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Reynolds’s Reinforced Concrete Designer’s Handbook has been
completely rewritten and updated for this new edition to take
account of the numerous developments in design and practice
over the last 20 years. These include significant revisions to
British Standards and Codes of Practice, and the introduction of
the new Furocodes. The principal feature of the Handbook is the
collection of over 200 full-page tables and charts, covering all
aspects ol structural analysis and. reinforced concrete design.
These, together with extensive numerical examples, will enable
engineers to produce rapid and efficient designs for a large range
of concrete structures conforming to the requirements of BS 5400,
BS 8007, BS 8110 and Eurocode 2.

Design criteria, safety factors, loads and material properties
are explained in the first part of the book. Details are then given
of the analysis of structures ranging from single-span beams
and cantilevers to complex mulii-bay frames, shear walls,
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arches and containment structures. Miscelianeous structures
such as helical stairs, shell roofs and bow girders are also
covered,

A large section of the Handbook presents detailed information
concerning the design of various types of reinforced concrete
elements according to current design methods, and their use in
such structures as buildings, bridges, cylindrical and rectangular
tanks, silos, foundations, retaining walls, culveris and subways.
All of the design tables and charts in this section of the Handbook
are completely new.

This highly regarded work provides in one publication a
wealth of information presented in a practical and user-friendly
form. It is a unique reference source for structural engineers
specialising in reinforced concrete design, and will also be of
considerable interest to lecturers and students of structural
engineering.
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Since the last edition of Reynolds’'s Handbook, considerable
developments in design and practice have occurred. These include
significant revisions to British standard specifications and codes
of practice, and the introduction of the Eurocodes. Although cur-
rent British codes are due to be withdrawn from 2008 onwards,
their use is likely to continue beyond that date at leasi in some
English-speaking countries outside the United Kingdom.

One of the most significant changes has been in the system
for classifying exposure conditions, and selecting concrete
strength and cover requirements for durability. This is now dealt
with exclusively in BS 8500, which takes into account the
particular cement/combination type. The notation used to
define concrete strength gives the cylinder strength as well as
the cube strength. For structural design, cube strength is used
in the British codes and cylinder strength in the Burocodes.

The characteristic yield strength of reinforcement has been
increased to'500 N/mm? (MPa). As a result, new design aids
have become necessary, and the Handbook includes tables and
charts for beams and columns (rectangular and circular)
designed to both British and European codes. Throughout the
Handbook, stress units are given as N/mm? for British codes
and MPa for Buropean codes. The decimal point is shown by a
full stop (rather than a comima) in both cases.

The basic layout of the Handbook is similar to the previous
edition, but the contents have been arranged in four separate
parts for the convenience of the reader. Also, the opportunity
has been taken to omit a large amount of maierial that was no

" longer relevant, and to revise the entire text to reflect modern

design and constraction practice. Part 1 is descriptive in form
and covers design requirements, loads, materials, structural
analysis, member design and forms of construction. Frequent
reference is made in Part 1 to the tables that are found in the
test of the Handbook. Although specific notes are attached to
these tables in Parts 2, 3 and 4, much of the relevant text is
embodied in Part 1, and the first part of the Handbook should

- always be consulted.

Part '2 has more detailed information on loads, material
Properties and analysis in the form of tabulated data and charts
for a Jarge range of structural forms. This material is largely

: _i“dependent of any specific code of practice. Parts 3 and 4 cover
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the design of members according to the requirements of
the British and European codes respectively. For each code, the
same topics are covered in the same sequence so that the reader
can move easily from one code to the other. Each topic is
illustrated by extensive numerical examples.

In the Burocodes, some parameters are given recommended
values with the option of a national choice. Choices also exist
with regard to certain classes, methods and procedures. The
decisions made by each country are given in a national annex.
Part 4 of the Handbook already incorporates the values given in
the UK national annex. Further information concerning the use
of Eurocode 2 is given in PD 6687: Background paper io the
UK National Annex to BS EN 1992-1-1.

The Handbook has been an invaluable source of reference for
reinforced concrete engineers for over 70 years. I made
extensive use of the sixth edition at the start of my professional
career 50 years ago. This edition contains old and new infor-
mation, derived by many people, and obtained from marny
sources past and present. Although the selection inevitably
reflects the personal experience of the authors, the information
has been well tried and tested. [ owe a considerable debt of
gratitude to colleagues and mentors from whom I have learnt
much over the years, and to the following organisations for
permission to include data for which they hold the copyright:

British Cement Association

British Standards Institution

Cabinet Office of Public Sector Information

Construction Industry Research and Information Association
Portland Cement Association

The Concrete Bridge Development Group

The Concrete Society

Finally, my sincere thanks go to Katy Low and all the staff at
Taylor & Francis Group, and especially to my dear wife Joan
without whose unstinting support this edition would never have
been completed.

Tony Threlfall
Marlow, October 2006
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The symbols adopted in this book comply, where appropriate,
with those in the relevant codes of practice. Although these are
based on an internationally agreed system for preparing nota-
tions, there are numerous differences between the British and
the European codes, especially in the use of subscripts. Where
additional symbols are needed to represent properties not used
in the codes, these have been selected in accordance with the
basic principles wherever possible.

