To this will be added
the differential flexural shear reflecting the load-sharing
pattern of the longitudinal members. A grillage will only
use the torsional stiffness of the longitudinal members to
make up the deficiency in equilibrium. If use is made of
these longitudinal torsions to evaluate the flow of shear
in the top and bottom plates, this will inevitably give a
value which is less than that in the vertical webs, which
must be equal in terms of force per unit perimeter.

Stiffnesses assigned to transverse members of the
grillage have a two-fold effect: they give rise to torsional
moments which can be used to evaluate the flow of shear
in the top and bottom slabs, and they modify the bending
moments in the longitudinal grillage members, inducing
shears which represent the flow of shear within the webs
of the box. It is this which gives the grillage bending-
moment diagrams their characteristic saw-toothed shape.

In a grillage representing a multi-celled box the pattern
of torsion in the transverse members within the various
“bays” of the grillage shows the build-up of torsion from
the edges of the box inward. Intermediate longitudinal
members are influenced only by the change in torsion
along a transverse member, on each side of the node at
which they intersect.

In considering a particular cross-section of deck, the
transverse members reflect the torsion on the basis of the
twist along that line. But the shear flow in the webs will
be a product of the twist in the adjoining transverse
members also, which may be some distance away and
possibly subject to a significantly different twist, because
of the deflected shape of the deck. To this extent the shear
flows evaluated are misrepresented.

It follows that the transverse members are the better
source of values for the torsion within a grillage. However,
if shear flexibility has been incorporated in the grillage
sectional properties this will have the effect of increasing
the differential deflection between the longitudinal
members and, therefore, correspondingly increasing the
twist in the longitudinal members connecting them. The
torsion in the transverse members is therefore overstated.
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It has long been realized that grillages are not
particularly sensitive to torsion, in that variations in the
torsional stiffnesses assigned to the members make no
dramatic impact on the predicted behaviour of the grillage
in flexure—provided that the local “saw-tooth” effects
are ironed out when interpreting the results. This is just
as well, because the grillage gives a poor representation
of the torsional moments present. Fortunately, these
moments are not difficult to evaluate by another means.
This is less true when variations in the plan geometry
take place, either in the form of introducing skewed or
non-symmetrically arranged supports. In these cases it is
more important to fit the torsional stiffnesses to the results.

Clearly, the prime contributors to torsional stiffness
are the top and bottom slabs. Where diaphragms are
present within the depth of a deck, a consideration of
membrane analogy for torsion will readily show that the
flow of torsional shear in a diaphragm member is only
the difference in the flow of shear in the top and bottom
slabs as they cross the diaphragm.

Grillage mesh

Where a bridge deck is formed of a small number of cells,
it is appropriate to place the longitudinal grillage members
along the axes of the web members. Where there are
sloping webs, the grillage members should be placed along
the lines of intersection between the web and the top or
bottom slab.

Excessive preoccupation with torsion might lead to
the conclusion that longitudinal members would best
be placed along the centre-lines of the cells, but in fact
it is better to place such members along the web axes
to obtain the best representation of the transverse
flexural characteristics of the deck. The torsional values
included in the output are rarely directly applicable, in
any case.

For a multi-celled deck which approaches the
characteristics of an orthotropic plate in its behaviour,
there is no need to align the grillage members with
individual webs. Suggested guide-lines for the selection
of the number of longitudinal grillage members are that
five or more members should be considered, and that the
spacing of the longitudinal members should not exceed
one-half of the width of a traffic lane, or one-and-a-half
times the overall depth of the deck, whichever is the lesser.

Transverse grillage members must be placed along
the line of each diaphragm in a structure. Additional
transverse members are also needed to reflect the load-
sharing characteristics of the deck. The frequency of
these members should be such that the differences
between the analytical model and the real structure do
not dominate the output, and thereby obscure
interpretation. West* has suggested that transverse
members should be placed at intervals not exceeding
twice the spacing of the longitudinal members. In any
event, the adoption of less than five intermediate
transverse members produces results in which the
interpretation of the values at the intersection points of
the grillage members could obscure the results.

Sectional properties

In assigning stiffnesses to the grillage members it can
appear for many decks that the arbitrary division of the
deck into separate members by intersection lines at the
mid-points between the members will give an adequate
result. In the case of a deck having sloping webs, however,
it is apparent that such an intersection line would result
in the outer members having very low moments of inertia,
with the position of the neutral axis changing abruptly
from one member to another, whereas it has been
demonstrated that such changes in the level of the neutral
axis do not actually take place. Obviously the total
stiffness should be correct, and this stiffness could be
distributed in proportion to the respective areas of the
members or purely as a matter of judgement.

Depending on the proportions of a structure, it may
be necessary to take shear lag into account in assigning
stiffnesses to grillage members.

The torsional stiffness is evaluated from the opposing
shearing action of the top and bottom slabs, giving a
torsional constant of one-half of that which arises from
considering the closed section as a thin-walled box.
This halving was found many years ago to best fit the
experimental results, but no satisfactory explanation
has been given as to why this should be the case for a
cellular deck when the full calculated figure is used for
other forms of construction. The explanation may be
in the equal contributions of torsion in the members,
and the adjusted shears in the intersecting members.

Shear lag

According to the basic assumptions of simple beam
theory—where cross-sections remain plane after flexure—
the distribution of stress across the top flange of a beam
is constant. In a broad-flanged T- or I-section, this
assumption is not true except for sections which are far
from a point of contraflexure. At a point of contraflexure
the section is subjected to shearing force but no bending
moment. Zero moment implies that there is no direct stress
in the flanges, while shear on the section indicates that
there are horizontal shearing stresses reducing in intensity
toward the extremities of the section. In the case of a
broad flanged I-section this means that the horizontal
shear flow diminishes to zero at the outer edges of the
flange. Away from the point of contraflexure direct
stresses are present because of the moment on the section,
and the shearing stresses are modified. As with the case
of simple bending theory for beams, the horizontal shear
flow and direct stresses are inter-related, and what is
happening may be visualized in terms of the shear flow
injecting direct stresses into the flange. The build-up of
these direct stresses resulting from the shear flow is not
uniform across the width of the wide flange, but produces
stresses which tail off toward the extremities, until a
distance is attained that is far enough from the point of
contraflexure for the pattern of stresses to have reached
a balance which produces uniform direct stress. The effects
associated with this change of distribution of direct stress
are known as “shear lag.”

In order to assess the peak stresses in such a section,* See reference on Data Sheet 76.
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the commonly adopted procedure is to calculate the
sectional properties on the basis of a reduced (so-called
“effective”) flange width. CP 110 and CP 117
recommend methods of assessing this reduced width.
An exact assessment of the effects of shear lag involves
recourse to plate theory, because the effect is a function
of each particular loading case as well as of the plate
dimensions.

With continuous bridge decks the effects of shear lag
are most significant at the intermediate supports. The
recommendation of CP 110 (i.e. that the effective flange
widths are assessed on the assumption of points of
contraflexure at distances of 0.7 of the span apart) can
produce substantial errors at the support section. A
reasonable compromise is to evaluate the effects of shear
lag on the basis of the points of contraflexure which arise
on a given structure under a uniformly distributed load
although, strictly speaking, these positions should be re-
evaluated for each loading case.

Since shear lag reduces the effective stiffness of a
member in addition to modifying the distribution of
stresses across it, improved accuracy can be obtained
from a grillage analysis if the “effective” sectional
properties, arising from shear lag, are used in the grillage.
This may redistribute some moment away from those
sections modified by shear lag, thereby reducing the
resultant stresses.

Where it is needed, a good picture of the distribution
of stresses across the width of a plate can be obtained by
plotting those stresses which arise from the net “effective”
sectional properties, together with those arising from the
gross sectional properties. The curved distribution of stress
across the flange can then be sketched.

When applying shear lag to a box deck, the sectional
properties of the reduced section can imply a different
neutral-axis position to that which applies to the gross
section. For a prestressed beam having varying sectional
properties, it is well known that if the neutral axis
changes in level this, in itself, modifies the moment
applied by the prestress. However, in the case of a change
in the position of the neutral axis due to shear lag, this
is not the case.

The forces produced by the prestress can be considered
as two separate elements: the horizontal force applied to
the deck and the bending moments produced by the cable
profile. In the case of a beam with varying sectional
properties a change in the position of the neutral axis
modifies the stresses produced by the horizontal force in
the same way that a direct load on a column produces
varying stresses if the sectional properties change—
because of the changing eccentricity of the load at each
section. This analogy cannot be adopted in shear-lag
calculations because differing rates of shear lag apply to
the horizontal load due to the prestress, and to the bending
moments. For the horizontal load, shear lag affects only
those regions adjacent to the anchorages where the
horizontal force is applied. The fact that the stresses
induced by bending moments arising from the vertical
forces applied by changes in direction of the prestressing
cable are subject to shear lag does not, in itself, modify
the stresses produced by the horizontal force.

No adjustment is therefore needed to the stresses arising
from axial prestress, even though the shear lag phenomena

suggests a change in the position of the neutral axis when
considering moments.