The amount and range of material contained in this book
make it inevitable that the same symbols have to be used for

Area of concrete section

Area of tension reinforcement

Area of compression reinforcement

Area of longitudinal reinforcement in a column

Torsional constant

Static modulus of elasticity of concrete

Modulus of elasticity of reinforcing steel

Action, force or load (with appropriate
subscripts)

Shear modulus of concrete

Characteristic permanent action or dead load

Second moment of area of cross section

A constant (with appropriate subscripts)

Length; span

Bending moment

Axial force

Characteristic variable action or imposed load

Reaction at support

First moment of area of cross section

Torsional moment; temperature

Shear force

W,  Characteristic wind load

(2]

w

PN

w A

ol

<

<HURRETENRNOQ

a Dimension; deflection

b Overall width of cross section, or width of flange
d Effective depth to tension reinforcement

d’ Depth to compression reinforcement

f Stress (with appropriate subscripts)

fx Characteristic (cylinder) strength of concrete
Jfon Characteristic (cube) strength of concrete

S Characteristic yield strength of reinforcement
J: Characteristic dead load per unit area

h Overall depth of cross section

Part 1

Symbols and General information

abbreviations

different purposes. However, care has been taken to ensure that
code symbols are not duplicated, except where this has been
found unavoidable. The notational principles adopted for con--
crete design purposes are not necessarily best suited to other
branches of engineering. Consequently, in those tables relating
to general structural analysis, the notation employed in previ-
ous editions of this book has generally been retained.

Only the principal symbols that are common to all codes are
listed here: all other symbols and abbreviations are defined in
the text and tables concerned.

i

i Radius of gyration of concrete section
k A coefficient (with appropriate_subscripts)
i Length; span (with appropriate subscripts)
m Mass

& Characteristic imposed load per unit area
r Radius

l/r  Curvature

s Thickness; time

u Perimeter (with appropriate subscripts)

v Shear stress (with appropriate subscripts)
x Neutral axis depth

z Lever arm of internal forces

o, Angle; ratio

o, Modular ratio E/E_

v Partial safety factor (with appropriate subscripts)
& Compressive strain in concrete

Strain in tension reinforcement

Strain in compression reinforcement

Diameter of reinforcing bar

Creep coefficient (with appropriate subscripts)
Slenderness ratio

Poisson’s ratio

Proportion of tension reinforcement A,/bd
Proportion of compression reinforcement A /bd
Stress (with appropriate subscripts)

Factor defining representative value of action

-.mm

TO W g SN

< 9

w
w2

British Standard

EC  Eurocode

SLS Serviceability limit state
UDL Uniformly distributed load
ULS Ultimate limit state




A structure is an assembly of members each of which, under the
action of imposed loads and deformations, is subjected to
bending or direct force (either tensile or compressive), oI to a
combination of bending and direct force. These effects may be
accompanied by shearing forces and sometimes by torsion.
Imposed deformations occur as a result of concrete shrinkage
and creep, changes in temperature and differential settlement.
Behaviour of the structure in the event of fire or accidental
damage, resulting from impact or explosion, may need to be
examined. The conditions of exposure to environmental and
chemical attack also need to be considered.

Design includes selecting a suitable form of construction,
determining the effects of imposed loads and deformations,
and providing members of adequate stiffness and resistance.
The members should be arranged so as to combine efficient
load transmission with ease of construction, consistent with
the intended use of the structure and the nature of the site.
Experience and sound judgement are often more important than
precise calcalations in achieving safe and economical structures.
Complex mathematics should not be allowed to confuse a sense
of good engineering. The level of accuracy employed in the
calculations should be consistent throughout the design
process, wherever possible.

‘Stractural design is largely controlled by regulations or codes
but, even within such bounds, the designer needs to exercise
Jjudgement in interpreting the requirements rather than designing
to the minimum allowed by the letter of a clause. In the United
Kingdom for many years, the design of reinforced concrete
structures has been based on the recommendations of British
Standards.” For buildings, these include ‘Structural use of
- f:oncrete’ (BS 8110: Parts 1, 2 and 3) and ‘Loading on build-

- ngs’ (BS 6399: Parts 1, 2 and 3). For other types of structures,

- "Design of concrete bridges’ (BS 5400: Part 4) and ‘Design of
conerete: structures for retaining aqueous liquids’ (BS 8007)
haﬁf_eibeen used, Compliance with the particular requirements of
the:Building: Regulations and the Highways Agency Standards
1 aj_sozinﬂcessa'ry in many cases.

Si .E'J:Iﬁe--last edition of this Handbook, a comprehensive
armonised Eurocodes (ECs) for the structural and
: .F_‘?t.‘?ﬂ}mfiél? design of buildings and civil engineering works
[as been developed. The Eurocodes were first introduced as
norm Vo_luntaire (ENV) standards, intended for use in
ctionwith a 'national application document (NAD), as
ative to national codes for a limited number of years.
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These have now been largely replaced by Euronorme (EN)
versions, with each member state adding a National Annex
(NA) containing nationally determined parameters in order to
implement the Eurocode as a national standard. The relevant
documents for concrete structures are EC 0: Basis of structural
design, EC 1: Actions on structures, and EC 2: Design of con-
crete structures. The last document is in four parts, namely —
Part 1.1: General rules and rules for buildings, Part 1.2:
Structural fire design, Part 2: Reinforced and prestressed con-
crete bridges, and Part 3: Liquid-retaining and containing
structures.

The tables to be found in Parts 2, 3 and 4 of this Handbook
enable the designer to reduce the amount of arithmetical work
involved in the analysis and design of members to the relevant
standards. The use of such tables not only increases speed but
also eliminates inaccuracies provided the tables are thoroughly
understood, and their applications and limitations are realised.
In the appropriate chapters of Part 1 and in the supplementary
information given on the pages preceding the tables, the basis
of the tabulated material is described. Some general informa-
tion is also provided. The Appendix contains trigonometrical
and other mathematical formulae and data.