Distortion

When a concentrated load is applied over a single beam
within the width of an open-spaced beam-and-slab deck,
some load-sharing clearly takes place with adjacent
beams, but the member directly under the load obviously
deflects more than the others, and the slab which provides
the transverse link between beams is therefore deformed.
With a multi-celled box, similar deformations occur to
the cross-section when the loads are applied over a single
web, but the cross-section is now a closed frame and the
webs of a multi-celled box are not free to rotate in the
way that is possible in a beam-and-slab deck, because
they are tied laterally, top and bottom. The pattern of
deformation and the resulting force system are akin to
those of a Vierendeel girder.

The term “distortion” which is applied to this pattern
of deformation can be misleading because it inevitably
becomes associated with torsion, which is not necessarily
the case. In fact, by considering a twin-celled box subjected
to distortion by a concentrated load over the central web
it is evident that the force system which develops can be
in equilibrium without imparting any torsional rotation
to the deck. Distortion is therefore essentially the effect
of differential deflection between adjacent longitudinal
“members”.

Because of distortion, a cellular deck has a dual stiffness
transversely. Circular bending across the deck results in
direct tension and compression in the top and bottom
slabs, thereby forming a couple to resist the bending
moments. No distortion is involved. On the other hand,
where there is a transfer of shear across the deck, this
gives rise to distortion and the stiffness of the deck is
now totally different from that which applies to circular
bending. Most real loading cases produce a combination
of these two effects. It is therefore essential that a grillage
should be capable of handling this duality of stiffness.

In calculating the deflections of a beam, it is normal to
consider only those deformations which arise due to
bending. A full mathematical expression of the deflection
in a beam includes the deformations arising as a result of
shear, in addition to those due to flexure. But shear
deformations are normally neglected because they are very
small by comparison with those due to bending. To enable
the transverse members of a grillage to take account of
the dual stiffnesses applicable to bending and to shear,
grillage programs have been written that include the full
deflection equations, including shear. It is therefore
possible to take account of the dual stiffness of a cellular
section by calculating a shear area for the transverse
members which would give the same rate of deformation
as that which, in reality, arises from distortion.

The calculation of this “effective shear area” is based
on assumptions of how the cross-section deforms. This
will, in fact, differ according to the loading case applied.
In the case of a heavy load applied at one edge of a deck,
all the cells deform in a similar manner, including the
flexure of the webs themselves. In contrast, a heavy load
placed in the middle of the deck, which is such that the
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force systems are in balance on each side of the point of
application, means that the web under the load does not
flex (because there is no moment in it).

In the case of thin-webbed boxes, the presence or
otherwise of flexure in the webs may significantly affect
the stiffness of the cell. The shear area assigned to the
transverse members can therefore only approximate the
distortional stiffness, but in most practical bridge-deck
sections the top and bottom slab elements are considerably
more flexible than the webs so this error is not serious.

Where there are variations in the shape of the cross-
section, such as sloping webs, which complicate the
assessment of the distortional flexibility, this can be assessed
with the aid of a frame representing the cross-sectional
shape. The deformation of the frame under the load
provides a basis for assessing the “effective shear area”.

Having obtained the grillage output, the force system
arising from deformation is calculated by assuming that
points of contraflexure develop midway between the webs,
and that the total shear from the grillage is shared between
the top and bottom slabs in proportion to their stiffnesses.

In designing reinforcement or determining the prestress
required to cater for the forces developing around the
cross-section, the values are dominated by those forces
which arise from local wheel loads. These are best
evaluated by applying Pucher’s* or a similar design
method for concentrated loads. The distortional stresses
are significant, but they are small in comparison with the
results of local wheel loads.

In cases where cellular construction is used in separate
sections within the cross-section of a deck, the sections
being linked together by slabs which are made monolithic
with the adjoining cellular elements, the distortional
stresses arising in these linking slabs are also obtainable
from a grillage analysis. In such cases the distortional
stresses can be very much more prominent in the total
design figures (see Data Sheet 42).

Voided slabs

When the method of “effective shear area” is applied to
a slab having circular voids, it is sufficient to assess the
deformation of the cross-section on the assumption of a
simplified cross-section which has rectangular voids that
give slab and web thicknesses that are slightly greater
than the actual minimum thicknesses at these locations.

Skew

Because of the difficulties which arise in evaluating
torsional parameters, the values obtainable for a grillage
with members intersecting other than at right-angles are
subject to error. The skewed deck should therefore be
constructed with an orthogonal grillage, apart from the
need to show the diaphragms in their real location.

In many instances it is likely that the dominant difference
in stiffness between the diaphragm and the other parts of
the deck is the increased shearing stiffness. Although
difficulties inevitably arise from overlapping members within

a skewed deck, it is often sufficient to allow the orthogonal
grillage members to represent the stiffness of the cellular
section, and to superimpose on this a diaphragm—usually
in a skewed direction—which is assigned a flexural stiffness
equal to its own nett dimensions, and a shear area equal to
its actual cross-sectional area.

It is within a skewed deck that the accurate assessment
of the torsional stiffness becomes more significant as
otherwise the torsions introduced in the areas of skew
support will not be evaluated realistically.

Variations in the plan geometry of a deck can introduce
problems of tapering cells, which make the adoption of
an orthogonal grillage impossible.

In a majority of cellular structures diaphragm members
are contained within the depth of the deck. The force
systems resulting from the grillage at the intersections
between the diaphragm and the web members are not
necessary directly applicable to these members themselves.
They represent the force field in the total deck and, in
most instances, the web diaphragm members will not be
significantly affected by the torsions, which will be resisted
by the top and bottom slabs. Any attempt to design an
intersection between such members for the torsion which
a grillage analysis implies is transmitted through the
connection is therefore a mis-directed effort.

Loading cases

In any structure which is prestressed the forces developed
by the prestressing force are intended to oppose those arising
from applied loading. Whenever the geometry of the deck is
such that it will induce a complex system of forces, the
intensity of these resultant forces in the real structure will be
reduced by the opposition between the prestress and the
applied loading. It is therefore of fundamental importance
to include the prestress as a loading case in any analysis.

In bridge decks having simple geometry it can be
sufficient to use the grillage merely to get a picture of the
distribution of moments across the width of the deck,
and then to resort to continuous-beam calculations to
obtain the actual design figures.

In many instances the optimum value can be obtained
from a grillage analysis by applying axle loads at intervals
along the span as individual loading cases which then
form the basis of influence lines. The benefit to be obtained
from this, as opposed to employing a full HB vehicle as a
loading case, is that any local effects can be more closely
identified and evaluated.

In all cases it is recommended that the loads should be
applied to the longitudinal members forming the grillage
only, so that the transverse members reflect the forces
arising from distortion, without adding the complication
of the effects of local loads.

Data sheets

The force system employed in grillage analysis is
illustrated on Data Sheet 73, while Data Sheet 74 is
devoted to the use of a grillage to analyse a cellular deck.
The interpretation of the results obtained from an analysis
using a grillage is illustrated on Data Sheet 75.* See reference on Data Sheet 52.



116

Grillage force system
Data sheet No 73
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The bending stiffness of grillage beam elements making
up the cross-section of a cellular deck must be based on
a division of the section which maintains the neutral axis
at a constant level. The sum of the stiffnesses of the
beam elements must equal that of the gross deck section.

The influence of shear lag is greatest where the cell
width is large in relation to the span. Shear lag not only
influences the distribution of stress at various points in
a cross-section, but also modifies the effective stiffness
of the section. The accuracy of grillage results may be
improved by taking shear lag into account in assigning
bending stiffness to the grillage elements. This can only
be worthwhile, however, where shear lag has a major
influence on the distribution of stress.

Transverse bending action of a cellular deck involves
distortion. Two stiffness parameters are therefore
needed to represent the dual action of transverse
bending/shear. They are as follows.
 
1. For bending about the common neutral axis of the

top and bottom slabs:   

2. For shear deformation of the cross-section the
relationship between the shear and the displacement
ω

s
, across a rectangular cell can be taken as        

Since the beam theory gives the relationship between
the shearing force and the shear displacement as
 

an “equivalent shear area” for transverse members
crossing a rectangular cell can be given as
 

Grillage analogy
Data sheet No 74

(4)

(5)

(6)

(1)

(2)

(3)

(7)
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The torsional stiffnesses to be included in a grillage
representing a cellular deck must be those calculated
from the opposing action of the top and bottom slabs
only. Although the webs contribute to the torsional
stiffness their contribution is already taken into account
by the interaction between torsion and shear.

The main limitation regarding grillage representation of
the structural action of a cellular deck arises from the
fact that the grillage has no means of representing the
relative lateral displacements of the top and bottom
slabs other than that arising from pure torsion. In fact,
the distortion of the cross-section modifies the relative
lateral displacements of the top and bottom slabs, but
the grillage is unable to take account of this because of
its two-dimensional limitation.

In the case of a deck having a cross-section that
incorporates non-rectangular cells, the “equivalent
shear area” for the transverse members cannot be
assessed properly by means of Equation 7.

The solution may be approached on the basis of
portraying the cross-section as a plane frame, applying
a uniform shearing force across the full width of the
frame and equating the resulting shear deformation to

In the case of a cellular deck with circular voids an
assessment can be made by replacing the circles by an
equivalent rectangle.

Relative stiffness of shaped voids
demonstrated by foam-plastics models.

(8)

(9)

Data sheet No 74 Continued
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Grillage interpretation
Data sheet No 75
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The use of computers to undertake calculations is usually
associated with the need to process large quantities of
numerical data, as in the case of accounting systems, or
to carry out complex mathematical manipulations using
large quantities of data. For these reasons, in the initial
development of computers much emphasis was placed
on size and speed of operation. The complexity of the
equipment and its mode of operation tended to restrict
the use of computers to large problems only, where it
was economic to make use of staff with very specialized
knowledge of computer systems. However, computer
languages have now become more orientated towards the
non-specialized user, making computerized calculation
increasingly attractive for certain types of engineering
problems. Even so, this has generally been restricted to a
basic structural analysis for a bridge deck, for example,
rather than the normal routines of engineering
calculations.

One inherent disadvantage in using a computer is the
inevitable delay between preparing the data relating to the
problem and getting the result. Many organizations employ
the basis of sending data away to a computer bureau and
are thus inevitably subjected to postal and processing delays
before the answers are received. Another point is that
programs available through bureaux have generally been
designed for widespread use or to tackle a series of
associated problems, and a particular program is therefore
inevitably not written with the specific needs of an
individual user in mind. Indeed, in some instances,
programs leave much to be desired in terms of convenience
for the user.

The increasing popularity in the use of terminals that
are linked from remote points to a single computer, on a
time-sharing basis, has removed some of the delay in
processing results, but available programs are still of the
generalized type with the inevitable limitations that this
imposes. The opportunity to write specific programs is
available when such terminals are used, but in practice
this is not an attractive proposition for anything more
complex than minor calculations. Also the bulk of the
data that must be entered can often require long periods
of time to be spent at the terminal by personnel whose
training and skills would be better used in other ways.

Desk-top computers are now reaching levels of
capability which make them adequate to process many
of the calculating requirements of a design office. The
first reaction may be to feel that a desk-top computer is

therefore expected to carry out those analytical tasks
previously undertaken by equipment remote from the
office. However, the time required to prepare programs
to deal with problems of such magnitude, and the
potential restrictions imposed by the limited capacity of
desk-top machines, can make that approach difficult. A
better way to utilize such a machine is to explore the
potential of having at hand equipment that is capable of
dealing with programs specifically written to tackle the
problems encountered within a particular office, and to
present the results in a format convenient to that office.
One advantage of a programmed calculation is that it
gives output of a consistent format, however many times
the calculations are carried out, whereas hand calculations
may tend to become rather sketchy after a number of
repetitions. Simple diagrams can also be created as part
of the output, as aids to the interpretation of results or to
check the input data.

In this way the desk-top calculator represents a
computer which can be made to handle problems in the
way that we choose, rather than one that has to take
advantage of whatever facilities happen to exist, as is the
case with bureaux programs. Data can be stored as a
problem progresses, and re-entered or modified for
subsequent stages in processing a problem. Methods of
entering data to run a program can be modelled to suit
the particular needs of the user. A certain interaction
between the machine and the user can be established by
arranging for the input data to be called for by a series of
questions from the machine, rather expecting the user to
be schooled in a particular sequence and format for
entering data. This can be an aid to intelligent thought as
the calculations proceed, as opposed to the blind entering
of digits in a mechanical sequence.

Given these facilities, decisions must be made as to
what types of problem should best be computerized to
give the maximum productive benefits. To be beneficial,
a program must deal with calculations which either
involve a great deal of repetition (so that the machine
relieves the engineer from the tedium of repetitive
arithmetical calculations), or of a complexity not readily
dealt with by hand.

Because design involves a large element of trial and error,
there is ample scope for relieving the designer of the tedium
of repetitive calculation. For example, in designing a
prestressed concrete beam it is necessary to calculate the
stresses in various sections at all stages of loading. In

CHAPTER 9
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Figure 16. Concrete cube results.
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Figure 17. Plate pier design.
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Figure 18. Continuous beam.
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Figure 19. Bending schedules.
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Figure 20. Grillage.
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Figure 21. Prestressing calculations.
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Figure 22. Tender comparison.
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developing the design, adjustments may need to be made
to the sectional properties, to the prestressing force and
to its eccentricity—even assuming that the moments due
to the applied loading were correctly calculated initially.
There are other types of calculation where precise analysis
can only be approached on a trial-and-error basis, such
as evaluating the stresses in a column section that is subject
to load which is eccentric about both axes.

Accepting that much design is a matter of trial and
error, it is often possible to make the best use of

programmed calculations by adopting the approach of
analysing a section given by the engineer, rather than by
trying to evolve design equations. In some cases it may
be possible to prepare a program that incorporates
automatic convergance on required output, but in many
instances the intervention of the operator will be necessary
to move toward the desired solution. Indeed the latter
makes better use of the equipment because it means that
the design process remains in the control of the engineer,
who can then experiment with various solutions.
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Where the form of construction chosen for each
component of a bridge is functional, well proportioned
and appropriate for the conditions imposed by the layout
and location of the structure, then it is likely that the
overall solution is an economic one. The appropriateness
of various forms of construction to differing situations
and ranges of span is a judgement usually attributed to
experience. Economics are a fundamental consideration,
and involvement in the design and construction of varying
types of structure is the best means of developing a keen
sense of their suitability in differing situations. It is not
often that a detailed assessment has to be made of the
relative cost of alternatives, because most offices have a
fund of knowledge from which conclusions can be drawn
without the need to resort to specific calculations.

Optimization calculations, whether for material
content or for cost, are more commonly a subject for
debate in the academic sphere than among practical
engineers. It is certainly a waste of effort to carry out
lengthy calculations on optimization for component parts
within a solution which is itself inappropriate. In most
engineering design situations there are myriad practical
constraints on the proportions and options open and, in
any event, for the design of bridges of small to medium
span there is only a limited choice of possible forms of
construction.

There is, however, a place for a calculated assessment
of the relationship between the cost of alternatives,
whether such alternatives are differing constructional
forms or for the optimum proportions within a given type
of structure.

Some of the most commonly-quoted factors relating
to economy can yield disappointing results. It is often
stated that contractors prefer methods of construction
which are speedy to erect. Once committed to a project
the contractor’s preferences are likely to be very much
orientated in that direction, but this is not to say that he
would give the best tender price for the solution which
offers the most rapid construction.

Within a highway contract there may well be individual
structures which are critical in terms of allowing access
through a site, but differences in the overall cost on the
project which might result from the delayed or early
completion of such a structure are unlikely to be reflected
in the costs attributed to it in the bills of quantities so
that, even where rapid erection is an important economic
factor, evidence to support this may be hard to find.

Great emphasis has been placed at times on the
potential economies arising from precasting, but prices
obtained against contracts where both precast and cast-
in-situ designs have been prepared often suggest a different
story from the general climate of opinion at the time.

There are no permanent rules about the comparative
costs of differing solutions for construction, because
changes take place in the relative cost and availability of
labour and materials from one time to another, and
developments in constructional techniques or new
materials can also make a significant impact.

In the UK alternative designs are seldom produced at
the tendering stage. Where this does happen the
opportunity has often been created by the original design
having been poorly conceived. It is therefore a mistake to
base judgements on such incidents without a full
knowledge of the circumstances.

There are inevitable difficulties in forecasting the cost
of civil engineering works, and these are aggravated
during times of economic uncertainty or rapid inflation.
Quite apart from the general financial climate of the
country, the rates adopted by contractors are obviously
influenced by their current work-load, so that keen pricing
cannot be expected during a period when the construction
industry is heavily committed.

If there are difficulties about forecasting the overall
cost of civil engineering works these problems are
accentuated when it comes to identifying the cost of
component parts within a contract. Costs in tenders
submitted by several contractors frequently show marked
disparities in the sums of money assigned to individual
portions of the work, even where the total tender prices
may be comparable. Bridge designers have always been
sensitive to this problem because the cost of the bridges
is commonly only part of the total cost of a highway
project. There may therefore be wide discrepancies
between the prices placed against bridgeworks by different
competitors, within overall tender prices which may be
close. There can also be widely differing rates against
measured items on what appears to be comparable work
within separate contracts.

A tenderer’s policy may involve putting large sums of
money against certain sections of the work because they
will be completed early and the money thus recouped at
an early stage in the contract, or because he anticipates
other financial benefits, perhaps as a result of anticipated
claims relating to that portion of the work. All such factors

CHAPTER 10
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the soffit formwork will therefore not invalidate the
comparison although they will misrepresent the total
cost. On the other hand an error in selecting the
correct rate for the reinforcement or the prestressing
equipment could seriously distort the picture, and
errors in the rate chosen for the concrete would also
be significant.

Having identified the significant rates, the degree of
sensitivity of the comparison to the sums of money put
against them can be established, which usually leads to a
sound judgement as to the validity of the comparison.
Obviously, the greatest difficulty arises in making
comparisons between work that is not similar. A
comparison of the difference between deep spread footings
in difficult ground and the use of piling, would be sensitive
to certain rates which therefore require detailed
examination to confirm their reliability.

can distort data selected from tenders as a basis for
building records of cost information.