1.1 ECONOMICAL STRUCTURES

The cost of construction of a reinforced concrete structure is
obviously affected by the prices of concrete, reinforcement,
formwork and labour. The most economical proportions of
materials and labour will depend on the current relationship
between the unit prices. Economy in the use of formwork is
generally achieved by uniformity of member size and the avoid-
ance of complex shapes and intersections. In particular cases,
the use of available formwork of standard sizes may determine
the structural arrangement. In the United Kingdom, speed of
construction generally has a major impact on the overall cost.
Fast-track construction requires the repetitive use of a rapid
formwork system and careful attention to both reinforcement
details and concreting methods.

There are also wider aspects of economy, such as whether
the anticipated life and use of a proposed structure warrant the
use of higher or lower factors of safety than usual, or whether
the use of a more expensive form of construction is warranted
by improvements in the integrity and appearance of the structure.
The application of whole-life costing focuses attention on
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whether the initial cost of a construction of high quality,
with little or no subsequent maintenance, is likely to be more
economical than a cheaper construction, combined with the
expense of maintenance.

The experience and method of working of the contractor, the
position of the site and the nature of the available materials, and
even the method of measuring the quantities, together with
numerous other points, all have their effect, consciously or not,
on the designer’s attitude towards a contract. So many and
varied are the factors involved that only experience and a
continuing study of design trends can give reliable guidance.
Attempts to determine the most economical proportions for a
particular member based only on inclusive prices of concrete,
reinforcement and formwork are likely to be misleading. It is
nevertheless possible to lay down certain principles.

In broad terms, the price of concrete increases with the
cement content as does the durability and strength. Concrete
grades are often determined by durability requirements with
diiferent grades used for foundations and superstructures.
Strength is an important factor in the design of columns and
beams but rarely so in the case of slabs. Nevertheless, the same
grade is generally used for all parts of a superstructure, except
that higher strength concrete may sometimes be used to reduce
the size of heavily loaded columns.

In the United Kingdom, mild steel and high yield reinforce-
ments have been used over the vears, but grade 500 is now
produced as standard, available in three ductility classes A, B and
C. It is always uneconomical in material terms to use compression
reinforcement in beams and columns, but the advantages gained
by being able to reduce member sizes and maintain the same
column size over several storeys generally offset the additional
material costs. For equal weights of reinforcement, the combined
material and fixing costs of small diameter bars are greater than
those of large diameter bars. It is generally sensible to use the
largest diameter bars consistent with the requirements for crack
control. Fabric (welded mesh) is more expensive than bar
reinforcement in material terms, but the saving in fixing time will
often result in an overall economy, particularly in slabs and walls.

Formwork is obviously cheaper if surfaces are plane and at
right angles to each other and if there is repetition of use. The
simplest form of floor construction is a solid slab of constant
thickness. Beam and slab construction is more efficient struc-
turally but less economical in formwork costs. Two-way beam
systems complicate both formwork and reinforcement details
with consequent delay in the construction programme,
Increased slab efficiency and economy over longer spans may
be obtained by using a ribbed form of construction. Standard
types of trough and waffle moulds are available in a range of
depths. Precasting usually reduces considerably the amount
of formwork, labour and erection time. Individual moulds
are more expensive but can be used many more times
than site formwork. Structural connections are normally more
expensive than with monolithic construction. The economical
advantage of precasting and the structural advantage of in situ
casting may be combined in composite forms of construction.

In many cases, the most economical solution can only be
determined by comparing the approximate costs of different
designs. This may be necessary to decide, say, when a simple
cantilever retaining wall ceases to be more economical than
one with counterforts or when a beam and slab bridge is more
economical than a voided slab. The handbook Economic
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Concrete Frame Elements published by the British Cement
Association on behalf of the Reinforced Concrete Council
enables designers to rapidly identify least-cost options for the
superstructure of multi-storey buildings.

1.2 DRAWINGS

In most drawing offices a practice has been developed to suit
the particular type of work done. Computer aided drafting and
reinforcement detailing is widely used. The following observa-
tions should be taken as general principles that accord with the
recommendations in the manual Standard method of detailing
structural concrete published by the Institution of Siructural
Engineers (ref. 1).

It is important to ensure that on all drawings for a particular
contract, the same conventions are adopted and uniformity of
size and appearance are achieved. In the preliminary stages
general arrangement drawings of the whole structure are usually
prepared to show the layont and sizes of beams, columns, slabs,
walls, foundations and other members. A scale of 1:100 is
recommended, although a larger scale may be necessary for
complex structures. Later, these or similar drawings, are devel-
oped into working drawings and should show precisely such
particulars as the setting-out of the structure in relation to any
adjacent buildings or other permanent works, and the level of,
say the ground floor in refation to a fixed datum, All principal
dimensions such as distances between columns and walls, and
the overall and intermediate heights should be shown. Plans
should generally incorporate a gridline system, with columns
positioned at the intersections. Gridlines sheuld be numbered 1,
2, 3 and so on in one direction and lettered A, B, C and so
on in the other direction, with the sequences starting at the
lower left corner of the grid system. The references can
be used to identify individual beams, columns and other
members on the reinforcement drawings.

Outline drawings of the members are prepared to suitable
scales, such as 1:20 for beams and columns and 1:50 for slabs
and walls, with larger scales being used for cross sections.
Reinforcement is shown and described in a standard way. The
only dimensions normally shown are those needed to position
the bars. It is generally preferable for the outline of the concrete
to be indicated by a thin line, and o show the reinforcement by
bold lines. The lines representing the bars should be shown in
the correct positions, with due allowance for covers and the -
arrangement at intersections and laps, so that the details on
the drawing represent as nearly as possible the appearance
of the reinforcement as fixed on site. It is important to ensure
that the reinforcement does not interfere with the formation of
any holes or embedment of any other items in the concrete.