Whatever the difficulties may be, however, the problem
still remains that the cost must be forecast and the designer
has to make decisions about a choice of forms of
construction with a view to achieving an economic design.

In order to make valid cost comparisons between
alternative solutions there are two important factors to
guide any evaluation. These are that comparisons should
be made on a common basis, and that significantly varying
items should be identified so that they can be examined
more closely where necessary. For example, in making a
comparison between the relative costs of box construction
or of a voided slab, the soffit formwork will represent a
substantial proportion of the total cost, but the difference
in the cost of the formwork required whichever form of
construction is adopted will be negligible. Errors in pricing

Figure 24. Specimen rate for providing and installing prestressing cable.

Figure 23. Comparison of equivalent concrete thickness of bridge decks.
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One must also be alert to the fact that similar items
may demand significantly different rates within alternative
solutions. An obvious example is the formwork required
to abutment wall construction if the options are between
a plain surface for a cantilevered wall, and the shaping
required to form counterforts. The rates for the formwork
in such cases will be markedly different.

It is also important to identify an appropriate unit for
making cost comparisons. It can be misleading to assume
idealized conditions when making comparisons between
alternatives. Most choices of this kind bring in their wake
a number of peripheral issues, some of which may be
significant in terms of cost.

It can be very satisfying to produce comparative estimates
and to see figures purporting to demonstrate a particular
conclusion, but with so many pitfalls involved in forecasting
the cost of alternative forms of construction, perhaps the
most important aspect of any economic assessment is a
proper evaluation of the validity of such figures.

There can be other valuable guidelines to the
economy of a form of construction, apart from direct
calculations of cost. For example, the content of
materials—concrete, reinforcement or prestressing
steel—expressed per unit area of bridge deck and
plotted against the span in the form of a graph is a
useful guideline to economy; such a graph is illustrated
in Figure 23.

Data Sheets 77 to 81 give general guidance concerning
economic evaluation. Data Sheet 77 is devoted to
economic trends when using voided-slab or box decks
while the general relationships between span and cost
for various types of construction are illustrated on Data
Sheet 78. Data Sheet 79 discusses the determination of
the economic depth of a voided-slab deck, Data Sheet
80 is devoted to the relative costs of different types of
abutment construction, and Data Sheet 81 illustrates the
economic trends relating to hollow-abutment
construction.
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Practical considerations regarding access for striking
formwork eliminate box decks of less than 1.2m deep.

There is an optimum depth for a given span to
minimise prestress. Very shallow decks require high
prestress.

A box with thin walls may require heavy reinforcement
to resist local bending, but there is little change with
increases in depth.

The cost comparison is sensitive to the slenderness of
the deck in relation to the span. An actual comparison
is therefore necessary for the span under consideration.

Trends in deck costs
Data sheet No 77
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The choice of spans is often controlled by the practical
constraints of the site. However, for long structures a
choice may be possible regarding the number and
lengths of individual spans.

The minimum dimensions for a pier are likely to be
dictated by the height of the deck above ground level,
as well as by the loadings imposed. Because of this the
cost of a single pier is relatively insensitive to the span
chosen for a high-level bridge deck.
 

 

Whatever form of construction is adopted the unit cost
per square metre of a bridge deck tends to increase
with the span.

If the cost of an individual pier is fairly constant, it is
apparent that the total cost of the piers in the
substructure will reduce with increases in the span
where the structure is sufficiently long to allow options
on the number and lengths of spans.

The cost of bridge finishes will be constant, regardless
of the span lengths adopted.

As the span increases, deck unit costs become greater,
and pier unit costs become less. The economic choice of
spans therefore involves striking a balance between
these two factors. Since pier costs are primarily related
to height, the economic span increases with the height
of the deck above the ground. Where particular factors,
such as the speed of construction, have a direct bearing
on the cost, they may of themselves influence the
economic choice.

Economic span
Data sheet No 78
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For a given span the economic depth for a bridge deck
results from balancing the contributive costs of major
items.

In addition to the direct cost of the concrete, the
increased weight on the substructure has some
influence on the cost—but this is usually marginal.

If a very slender deck is adopted, high stresses develop
which demand a high prestress. The shallowest deck is
not, therefore, the most economical.

Some details, such as diaphragms, require less steel
with greater depths. But the general trend is an increase
of steel with depth for a prestressed deck.

The major item of formwork is the soffit which is only
marginally affected by increases in depth, because
falsework loadings increase. However, side shutters
and void forms obviously increase with increasing
depth.

Economic depth—voided slab
Data sheet No 79
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Abutments
Data sheet No 80

The lower quality of concrete called for in mass
concrete construction will attract lower rates.

For high walls the reinforcement needed in cantilever
construction can become very heavy. There will be
differences in the rates between large and small
diameter bars.

The more complex shapes needed in counterfort and
buttress construction attract higher rates.

In addition to economic considerations the choice
between wall types may be influenced by the speed of
construction and practical considerations relating to
the concreting of wall sections at a given height—
particularly where the standard of finish is important.
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Hollow abutment
Data sheet No 81

Where the height of an abutment is great enough to make hollow construction
economic, and the length of the side-walls is dictated by ground levels and
earthworks shapes, there remains the option for locating the rear wall within the
length of the side-walls.

The cost of the deck slab on the abutment is obviously
proportional to its area, except that any supports
provided within the hollow abutment will be more
expensive as their height increases.

As the rear wall has to retain embankment fill its costs
increase markedly with height.

In addition to the above factors earthworks costs also
have some influence. The correct balance between
these factors to produce an abutment of minimum cost
depends on the controlling dimensions and the
geometry of the site. There may be instances where the
position of the front wall of the abutment is optional,
so that the balance of costs between the abutment and
the bridge deck construction needs to be included in
an economic evaluation.

Within the hollow construction the side-walls are
simple props, whereas behind the rear wall they act as
retaining walls, becoming more expensive with
increases in height.
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CHAPTER 11

Contract documents

Contract documents consist of drawings, a specification,
conditions of contract and bills of quantities. It is also
becoming general practice to issue bending schedules to
tenderers, which has the effect of giving them the status
of part of the contract documents since they then become
information on which the contractor bases his tender.

Drawings are the primary vehicle for a designer to
communicate his intentions to the people building a
structure. It is important that the impression they give is
clear, unambiguous and yields the required information
without prolonged searches through a maze of apparently
randomly assembled details.

The first requirement for a drawing is to define
clearly the shape and relative positions of the various
components forming a structure and it is often
desirable, in the interests of clarity, to separate this from
the more-detailed information concerning the
reinforcement. Close conformity to the elementary
principles of technical drawing in selecting the relative
positions for plans, elevations and sections will also
assist clear presentation.

The first operation on site is the setting out of the
structure with a view to commencing work on the
foundations, so that setting-out information is best
indicated on the sub-structure layout drawing.

To achieve a clear set of drawings, thought has to be
given as to the way in which information is presented,
and to arranging the sequence of drawings in relation to
the progress of the work. A natural mistake often made
in preparing sets of drawings is that they develop by the
process of recording the designer’s thoughts, and therefore
tend to be assembled in a design sequence. On site, the
sequence in which information is required is related to
the constructional procedure, and a set of drawings needs
to be set out with this in mind.

Accepted scales for drawings of civil engineering works
are 1:1, 1:2, 1:5, 1:10, 1:20, 1:50, 1:100, 1:200, 1:500,
1:1,250, 1:2,500 and 1:10,560 (i.e. six inches to one mile).
Drawing sheet sizes are set out in BS 3429.

Titles for drawings should be helpful and informative.
A number of overworked words are used in drawing titles
which have probably lost much of their significance. Such
words as “details” and “arrangements” have become no
more informative than “whatsits” or “doodahs”.

Information relating to contract documents is
summarized on Data Sheet 82.

Specification

British bridges are built to the “Specification for road
and bridgeworks” published by the Department of the
Environment (DoE). Additional or modified clauses
will be necessary to suit the particular requirements of
individual contracts. These are written as revised and
supplementary clauses.

For drafting specification clauses two distinctive
approaches can be made. The method of working may
be stipulated, or a description given of the required end
product. Contractors prefer the latter “performance” type
of specification because it leaves them freedom of choice
in their way of working. A “method” specification does
not of itself guarantee the quality of the end product,
since it is quite possible to do a job the right way but
badly. But in some circumstances an engineer may feel
justified in employing method specification in the
confidence that it describes one way in which the required
end product can be successfully achieved. A performance
specification is appropriate when the objective can be
clearly defined. To specify the required density of fill after
compaction is meaningful—in fact it better defines the
end product than does the asking for a set number of
passes with a certain-sized roller. The weakness of a
performance specification occurs where it may be
extremely difficult to describe a standard of quality—
like that of a concrete surface. In practice there is then
seldom any alternative to persuading a contractor to use
methods of proven value to achieve results of the required
standard.

Nominated subcontractors

Although it is possible to nominate specific sub-
contractors for specialist work it is generally regarded
as advisable to avoid doing this since it can cause
complications in administering a contract, in the event
of a nominated sub-contractor defaulting or causing
delay in some other way. Nevertheless there are items
where the engineer will wish to restrict the choices made
by a main contractor. In these instances it is possible to
include in a specification details of acceptable sources
of specialist equipment. For example, if the engineer
wishes to limit the choice of bridge bearings to be
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adopted he can send out enquiries to manufacturers
before the main tenders are invited, make a selection of
specific types of bearing from several suppliers, and
include in the documents a schedule of bearings from
these several suppliers which may be used. In this way
the main contractor is given a choice, commercial
competition is maintained, but the difficulty is avoided
of having bearings offered by the main contractor from
a source which is unknown or of a type which the
engineer does not feel best fits the circumstances.

Conditions of contract

The Institution of Civil Engineers published in 1974 the
fifth edition of the “General conditions of contract for civil
engineering works”. These form the usual basis for contract
documents in the UK. Where third parties are involved in
a contract it is often necessary to include additional
conditions to meet their particular requirements. The most
common of these parties are the statutory undertakers:
electricity, gas, water and telephones. Other public bodies
may also be involved, such as British Rail, the National
Trust and local authorities.

Bills of quantities

The Department of the Environment has published a
method of measuring quantities specifically related to
highways contracts: the “Method of measurement for
road and bridge works” (MMRB). The initial desire to
produce a simplified bill with a small number of items is
to be applauded. At the same time the writers strayed
from the underlying principle of the “Standard method
of measurement for civil engineering quantities”, which
is based on the initial premise that every item relates to
completed work and includes all the materials, labour,
plant and other costs involved. The MMRB gives a
detailed item coverage for each item within the bill of
quantities. If the writing of a particular bill requires the
introduction of items not included in the MMRB, then
new item coverage has to be written.

The weakness of this system is that it is too easy to
overlook detailed factors contributing to the overall
cost. In the light of the number of revisions that have
already had to be made it is apparent that this has been
the case.
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A set of contract documents normally includes the following
items:

Instructions for Tendering

Location and Brief Description of the Works

Collusive Tendering Certificates

Form of Tender

Forms of Agreement

Form of Bond

Conditions of Contract
General Conditions of Contract
Special Conditions of Contract
Variation of Contract Price
Noise Control
Traffic Control
Diversion of Public Utilities

Special Requirements in relation to:
Central Electricity Board
Area Electricity Boards
British Rail
National Coal Board
Post Office
Area Gas Board
Area Water Authority
National Trust
Navigation Authorities

List of Drawings

Specification
Reference to Standard Specification
Additional and Revised Clauses

Bills of Quantities
Preambles
Bills
General Summary

 

Contract documents
Data sheet No 82
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CHAPTER 12

Contract supervision

The brunt of the work involved in supervising the
construction of bridgework falls on the Engineer’s
representative on the site, and it is important that he
should have a clear understanding of what is expected in
this rôle. The obvious need for previous experience in the
practicalities of construction and an appreciation of the
design of the structures to be built are not necessarily of
themselves sufficient to equip an engineer to fulfill the
rôle of Resident Engineer. Specific guidance should be
given to the person about to take up the appointment,
and a written brief setting out the main functions of the
job can be a valuable aid. Obviously no document of this
type can be comprehensive, but it may provide a valuable
starting point for anyone commencing in such an
unfamiliar rôle.

Specific details of the brief should be varied to suit the
scope and nature of the work, and the experience of the
person appointed. The following notes assume the work
consists of a substantially-sized contract involving a
resident engineer’s staff of Section Engineers, Assistant
Engineers and Inspectors.

Resident Engineer’s duties

The objective of the Resident Engineer and his staff should
be to ensure that the works are completed in accordance
with the contract documents, and to keep the Engineer
fully informed on all relevant matters. Their basic terms
of reference are the specification, contract drawings,
conditions of contract and bill of quantities. If these
documents are contravened by the contractor or found
to be in error, conflict or omission, the Engineer must be
referred to for guidance.

The Resident Engineer should plan ahead and discuss
future work with the contractor’s agent to ensure that
the phasing of the works is properly planned to suit the
programme. This close collaboration between Resident
Engineer and agent may also allow the consideration of
design changes proposed by the contractor, and the
submission of proposals to the Engineer for his approval.

The principal duties of the Resident Engineer are set
out on Data Sheet 83. Many of his responsibilities will
inevitably be delegated, wholly or in part, to members of
his staff, and they must each be given a clear picture of
what is expected of them. The job descriptions set out on
Data Sheets 84, 85 and 86 could form the basis for a

written brief to be given to each member of the Resident
Engineer’s staff. These briefs will require writing to suit
the actual staffing arrangements on individual contracts.

Training

Resident Engineer’s staff are often undertaking this work
for a limited period, in order to gain experience of
construction. This aspect of the job should not be lost sight
of under the pressures of getting the job done. It is important
for the individual, for his employers and for the profession
as a whole that the experience gained should be of the greatest
value. Engineering staff should therefore be given the
maximum opportunities to understand, and to partake in,
all aspects of administering the contract. Rigid job
demarcation is an unnecessary evil in this respect. The
functions outlined on Data Sheets 80 to 83 should be
regarded as an ordered means of working as a team—not as
a strait-jacket—within which a measure of flexibility can be
accepted to advantage.

Safety

One area of potential confusion on civil engineering sites
is the question of responsibilities regarding safety. Under
the civil engineering contract between the contractor and
the employer, responsibility for the safety of all operations
on the site rests with the contractor. However, this does
NOT mean that the Engineer (and hence all the Resident
Engineer’s staff) have no interest or responsibility in
matters of safety. Under the professional contract between
the Engineer and the employer, the Engineer has a
responsibility to the employer to ensure the safe and
expeditious completion of the work. In turn, however,
this does NOT mean that the contractor can hand over
his responsibility regarding safety to the Engineer.

The adequacy of temporary works, both as regards
design and construction, and the adoption of safe methods
of working on the contract are of paramount importance.

For the Resident Engineer’s staff the implication is that
the Resident Engineer must be informed of any case of
suspected unsafe working or temporary works. Where
prompt action is needed, the guideline should be that work
must not be permitted to proceed in a manner considered
to constitute a threat to the safety of persons. The Resident
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Engineer is empowered to stop the job at any time, by
issuing the necessary site instruction.

Checking temporary works

The checking of temporary works is done primarily to
check the safety of the permanent structures, but the
Engineer cannot escape his responsibility for care. He must
therefore satisfy himself that the contractor has a well-
worked-out scheme, even if he does not actually check
the calculations for falsework.

Where detailed checking of complex proposals is
necessary, this should be done by the Engineer off the
site. Other pressures may be too great for the Resident
Engineer’s staff to undertake long and careful checking
of calculations, to give the approval urgently required by
the contractor.

Resident Engineer’s reports

The following extract is taken from “Civil engineering
procedure”.
 

Progress reports
The Engineer will maintain a check on progress through
reports submitted to him by the Resident Engineer.
These reports must be in a form that will give the
Engineer a clear and concise picture of the progress
made and the extent to which this is ahead of or behind
the contractor’s programme; they should be
accompanied by such progress charts or diagrams as
may be necessary for this purpose. If progress is behind
programme on any items of work the report should
state the reasons for the delay and the steps which the
contractor is taking to remedy matters.

Good handling and minutes of the site meeting will relieve
the need for a good deal of verbiage in reports.

and give brief details of any problems, physical, technical
or contractual, arising on the job. It should also note
visitors to site and any other points of interest to the
Engineer.

A written report must be submitted regularly to the
Engineer, together with copies of all correspondence with
the contractor, of routine test results obtained on site,
and of all site instructions issued.

Site meeting

The Resident Engineer should call and take minutes of
site meetings at monthly intervals. The general purpose
of such site meetings is to provide a regular opportunity
for the contractor and the Engineer to monitor jointly
the progress of the contract, and to record items of
contractual importance or interest. Such meetings are not
the occasion for raising or discussing points of detail, and
the contractor should be dissuaded from any tendency to
do this.

The first site meeting should be used to establish the
intended pattern, and to advise everyone of the
contribution required of them. The following basic points
should be clarified and minuted.
 

The contractor’s staff structure.
The levels of communication to be employed (i.e. the
acceptance of instructions).
The contractor’s safety officer.
Agreement as to site levels.
Written notification for inspections.
Dayworks. (The Resident Engineer’s staff may sign for
hours for record purposes, but only the Resident
Engineer can sign for payment.)
Standing orders for material testing.
Signing of contracts.
Access to land.

A typical agenda for a site meeting is set out on Data
Sheet 87.

Figure 25. Falsework for bridge deck.

In addition to progress, reports should call for any
information needed from head office for the contract,
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Site instructions

All instructions given to the contractor should be
confirmed in writing, whether or not they have financial
implications. The instructions should be concise and
unambiguous. Careless wording can be exploited by a
contractor, apart from the possibilities of
misunderstanding.

All the relevant references (the drawing number, the
specification clauses, the bill item number, and a clear
statement of the part of the works affected) should be
noted on the instruction. This can save frustrating
searching at a later date, when one’s memory is blurred.

When the instruction involves extra work not covered
by the drawings, the basis for payment should be stated
on the instruction: i.e. as dayworks, at existing bill rates,
or at rates to be negotiated.