A set of identical bars in a slab, shown on plan, might be
described as 20H16-03-150B1. This represents 20 number
grade 500 bars of 16 mm nominal size, bar mark 03, spaced at.
150 mm centres in the bottom outer layer. The bar mark is:a
number that uniquely identifies the bar on the drawing and th
bar bending schedule. Each different bar on a drawing is give
a different bar mark. Each set of bars is described only once o
the drawing. The same bars on a cross section would be denote
simply by the bar mark. Bar bending schedules are prepared fi
each drawing on separate forms according to recommendatio!
in BS 8666 Specification for scheduling, dimensioning, bendin
and cutting of steel remforcement for concrete.

There are two principal stages in the calculations required
to design a reinforced concrete structure. In the first stage,
calculations are made to determine the effect on the structure
of loads and imposed deformations in terms of applied
moments and forces, In the second stage, calculations are made
to determine the capacity of the structure to withstand such
effects in terms of resistance moments and forces.

Factors of safety are introduced in order to allow for the
uncertainties associated with the assumptions made and the
values used at each stage. For many years, unfactored loads
were used in the first stage and total factors of safety were
incorporated in the material stresses used in the second stage.
The stresses were intended to ensure bath adequate safety and
satisfactory performance in service. This simple approach was
eventually replaced by a more refined method, in which specific
design criteria are set and partial factors of safety are incorpo-
rated at each stage of the design pProcess.

2.1 DESIGN CRITERIA AND SAFETY FACTORS

A limit-state design concept is used in British and European
Codes of Practice. Ultimate (ULS) and serviceability (SLS)
limit states need to be considered as well as durability and, in
the case of buildings, fire-resistance. Partial safety factors are
incorporated into loads (including imposed deformations) and
material strengths to ensure that the probability of failure (not
satisfying a design requirement) is acceptably low.

- In BS'8110 at the ULS, a structure should be stable under all

. combinations of dead, imposed and wind load. It should also be

robust enough to withstand the effects of accidental loads, due

.- toan.unforeseen event such as a collision or explosion, without
g dlspropomonate coliapse. At the SLS, the effects in normal nse

flection, cracking and vibration should not cause the
a ¢ to deteriorate or become unserviceable. A deflection
ut f:span/250 applies for the total sag of a beam or slab
‘to'the level of the supports. A further limit, the lesser of
or 20 mm, applies for the deflection that occurs after
application of finishes, cladding and partitions so as to avoid
1age these elements. A limit of 0.3 mm generally applies
dthof a crack at any point on the concrete surface.
00, an additional partial safety factor is introduced.
ed to the load effects and takes account of the
tructural analysis that is used. Also there are more
and . combinations to be considered. At the SLS,
specified deflection limits but the cracking limits
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are more critical. Crack width limits of 0.25, 0.15 or 0.1 mm
apply according to surface exposure conditions. Compressive
stress limits are also included but in many cases these do not
need to be checked. Fatigue considerations require limitations
on the reinforcement stress range for unwelded bars and more
fundamental analysis if welding is involved. Footbridges are
to be analysed to ensure that either the fundamental natural
frequency of vibration or the maximum vertical acceleration
meets specified requirements.

In BS 8007, water-resistance is a primary design concern.
Any cracks that pass through the full thickness of a section are
likely to allow some seepage initially, resulting in surface
staining and damp patches. Satisfactory performance depends
upon autogenous healing of such cracks taking place within a
few weeks of first filling in the case of a containment vessel.
A crack width limit of 0.2 mm normally applies to all cracks,
irrespective of whether or not they pass completely throngh the
section. Where the appearance of a structure is considered to be
aesthetically critical, a Hmit of 0.1 mm is recommended.

There are significant differences between the structural and
geotechnical codes in British practice. The approach to the
design of foundations in BS 8004 is to use unfactored loads
and total factors of safety. For the design of earth-retaining
structures, CP2 (ref. 2) used the same approach. In 1994, CP2
was replaced by BS 8002, in which mobilisation factors are
introduced into the calculation of soil strengths. The resulting
values are then used in BS 8002 for both serviceability and
ultimate requirements. In BS 8110, the loads obtained from
BS 8002 are multiplied by a partial safety factor at the ULS.

Although the design requirements are essentially the same
in the British and European codes, there are differences of
terminology and in the values of partial safety factors. In the
Eurocodes, loads are replaced by actions with dead loads as per-
manent actions and all live loads as variable actions. Each vari-
able action is given several representative values to be used for
particular purposes. The Eurocodes provide a more unified
approach to both structural and geotechnical design.

Details of design requirements and partial safety factors, to be
applied to loads and material strengths, are given in Chapter 21
for British Codes, and Chapter 29 for Eurocodes.

2.2 LOADS (ACTIONS)

The loads (actions) acting on a structure generally consist of
a combination of dead {permanent) and live (variable) loads.
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In limit-state design, a design load (action) is calculated by
multiplying the characteristic (or representative} value by an
appropriate partial factor of safety. The characteristic value is
generally a value specified in a relevant standard or code. In
particular circumstances, it may be a value given by a client or
determined by a designer in consultation with the client.