Variation orders

There are significant differences between the practices
adopted on building and civil engineering contracts in
respect of variation orders.

For civil engineering contracts it is only necessary to
issue a variation order for a significant departure from
the works as shown on tender drawings, such as the
omission or addition of items of work, or for substantial
amendments to the quantity of measured work. Such
alterations will, in the first instance, be covered by site
instructions. The variation order follows as a definition
of the financial implications. It should state the
measurement and rates applicable for any additional
work, arriving at a sum to be included in the final
account. It follows, therefore, that the variation order
will come after negotiations have taken place on rates
for the additional work. Also, new items added to the
bill of quantities should be covered by such variation
orders.

The Resident Engineer should draft variation orders
where they are needed and pass them to the Engineer
who issues them.

Methods of working

There are a number of operations during the construction
of a bridge where the method of working that is adopted
may be critical, not only in terms of ensuring the smooth
progress of the work, but also because the soundness of
the end product may be prejudiced if a wrong approach
is taken. It is normally because of this latter possibility
that the Engineer takes a particular interest in the
question of the methods of working adopted, since a
contractor will himself have progress very much in mind
when making his own decisions, and should be at least
as well informed as the Engineer on the issue. For
example, during excavation there is the possibility of
disturbance to the adjoining ground. In particular, when
ground-water problems exist either in the form of
artesian pressure or a high standing-water table, the
Engineer will want to be satisfied that the contractor
will deal with this effectively, bearing in mind the fact

that the formation could be prejudiced unless
appropriate measures are taken.

The methods employed to place the concrete should
not only ensure that an appropriate rate of delivery can
be achieved but also that the placing and compaction can
be controlled. Where high lifts are being carried out within
forms, trunking may be necessary to ensure that good
access to the point at which the concrete is to be placed
can be maintained. The Engineer should also have played
his part by detailing the reinforcement in such a way that
such access is possible. A choice also has to be made
between the use of immersion or external vibrators.

Prestressing operations may be sensitive to the exact
procedure adopted, in terms of making the result
compatable with the design calculations, so that the
Engineer will be very much concerned with how these
operations are carried out. The grouting of prestressing
cables is an operation of critical importance to the
serviceability of the structure. A subsequent inspection
of the results is often impossible and in any event, if defects
are found, the problem of suitable remedial action still
remains. Close control of the procedure is therefore the
only way to ensure a satisfactory result.

Confirmation of the quality of materials fabricated or
manufactured off the site is usually undertaken by
independent testing houses. This applies to reinforcement,
prestressing strand and specialist equipment such as
bearing, stressing anchorages and the like.

Approvals

During the currency of a contract, the Engineer must
evaluate a number of proposals concerning the
contractor’s method of dealing with the work, and the
materials he intends to use. On commencing the works
the contractor is required to produce a programme
setting out the sequence in which he intends to tackle
the work and giving sufficient details to enable the
Engineer to make a reasonable assessment of whether
it is in fact an appropriate sequence of operations
compatable with constructional requirements and that
can reasonably be achieved within the contract period.
It may be necessary to ask the contractor to supply
additional information about the plant and labour he
intends using on those parts of the work where there
may be doubt as to the practicability of completing
the items within the time assigned within the
programme. At this early stage of the contract it is not
reasonable to assume that such a programme can be
an exact instrument. Physical circumstances may
change and the contractor is constantly having to
balance available resources of labour, plant and
materials against his intended progress, so that it
frequently becomes necessary to recast a programme
as work proceeds.

The responsibility of the Engineer in examining this
initial programme is therefore limited to checking that
the contractor’s intended sequence in no way conflicts
with the requirements of the design, or any restrictions
on the contract such as the availability of land, the
maintenance of traffic routes through the site, and the
phasing of associated work being carried out by, for
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example, public utilities which may not be under the direct
control of the main contractor.

It may be necessary to make clear to the contractor
the limited nature of the Engineer’s assessment of the
programme at this stage. In the event of difficulties arising
in the course of the contract, which lead to the disruption
of the contractor’s working arrangements, negotiations
on such questions as an extension of time or compensatory
payment may focus on this initial programme. In giving
his consent the Engineer may therefore find it prudent to
point out to the contractor that this does not bestow on
his initial programme the status of a mathematical
instrument which might be used to re-evaluate the contract
period by the adjustment of variables within the equation.

At the time of submitting his programme, the
contractor will usually give some indication of the
intended methods of construction he will employ relating
to bridges. Whether at this stage or later in the contract,
detailed proposals for the falsework and formwork should
be submitted for the Engineer’s approval. A sensible
appraisal of these proposals is of prime importance if the
Engineer wishes to retain control over the quality of the
finished work. Although in theory, it may be possible to
allow a contractor to proceed with the construction of
elements of the work and then to make judgements about
their finished quality, either accepting or condemning
them, it is rarely possible to justify the condemning of a
significant item of work and to have it pulled down simply
because one is disappointed with the quality. To justify
such measures the work usually has to be defective rather
than merely disappointing. To ensure the quality of the
end product it is necessary to keep abreast of all the
contractor’s intended ways of working to achieve it, either
as regards the temporary works and materials to be
incorporated, or the methods of working to be adopted.

The prime requirement for falsework is obviously that
it should be stable under the loads which will be imposed
on it during construction. Its deformation under load is
also important so that the works can be completed to line
and level within acceptable tolerances. The basic principles
involved in falsework construction are much the same as
the structural principles involved elsewhere, but added
problems arise from the temporary nature of the structure.
Many of the joints are less positive than would be the case
in a permanent structure. The alignment of beams seated
on scaffolding poles cannot, by the nature of the structure,
comply with the same tolerances expected from a
connection between beam and column in permanent works.
Unhappily it is often the case that where these tolerances
are likely to arise the structure is particularly sensitive to
variations, but this is not often appreciated by the operatives
on site, and is even overlooked quite frequently by
falsework designers and engineers.

A high proportion of the failures of falsework are due
to oversights in relation to the susceptability of temporary
structures to problems of this type. It should be a salutary
thought that almost all the failures of bridge structures
take place during the period of construction, and that a
high proportion of these failures result directly from
failures of the falsework.

In examining falsework failures a number of recurring
themes arise. The sensitivity of rolled steel I-sections to the
buckling of the web under direct load is frequently overlooked.

It is often assumed that if a beam of this type is capable of
sustaining a certain bending moment and shearing force it is
therefore adequate to support the associated loads—a false
conclusion. This situation is aggravated by any tendency for
the support conditions to produce an eccentricity of load in
relation to the axis of the web, a condition quite common in
falsework. The remedy is to provide adequate bracing of the
member or to introduce web stiffeners at the points of
concentrated load or reaction, or both.

The temporary nature of falsework structures means
that they are normally supported on improvised
foundations. These are liable to settle in most instances,
this settlement not necessarily being uniform. For certain
types of structure this behaviour may be significant in
the way that the loads are distributed within the
temporary structure, and local overloading can lead to
distortion and even to failure. Fork-heads at the tops of
scaffold poles can easily be loaded in an eccentric manner
and become susceptible to failure by bending or buckling.

Such details of seatings and connections within
falsework are a fruitful field for finding deficiencies to
which attention must be paid.

Formwork

In studying proposals for formwork which is intended to
provide a high standard of finish, attention needs to be
concentrated particularly on the joints, whether they are
the joints between adjacent plywood panels, between
abutted shutter panels, at corners, or between the forms
and the work previously cast. If the resulting concrete is
to be sound, without “boney” patches or discoloration,
then the formwork must prevent any loss of grout or
moisture from the mix during placing. All the joints must
therefore be grout-tight and remain so under the vibration
that results during the placing and compacting of the
concrete. Positive and preloaded connections are necessary
to achieve this and the spacing adopted must be such that
the panel is stiff enough to resist any deformation between
the points at which it is held. If props are used, these
must extend back to something which is rigid.

If all these jointing details are given proper attention
then the major source of defects will have been taken
care of. Provided that the shutter surface is in a reasonable
condition, modern release agents are such that difficulties
from bad striking are relatively rare nowadays.

Where some form of profiled relief is provided in the
surface by planting timber or plywood block-outs on the
face of the form, the interface between the making-out
pieces and the surface of the form must be sealed to
prevent the grout gaining access between the two surfaces.
If this is not done, spalling of the concrete edge and a
progressive movement of the block-out away from the
original face of the form will occur.

The remaining point to consider in order to achieve a
satisfactory finish is to make proper arrangements for
terminating the height of concrete placed at one time.
The inclusion of a grout-check provides a means by which
the concrete can be finished off to a clean line. Where the
top surface of the concrete being placed is to be a finished
surface a grout-check can only be provided as a temporary
measure while the concrete is being placed, and must be
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removed at the end of the operation so that the top surface
can be finished with a float. To achieve a good line on
this upper surface it is either necessary to use forms made
to the true height or, after removing the grout-check, to
employ a string line as a guide to which the finisher can
work in producing the finished top edge.

Disputes

During the progress of the contract, issues inevitably arise
over which the contractor and the Engineer have differing
points of view. Such difficulties may take the form of
circumstances which the contractor regards as disruptive
and not necessarily foreseeable, or requirements for
additional work, or delays due to operations outside of
the direct control of the contractor, or disputes over the
standard of work being produced.