In BS 8110 characteristic dead, imposed and wind loads
are taken as those defined in and calculated in accordance
with BS 6399: Parts 1, 2 and 3. In BS 5400 characteristic
dead and live loads are given in Part 2, but these have been
superseded in practice by the loads in the appropriate
Highways Agency standards. These include BD 37/01 and
BD 60/94 and, for the assessment of existing bridges,
BD 21/01 (refs. 3-5).

When EC 2: Part 1.1 was first introduced as an ENV
document, characteristic loads were taken as the values given in
BS 6399 but with the specified wind load reduced by 10%. This
was intended to compensate for the partial safety factor applied
to wind at the ULS being higher in the Eurccodes than in BS
8110. Representative values were then obtained by multiplying
the characteristic values by factors given in the NAD. In the
EN documents, the characteristic values of all actions are given
in BC 1, and the factors to be used to determine representative
values are given in EC 0,

2.3 DEAD LOADS (PERMANENT ACTIONS)

Dead loads include the weights of the structure itself and
all permanent fixtures, finishes, surfacing and so on. When
permanent partitions are indicated, they should be included as
dead loads acting at the appropriate locations. Where any doubt
exists as to the permanency of the loads, they should be treated
as imposed loads. Dead loads can be calculated from the unit
weights given in EC 1: Part 1.1, or from actual known weights
of the materials used. Data for calculating dead loads are given
in Tables 2.1 and 2.2.

2.4 LIVE LOADS (VARIABLE ACTIONS)

Live loads comprise any transient external loads imposed on the
structure in normal use due to gravitational, dynamic and
environmental effects. They include loads due to occupancy
{people, furniture, moveable equipment), traffic (road, rail,
pedestrian), retained material (earth, liquids, granular), snow,
wind, temperature, ground and water movement, wave action
and so on. Careful assessment of actual and probable loads is a
very important factor in producing economical and efficient
structures. Some imposed loads, like those due to contained
liquids, can be determined precisely. Other loads, such as those
on floors and bridges are very variable. Snow and wind loads
are highly dependent on location. Data for calculating loads
from stored materials are given in EC 1: Part 1.1.

2.4.1 Floors

For most buildings the loads imposed on floors are specified in
loading standards. In BS 6399: Part 1, loads are specified
according to the type of activity or occupancy involved. Data
for residential buildings, and for offices and particular work
areas, is given in Table 2.3. Imposed loads are given both as
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a uniformly distributed load in kN/m? and a concentrated load
in kN. The floor should be designed for the worst effects of
either load. The concentrated load needs to be considered for
isolated short span members and for local effects, such as
punching in a thin flange. For this purpose, a square contact
area with a 50 mm side may be assumed in the absence of any
more specific information. Generally, the concentrated load
does not need to be considered in slabs that are either solid, or
otherwise capable of effective lateral distribution. Where
an allowance has to be made for non-permanent partitions, a
uniformly distributed load equal to one-third of the load per
metre run of the finished partitions may be used. For offices, the
load used should not be less than 1.0 kN/m?,

The floors of garages are considered in two categories,
namely those for cars and light vans and those for heavier
vehicles. In the lighter category, the floor may be designed

for loads specified in the form described earlier. In the heavier
category, the most adverse disposition of loads determined
for the specific types of vehicle should be considered.

The total imposed loads to be nsed for the design of beams may
be reduced by a percentage that increases with the area of floor
supported as given in Table 2.3. This does not apply to loads due
to storage, vehicles, plant or machinery. For buildings designed to
the Eurocodes, imposed loads are givent in EC 1: Part 1.1,

In afl buildings it is advisable to affix a notice indicating
the imposed load for which the floor is designed. Fioors of
industrial buildings, where plant and machinery are installed,
need to be designed not only for the load when the plant is in
running order but also for the probable load during erection
and testing which, in some cases, may be fiore severe. Data
for loads imposed on the floors of agricultural buildings by
livestock and farm vehicles is given in BS 5502: Part 22.

2.4.2 Structures subject to dynamic loads

The loads specified in BS 6399: Part 1 include allowances
for small dynamic effects that should be sufficient for most
buildings. However, the loading does not necessarily cover
conditions resulting from rhythmical and synchronised crowd
movements, or the operation of some types of machinery. '

Dynamic loads become significant when crowd movements -
(e.g. dancing, jumping, thythmic stamping) are synchronised.
In practice, this is usually associated with lively pop concerts
or aerobics events where there is a strong musical beat. Such
activities can generate both horizontal and vertical loads. If
the movement excites a natural frequency of the affected part
of the structure, resonance occurs which can greatly amplify the
response. Where such activities are likely to occur, the structure
should be designed to either avoid any significant resonance
effects or withstand the anticipated dynamic loads. Some
limited guidance on dynamic loads caused by activities such as
jumping and dancing is provided in BS 6399: Part 1, Annexe A:
To avoid resonance effects, the natural frequency of vibration
of the unloaded structure should be greater than 8.4 Hz for the
vertical mode, and greater than 4.0 Hz for the horizontal mod

Different types of machinery can give rise to a wide range of
dynamic loads and the potential resonant excitation of t
supporting structure should be considered. Where necess
specialist advice should be sought.

Footbridges are subject to particular requirements that w
be examined separately in the general context of bridges.

Live loads (variable actions)

2.4.3 Parapets, barriexs and balustrades

Parapets, barriers, balustrades and other elements intended to
retain, stop or guide people should be designed for horizontal
loads. Values are given in BS 6399: Part 1 for a uniformly
distributed line load and for both uniformly distributed and
concentrated loads applied to the infill. These are not taken
together but are applied as three separate load cases. The line
load should be considered to act at a height of 1.1 m above a
datum level, taken as the finished level of the access platform
or the pitch line drawn through the nosing of the stair treads.

Vehicle barriers for car parking areas are also included
in BS 6399: Part 1. The horizontal force F, as given in the
following equation, is considered to act at bumper height,
normal to and uaiformly distributed over any length of 1.5 m of
the barrier. By the fundamental laws of dynamics:

F = 0.5mv(8, + 8.} (in kN)

m = gross mass of vehicle (in kg)

v =speed of vehicle normal to barrier, taken as 4.5 m/sec.

8, = deflection of barrier {(in mm)

8, = deformation of vehicle, taken as 100 mm unless better
evidence is available

For car parks designed on the basis that the gross mass of the
vehicles using it will not exceed 2500 kg (but taking as a
representative value of the vehicle population, m = 1500 kg)
and provided with rigid barriers (8, = (), F is taken as 150 kN
acting at a height of 375 mm above floor level. It should be
noted that bumper heights have been standardised at 445 mm.

2.4.4 Roofs

The imposed loads given in Table 2.4 are additional to all
surfacing materials and include for snow and other incidental
loads but exclude wind pressure. The snow load on the roof
is determined by multiplying the estimated snow load on the
ground at the site location and altitude (the site snow load) by
an appropriate snow load shape coefficient. The main loading
conditions to be considered are:

(a) a uniformly distributed snow load over the entire roof,
c llk_ely to occur when snow falls with little or no wind;

| @) ‘aredistributed (or unevenly deposited) snow load, likely to

oceur in windy conditions.

-~ For flat or mono-pitch roofs, it is sufficient to consider the
. single-load case resulting from a uniform layer of snow, as
~. &lven in Table 2.4. For other roof shapes and for the effects of
: 10‘7‘&1 ‘drifting of snow behind parapets, reference should be
: Igade.i:to:BS 6399: Part 3 for further information,

>f<1\411?1!1_1¥1m'10ads are given for roofs with no access (other than
that mecessary for cleaning and maintenance) and for roofs
vhere access is provided. Roofs, like floors, should be designed
or the worst effects of either the distributed load or the
oncentrated load. For roofs with access, the minimum load
Wik exceed the snow load in most cases.

at:._r.o.c‘:';f is used for purposes such as a café, playground
i arden, the appropr‘iat_e imposed load for such a floor
Widibe:allowed. For buildings designed to the Eurocodes,
ads:are given in EC 1; Part 1.3,

2.4.5 Columns, walls and foundations

Columns, walls and foundations of buildings are designed for
the same loads as the slabs or beams that they support. If the
imposed loads on the beams are reduced according to the area
of floor supported, the supporting members may be designed
for the same reduced loads. Alternatively, where two or more
floors are involved and the loads are not due to storage, the
imposed loads on columns or other supporting members may
be reduced by a percentage that incredses with the number of
floors supported as given in Table 2.3.

2.4.6 Structures supporting cranes

Cranes and other hoisting equipment are often supported on
columns in factories or similar buildings. It is important that a
dimensioned diagram of the actual crane to be installed is
obtained from the makers, to ensure that the right clearances are
provided and the actual loads are taken into account. For loads
due to cranes, reference should be made to BS 2573.

For jib cranes running on rails on supporting gantries, the
load to which the structure is subjected depends on the actual
disposition of the weights of the crane. The wheel loads are
generally specified by the crane maker and should allow for
the static and dynamic effects of lifting, discharging, slewing,
travelling and braking. The maximum wheel load under
practical conditions may occur when the crane is stationary and
hoisting the load at the maximum radius with the line of the jib
diagonally over one wheel.

2.4.7 Structures supporting lifts

The effect of acceleration must be considered in addition to the
static loads when calculating loads due to lifts and similar
machinery. If a net static load F is subject to an acceleration
a (m/s?), the resulting load on the supporting structure is
approximately # (1 + 0.098a). The average acceleration of
a passenger lift may be about 0.6 m/s? but the maximum
acceleration will be considerably greater. BS 2655 requires
the supporting structure to be designed for twice the load
suspended from the beams, when the lift is at rest, with an
overall factor of safety of 7. The deflection under the design
load should not exceed span/1500,

2.4.8 Bridges

The analysis and design of bridges is now so complex that
it cannot be adequately treated in a book of this nature, and
reference should be made to specialist publications. However,
for the guidance of designers, the following notes regarding
bridge loading are provided since they may also be applicable
to ancillary construction and to structures having features in
common with bridges.

Road bridges. The loads to be considered in the design of
public road bridges in the United Kingdom are specified in the
Highways Agency Standard BD 37/01, Loads for Highway
Bridges. This is a revised version of BS 5400: Part 2, issued
by the Department of Transport rather than by BSI. The
Standard includes a series of major amendments as agreed by
the BSI Technical Committee. BD> 37/01 deals with both perma-
nent loads (dead, superimposed dead, differential settlement,
earth pressure), and transient loads due to traffic use (vehicular,
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pedestrian) and environmental effects (wind, temperature).
The collision loads in BD 37/01 may be applicable in certain
circumstances, where agreed with the appropriate authority, but
in most cases the requirements of BD 60/94, The design of
highway bridges for vehicle collision loads will apply.

Details of live loads due to trafiic, to be considered in the

design of highway bridges, are given in Table 2.5. Two types -

of standard live loading are given in BD 37/01, to represent
normal traffic and abnormal vehicles respectively. Loads are
applied to notional lanes of equal width. The number of
notional lanes is determined by the width of the carriageway,
which includes traffic lanes, hard shoulders and hard strips,
and several typical examples are shown diagrammatically in
BD 37/01. Notiona} lanes are used rather than marked lanes
in order to allow for changes of use and the introduction of
temporary contra-flow schemes.