Those responsible for supervision have to decide
whether or not a contractor’s requests for additional
payment or for an extended time for completion are
reasonable within the terms of the contract.

The rôle of the Resident Engineer in this respect should
be to seek to minimize any areas of disagreement. This task
involves clearly identifying those issues over which differences
can arise, giving prompt instructions where these are
necessary to resolve a difficulty and, where differences still
remain, keeping a record of work in progress, instructions
issued and discussions between the parties involved.

If the contractor’s and the Resident Engineer’s staffs
are prepared to discuss difficulties as they arise and to
seek agreement on the course of action to be taken, then
disputes can be minimized. It is usually possible to agree
on the course of action needed to resolve a difficulty, even
if the question of the responsibility for costs cannot be
agreed at the time. But if this spirit of co-operation can
be fostered it usually has the effect of paving the way for
the easier settlement of claims as well as achieving
agreement for physical action on the site.

Where both parties are prepared to agree that it is
desirable to minimize areas of dispute, then such interests
are usually best served by arranging the maximum personal
contact and discussion of issues, prior to the establishment
of a written record in the form of correspondence or
minutes of discussions. Correspondence without prior
discussion generally has the effect of widening any areas
of dispute.

An open and constructive approach toward the
settlement of differences requires that both parties should
be experienced engineers, confident of what they are doing
and enjoying the confidence of their superiors. An
excessive reliance on correspondence in disputes generally
indicates that the parties are more interested in
establishing their own positions than in seeking
agreement. At worst, this degenerates into an endless
debate on the significance of the conditions of contract,
leading to the distressing spectacle of those who should
be engineers acting out the rôle of amateur lawyers.
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The principal routine duties of the Resident Engineer aided, where appropriate, by
his staff are as follows.

1. To organise and phase the duties of his staff to suit the construction programme.

2. To supervise the permanent work to ensure that it is executed to the correct line and
level, and that the materials and workmanship comply with the specification.

3. To execute or supervise tests carried out at the site, and to inspect materials and
manufacture at source other than that which may be carried out by the Engineer’s
head office staff.

4. To issue instructions and drawings to the Contractor’s Agent.

5. To agree departures from the contract documents, in consultation with the
Engineer.

6. To draft variation orders and pass them to the Engineer.

7. To keep a diary constituting a detailed history of the work of construction and of
significant happenings at the site, and submit regular periodic progress reports to
the Engineer.

8. To keep records of inspections, variations, testing, and points of contention.

9. Where the Contractor claims payment for additional work, to agree with the
Contractor and record all relevant circumstances, including the cost of labour and
materials, seeking agreement on matters of fact before any question of principle has
to be decided by the Engineer or an arbitrator.

10. To record and check the progress of the work against the programme.

11. To measure, in agreement with the Contractor’s staff, the quantities of work executed,
and to check daywork and other accounts for interim and final payments due to the
Contractor so that they may be certified by the Engineer.

12. To examine methods proposed by the Contractor for executing the work, and
temporary works, to ensure the safe and satisfactory execution of the permanent
work.

13. To redesign work to the extent that this may be delegated by the Engineer.

14. To record on drawings  prepared for the purpose, the actual level and nature of
all foundations, the strata encountered in excavation, and full details of any
deviations from the working drawings which have been made during the execution
of the work.

15. To observe the behaviour of the finished works, recording movements, settlements,
etc.

16. To keep all the Resident Engineer’s staff fully informed on matters which may
affect their work, including copies of the relevant site instructions and
correspondence.

Resident Engineer
Data sheet No 83
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1. To supervise and co-ordinate the activities of the Assistant Resident Engineers,
Inspectors and Clerks of Works, to organise them to provide most effective
supervision of the contract within agreed policy, and to ensure that their work
is of an acceptable standard.

2. To supplement the existing supervision policy in consultation with the staff
and the Resident Engineer.

3. To monitor the Contractor’s programme for his section, advising the Contractor
and the Resident Engineer of potential bottlenecks.

4. To draft site instructions for any required variations from, or in addition to,
the contract documents, and to pass them to the Resident Engineer.

5. To agree, for record purposes only, the hours and quantities involved in any
part of the works for which the Contractor claims additional payment, and to
make recommendations to the Resident Engineer as to whether such payment
is due.

6. To draft correspondence and pass to the Resident Engineer.

7. To make a weekly written report to the Resident Engineer.

8. To keep a daily diary of dealings with the Contractor and other items of
interest.

9. To inspect and approve foundations before the blinding concrete is placed.

Section Resident Engineer
Data sheet No 84
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1. To check the correctness of the basic setting-out drawing for the contract
relative to existing ground features.

2. To check, by independent calculation and measurement, the setting-out of
all parts of the works, to record discrepancies observed and to inform the
Section Resident Engineer.

3. To check the level and alignment of the formwork, to record discrepancies
and to inform the Section Resident Engineer and the Contractor where these
are outside the specified tolerances. When concreting is in progress on piers
and walls, to observe the formwork to check for movement.

4. To prepare, in conjunction with an Inspector, a list of any points requiring
attention where the Contractor has called for inspection. A copy of this list
should be passed to the Section Resident Engineer.

5. To keep records of the setting-out calculations and methods adopted.

6. To mark up prints of the contract drawings with variations made during
construction and to pass these to the Resident Engineer.

7. To observe progress, methods, workmanship and materials, and to inform
the Section Resident Engineer.

8. To supervise routine testing and to record results.

9. To keep a daily diary of the weather, the setting-out he has checked, any
points of contention with the Contractor, and other items of major interest,
plus details of his own hours of attendance on the site.

10. To keep other Resident Engineer’s staff informed on matters which may
influence their work.

11. To report daily, in person, to the Section Resident Engineer.

12. To undertake any other work requested by the Section Resident Engineer.

 
Assistant Resident Engineer
Data sheet No 85
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1. To check the workmanship and materials for conformity with the drawings,
specification and site instructions, and to inform the Section Resident
Engineer and the Contractor where this is not achieved.

2. To note site instructions and any other relevant directives onto the drawings
used in inspection, to ensure that they are taken into account during an
inspection.

3. To check the reinforcement against the drawings and to inform the Section
Resident Engineer and the Contractor of any discrepancies. This inspection
must be carried out prior to the erection of any formwork which would
impede access to the steel.

4. To prepare a written list of any points which may require attention, in
conjunction with an engineer, where the Contractor has asked for an
inspection. To pass the list to the Contractor’s foreman. To check that these
points have been rectified or agreed before this part of the works is covered
(by concreting, erecting formwork, or earthworks as the case may be),
unless the Section Resident Engineer advises him that relaxation of
requirements has been agreed. A copy of this list should be passed to the
Section Resident Engineer.

5. To attend during concreting, to ensure that the workmanship is satisfactory
and to observe the formwork. To check the workability of the concrete.

6. To inspect the concrete when the forms are struck, to note any defects and
to inform the Section Resident Engineer.

7. To attend operations where full records are required: e.g. piling,
prestressing, grouting, etc.

8. To check the levels of the foundations after placing the blinding concrete (or
earlier if extra digging is involved) and to inform the Section Resident
Engineer of any significant discrepancies. To agree levels with the
Contractor’s Quantity Surveyor where extra digging is involved.

9. To keep a daily diary recording the weather, the work in progress,
inspections carried out, concrete placed, movements of key plant, points of
special difficulty or contention, other items of special interest, and his own
hours of attendance on the site.

10. To note the hours worked on any item designated as daywork, or any other
work which may involve extra cost, and to inform the Section Resident
Engineer.

11. To note minor variations which may affect payment and to notify the
Section Resident Engineer.

12. To record the ground conditions in foundations on the layout drawings.

13. To notify the Section Resident Engineer of any accidents on site, and record
these in his diary.

14. To keep record drawings marked with the dates when concreting takes
place.

15. To keep a record of the Contractor’s staff and the sub-contractors on site.

16. To ensure that general disciplines such as the curing and protection of fresh
concrete, the provision for traffic through the site, and safe working
conditions are maintained. These can best be kept under control by requiring
items in this category to be put in order before inspecting for concreting.

17. To keep other Resident Engineer’s staff informed on matters which may
affect their work.

18. To report daily, in person, to the Section Resident Engineer.

19. To undertake any other work requested by the Section Resident Engineer.

20. To supervise routine tests where requested.

 
Inspectors

Data sheet No 86
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The agenda for a typical site meeting should be on the following lines:

1.1 Minutes of the previous meeting

These provide an opportunity for anyone to raise points of detail regarding
the record of the preceding site meeting, which will have been circulated, and
to agree the record.

1.2 Matters arising

To further the progress of any items unresolved previously.

1.3 Agents report

The Contractor should report on the progress achieved since the last meeting,
giving reasons for an unexpectedly poor or good performance, and drawing
attention to any items which may affect future performance relative to the
programme. His report should also give details of:

1. The labour and principal plant on the site, together with the changes
planned for the coming month.

2. Any changes in site staff (from Section Foreman and Section Engineers
upward).

3. The names of sub-contractors to be employed on any part of the works,
together with a description of the work they are to undertake.