Type HA loading covers all the vehicles allowable under the
Road Vehicles (Construction and Use) and Road Vehicles
(Authorised Weight) Reguiations. Values are given in terms of
a uniformly distributed load (UDL) and a single knife-edge
load (KEL), to be applied in combination to each notional lane.
The specified intensity of the UDL (kIN/m) reduces as the loaded
length increases, which allows for two effects. At the shorter
end, it allows for loading in the vicinity of axles or bogies being
greater than the average loading for the whole vehicle. At the
longer end, it takes account of the reducing percentage of heavy
goods vehicles contained in the total vehicle population. The
KEL of 120 kN is to be applied at any position within the UDL
loaded length, and spread over a length equal to the notional lane
width. In determining the loads, consideration has been given to
the effects of impact, vehicle overloading and unforeseen changes
in traffic patterns. The loading derived after application of
separate factors for each of these effects was considered to
represent an ultimate load, which was then divided by 1.5
to obtain the specified nominal toads.

The loads are multiplied by lane factors, whose values
depend on the particular lane and the loaded length. This is
defined as the lengih of the adverse area of the influence line,
that is, the length over which the load application increases the
magnitude of the effect to be determined. The lane factors take
account of the low probability of all lanes being fully loaded at
the same time. They also, for the shorter loaded lengths, allow
Tor the effect of lateral bunching of vehicles. As an alternative
to the combined loads, a single wheel load of 100 kN applied
at any position is also to be considered.

Type HB loading derives from the nature of exceptional
industrial loads, such as electrical transformers, generators,
pressure vessels and machine presses, likely to use the roads in
the neighbouring area. It is represented by a sixteen-wheel
vehicle, consisting of two bogies, each one having two axles
with four wheels per axle. Bach axle represents one unit of
loading (equivalent to 10 kN). Bridges on public highways
are designed for a specific number of units of HB loading
according to traffic use: typically 45 units for trunk roads and
motorways, 37.5 units for principat roads and 30 units for all
other public roads. Thus, the maximum number of 45 units
corresponds to a total vehicle load of 1800 kN, with 450 kN
per axle and 112.5 kN per wheel. The length of the vehicle is
variable according to the spacing of the bogies, for which five
different values are specified. The HB vehicle can occupy any
transverse position on the carriageway and is considered to
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displace HA loading over a specified area surrounding the
vehicle. Outside this area, HA loading is applied as specified
and shown by diagrams in BD 37/01l. The combined load
arrangement is normally critical for all but very long bridges.

Road bridges may be subjected to forces other than those due
to dead load and traffic load. These include forces due to wind,
temperature, differential settlement and earth pressure. The
effects of centrifugal action and longitudinal actions due to
traction, braking and skidding must also be considered, as well
as vehicle collision loads on supports and superstructure. For
details of the loads to be considered on highway bridge parapets,
reference should be made to BD 52/93 (ref. 6).

In the assessment of existing highway bridges, traffic loads
are specified in the Highways Agency document BD 21/01, The
Assessment of Highway Bridges and Structures. In this case,
the type HA loading is multiplied by a reduction factor that
varies according to the road surface characteristics, traffic flow
conditions and vehicle weight restrictions. Some of the contin-
gency allowances incorporated in the design loading have
also been relaxed. Vehicle weight categories of 40, 38, 25, 17,
7.5 and 3 tonnes are considered, as well as two groups of
fire engines. For further information on reduction factors and
specific details of the axle weight and spacing values in each
category, reference should be made BD 21/01.

Footbridges. Details of live loads due to pedestrians, to be
considered in the design of foot/cycle track bridges, are given in
Table 2.6. A uniformly distributed load of 5 kIN/m? is specified for
loaded lengths up to 36 m. Reduced loads may be used for bridges
where the loaded length exceeds 36 m; except that special
consideration is reguired in cases where exceptional crowds could
occur. For elements of highway bridges supporting footways/
cycle tracks, further reductions may be made in the pedestrian live
load where the width is greater than 2 m or the element also
supports a carriageway. When the footway/cycle track is not
protected from vehicular traffic by an effective barrier, there is a
separate requirement to consider an accidental wheel loading,

It is very important that consideration is given to vibration
that could be induced in foot/cycle track bridges by resonance
with the movement of users, or by deliberate excitation. In

BD 37/01, the vibration requirement is deemed to be satisfied

in cases where the fundamental natural frequency of vibration
exceeds 5 Hz for the unloaded bridge in the vestical direction and
1.5 Hz for the loaded bridge in the horizontal direction. When
the fundamental natural frequency of vertical vibration f, does
not exceed 5 Hz, the maximum vertical acceleration should
be limited to 0.5Vf, m/s%. Methods for determining the natural
frequency of vibration and the maximun: vertical acceleration
are given in Appendix B of BD 37/01. Where the fundamental
natural frequency of horizontal vibration does not exceed
1.5 Hz, special consideration should be given to the possibi]ity
of pedestrian excitation of lateral movements of unacceptable:
magnitude. Bridges possessing low mass and damping, and
expected to be used by crowds of people, are particul
susceptible to such vibrations. S

Railway bridges. Details of live loads to be considered in'the,
design of railway bridges are given in Tuble 2.6. Two types of
standard loading are given in BD 37/01; type RU for ma
line railways and type RL for passenger rapid transit systems
A further type SW/Q is also included for main line railway