4. Any claims for additional payment not accepted by the Resident
Engineer. The grounds for the claim should be stated briefly.

Salient points of the Agent’s report should be submitted in writing to the site
meeting for inclusion in the record.

Questions concerning the Agent’s report present an opportunity to plug any
gaps in his submission.

1.4 Construction programme

A discussion of the past and the future, assessing performance against
programme and airing any remedial action to be taken, if necessary.

1.5 Contractor’s proposals

The proposals under consideration should be itemised. A request should be
made for specific proposals needed in the forthcoming month, as foreseen by
the Engineer.

1.6 Information required

The itemisation of information awaited by various parties to the contract.

1.7 Interim certificate

To record the present situation in terms of the amounts certified, paid and
claimed.

1.8 Claims

The site meeting is not the place for facilitating the progress of or for settling
claims, but points of principle may be aired to advantage. A catalogue of
outstanding claims may be presented and progress towards agreement or
non-agreement entered in the minutes.

1.9 Date of next site meeting

This should be recorded in the minutes.

1.10 Any other business.

The system of numbering illustrated above embodies the site meeting number as
the prefix and can be adopted to advantage in the minutes.

Site meetings
Data sheet No 87
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APPENDIX A

Notation

Ac Area of concrete
Acf Area of effective concrete flange
Aps Area of prestressing tendons
As Area of reinforcement
A0 Area enclosed by median wall line
a Deflection
a’ Distance from compression face to point at which

crack width is being calculated
ab Distance between bars
acent Distance from centroid of concrete flange to centroid

of composite section
acr Distance from point (crack) considered to surface of

nearest longitudinal bar
as Distance from centroid of steel to centroid of net

concrete section
at Distance from neutral axis to tension face
b Width of section
be Width of contact surface (between cast-in-situ and

precast components)
bw Breadth of web or rib of member
C Torsional constant
d Effective depth of tension reinforcement
Ec Modulus of elasticity of concrete
Es Modulus of elasticity of steel
e Eccentricity
F Ultimate load
Fb Anchorage value of reinforcement
Fbst Tensile bursting force
Fbt Tensile force due to ultimate loads in bar or group of

bars
Fh Horizontal component of load
Fk Characteristic load
fbs Bond stress
fco Stress in concrete at level of tendon due to initial

prestress and dead load
fcp Compressive stress at centroidal axis due to prestress
fcu Characteristic concrete cube strength
fpb Tensile stress in tendons at (beam) failure
fpe Effective prestress (in tendon)
fpt Stress due to prestress
fpu Characteristic strength of prestressing tendons
fs2 Stress in reinforcement
ft Maximum principal tensile stress

fy Characteristic strength of reinforcement
G Shear modulus
h Overall depth of section in plane of bending
hf Thickness of flange
I Second moment of area
i Radius of gyration
K A constant (with appropriate subscripts)
k A constant (with appropriate subscripts)
M Bending moment
M0 Moment recessary to produce zero stress
Mu Ultimate resistance moment
Po Prestressing force in tendon at jacking end (or at

tangent point near jacking end)
Px Prestressing force at distance x from jack
Q Design constant for reinforced concrete
r Internal radius of bend
rps Radius of curvature (of prestressing tendon)
Sc First moment of area of concrete to one side of contact

surface about neutral axis of transformed composite
section

sb Spacing of bars
sv Spacing of links along member
T Torsional moment
T° Temperature in degrees
u Perimeter
V Shearing force
Vc Ultimate shearing resistance of concrete
Vco Ultimate shearing resistance of section uncracked in

flexure
Vcr Ultimate shearing resistance of section cracked in

flexure
Vd Total vertical shear due to design service load
Vp Shear due to prestress
v Shearing stress
vc Ultimate shearing stress in concrete
vh Horizontal shearing stress per unit area of contact

surface
vt Torsional shearing stress
vtu Ultimate torsional shearing stress
x Depth to neutral axis
y Distance from neutral axis to extreme fibre
z Lever arm
ae Modular ratio
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APPENDIX B

Metric units
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APPENDIX C

Department of Transport Technical Memoranda
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Abutments, 15, 16, 21–24, 28, 136, 137
Anchorage:

force, 90, 94
system, 92–93, 95

Anchor block, 81, 82, 90–93
Arch, 79, 106, 109
Area:

of reinforcement, 75
of strand, 103

Articulation, 10, 88

Beam:
precast, 5, 11–12, 110, 111, 105
deflection, 60
moment, 58
reaction, 59

Beam-and-slab construction, 4, 11–12
Bearing capacity, 15, 18, 20
Bearings, 31, 36, 37
Bending:

dimensions, 75–77
schedules, 76, 77, 125

Bending moments:
beam, 58
slab, 69, 74
traffic lane, 49
transverse, 69, 74

Bond, 7
Box (see also Beam):

deck analysis, 114, 117–118, 120
deck construction, 2, 5–8, 11–14, 108, 133, 134

 
Cable (see Strand and Prestressing)
Calculator, 121
Carriageway dimensions, 41–42
Cellular deck (see Box and Voided slab)
Chart (see list of Data Sheets on page viii)
Composite construction, 4, 11–12
Concentrated loads, 43, 74
Construction joints, 4, 9, 65, 66
Continuous:

beam, 124
deck construction, 9, 86–88

Contract:
documents, 138, 139, 140, 151
supervision, 141–145, 146–151

Cost comparison, 9, 131, 133–137
Cover (see Reinforcement)
Couplers, 3, 96
Crack control, 63, 70, 73

Creep, 39, 82, 89
 
Data sheets (see list on page viii)
Debonding, 80, 85
Decimal conversion, 153–154
Deflected tendons, 85
Deflection, 60
Diaphragm, 1, 67, 81
Diaphragm wall, 17, 28
Dimensions:

strand, 103
reinforcement, 75–77
carriageway, 41–42

Distortion, 114, 117–118
Drawing, 2, 138, 140
Ducts (see Prestressing)
Dyform (see Strand)
 
Eccentricity, 80, 86, 87
Economy, 10, 14, 63, 131, 133–137
Effective width of flange, 113, 117–118
Elastic design, 70, 72, 84
Expansion joint, 29, 33–34, 37, 155 et seq
Finishes, 31, 151
Finite elements, 111
Finite strip, 111
Flange, effective width of, 113, 117–118

Force, anchorage, 90, 94
Formwork, 144
Foundation, 15, 17, 18, 20, 28
Friction, 7, 89
 
Grillage analysis, 111, 116, 119, 120, 126
Grouting, 7, 80
 
Harped tendons, 80, 85
Hollow abutment, 21, 137
 
Inclined webs, 6, 8, 9
 
Joints:

construction, 4, 9, 65, 66
expansion, 29, 34–35, 37

 
Limit-state design, 63, 65
Link slabs, 13, 68
Load distribution, 111, 120
Load-factor method, 71
Loading:

HA, HB, HC, 38, 46–49
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lanes, 44, 45
combinations of 43, 81, 115

 
Modular-ratio method, 64, 65, 70
Moment (see Bending moment)
Multiple span, 9, 10

Notation, 152

Parapets, 29, 30, 33, 155 et seq
Parasitic factors, 80, 86
Piers, 16, 123
Piles, 16, 25–27
Precast beam, 5, 11–12, 56, 57
Prestressing:

anchorage, 79
anchor block, 81
cable, 4, 79, 132
calculations, 97–99, 127
design, 79, 84, 97, 98
ducts, 80, 100–101
external, 7, 9, 83, 108
losses, 81, 89
saddles, 100–101

Principal moments, 69
Principal tension, 97

Railway clearances, 61
References, 14, 28, 62, 78, 105, 120, 151
Reinforced earth, 17
Reinforcement:

areas, 75
arrangement, 64, 66, 73
properties, 70–72
schedules, 76, 77, 125

Relaxation, 104
Retaining walls, 15, 21, 23, 28, 136
 
Sectional properties, 11–12
Serial construction, 3, 88
Settlement, 39
Shrinkage, 39, 102
Site investigation, 15
Skew, 115, 120

Slab:
deck, 1, 63
link, 13, 68
moments, 74

Soil, 18, 19
Specification, 138, 140
Standard bridges, 10, 155 et seq
Strand:

anchorages, 79, 85, 94
couplers, 3, 96
properties, 103, 104

Strain, 71
Stress distribution, 114
Structural analysis, 111
 
Technical memoranda, 15, 155 et seq
Temperature effects, 39, 51–55, 62
Temporary works, 142–145, 151
Tender, 128, 130
Torsion, 112, 120
Traffic lanes, 44, 45
Transition slabs, 16
Transmission length, 85
Transverse moments, 69, 74
 
Ultimate moment of resistance, 83, 99
Ultimate shear, 97
Ultimate strength, 71, 99, 122
 
Vehicle, HA, HB, HC, 46–49
Viaduct, 9, 14
Vibration, 39, 56, 57, 62
Voided slab:

decks, 3, 13, 68, 133–135
distortion, 115, 117–118

Void formers, 1, 3
 
Waterproofing, 31
Weight (see Reinforcement and Strand)
Wind, 39, 50
Wire, 95
 
Yield-line analysis, 78, 120
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