Wind loads

The type RU loading was derived by a Committee of the
International Union of Railways (UIC) to cover present and
anticipated future loading on railways in Great Britain and on the
Continent of Europe. Nowadays, motive power tends to be diesel
and electric rather than steam, and this produces axle icads and
arrangements for locomotives that are similar to those for bogie
freight vehicles (these often being heavier than the locomotives
that draw them). In addition to normal train loading, which
can be represented quite well by a uniformly distributed load
of 80 kN/m, railway bridges are occasionally subjected to
exceptionally heavy abnormal loads. For short loaded lengths it
is necessary to introduce heavier concentrated loads to simulate
individual axles and to produce high shears at the ends. Type RU
loading consists of four concentrated loads of 250 kN, preceded
and followed by a uniformly distributed load of 80 kN/m. For a
continuous bridge, type SW/0 loading is also to be considered as
an additional and separate load case. This loading consists of
two uniformly distributed loads of 133 kN/m, each 15 m long,
separated by a distance of 5.3 m, Both types of loading, which
are applied to each track or as specified by the relevant authority,
with half the track load acting on each rail, are to be multiplied
by appropriate dynamic factors to allow for impact, lurching,
oscillation and other dynamic effects. The factors have been
calculated so that, in combination with the specified loading, they
cover the effects of slow moving heavy, and fast moving light,
vehicles. Exceptional vehicles are assumed to move at speeds not
exceeding B0 km/h, heavy wagons at speeds up to 120 kmv/h and
passenger trains at speeds up to 200 km/h.

The type RL loading was derived by the London Transport
Executive to cover present and anticipated future loading on
lines that carry only rapid transit passenger trains and light
engineers’ works trains. Passenger trains include a variety of
stock of different ages, loadings and gauges used on surface
and tube lines. Works trains include locomotives, cranes
and wagons used for maintenance purposes. Locomotives are
usually of the battery car type but diesel shunt varieties are
sometimes used. The rolling stock could include a 30t steam
crane, 6t diesel cranes, 20t hopper cranes and bolster wagons.
The heaviest train would comprise loaded hopper wagons
hauled by battery cars. Type RL loading consists of a single
concentrated load of 200 kN coupled with a uniformly distrib-
uted load of 30 kN/m for loaded lengths up to 100 m. For

- loaded lengths in excess of 100 m, the previous loading is

preceded and followed by a distributed load of 25 kN/m. The
loads ate to be multiplied by appropriate dynamic factors. An
alternative bogie loading comprising two concentrated loads,
one of 300 kN and the other of 150 kN, spaced 2.4 m apart, is
also to be considered on deck structures to check the ability of
the deck to distribute the loads adequately.

For full details of the locomotives and rolling stock covered
b_yseach loading type, and information on other loads to be con-
Sld?fred in the design of railway bridges, due to the effects of
Tosing, centrifugal action, traction and braking, and in the event
Of derailment, reference should be made to BD 37/01.

-9 Dispersal of wheel loads

10ad from a wheel or similar concentrated load bearing on 2
t-definite area of the supporting surface (called the
drea) may be assumed to be further dispersed over an
depends on the combined thickness of any surfacing

tac
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material, filling and underlying constructional material. The
width of the contact area of a wheel on a slab is equal to
the width of the tyre. The length of the contact area depends on
the type of tyre and the nature of the siab surface. It is nearly
zero for steel tyres on steel plate or concrete. The maximum
contact length is probably obtained with an iron wheel on loose
metalling or a pneumatic tyre on an asphalt surface.

The wheel loads, given in BD 37/01 as part of the standard
highway loading, are to be taken as uniformly distributed over
a circular or square contact area, assuming an effective pressure
of 1.1 N/mm?. Thus, for the HA single wheel load of 100 kN,
the contact area becomes a 340 mm diameter circle or a square
of 300 mm side. For the HB vehicle where 1 unit of loading
corresponds to 2.5 kN per wheel, the side of the square contact
area becomes approximately 260 mm for 30 units, 290 mm for
37.5 units and 320 mm for 45 units.

Dispersal of the load beyond the contact area may be taken
at a spread-to-depth ratio of 1 horizontally to 2 vertically for
asphalt and similar surfacing, so that the dimensions of the
contact area are increased by the thickness of the surfacing.
The resulting boundary defines the loaded area to be used when
checking, for example, the effects of punching shear on the
underlying structure.

For a structural concrete siab, 45° spread down to the level
of the neutral axis may be taken. Since, for the purpose of
structural analysis, the position of the neutral axis is usually
taken at the mid-depth of the section, the dimensions of the
contact area are further increased by the total thickness of the
slab. The resulting boundary defines the area of the patch load
to be used in the analysis.

The concentrated loads specified in BD 37/01 as part of the
railway loading will be distributed both longitudinally by
the continuous rails to more than one sleeper, and transversely
over a certain area of deck by the sleeper and ballast. It may
be assumed that two-thirds of a concentrated load applied to
one sleeper will be transmitted to the deck by that sleeper and
the remainder will be transmitted equally to the adjacent sleeper
on eithier side. Where the depth of ballast is at least 200 mm,
the distribution may be assumed to be half to the sleeper lying
under the load and half equally to the adjacent sleeper on
either side. The load acting on the sleeper from each rail may
be distributed uniformly over the ballast at the level of the
underside of the sleeper for a distance taken symmetrically
about the centreline of the rail of 800 mm, or twice the distance
from the centreline of the rail to the nearer end of the sleeper,
whichever is the lesser. Dispersal of the loads applied to the
ballast may be taken at an angle of 5° to the vertical down to
the supporting structure. The distribution of concentrated loads
applied to a track without ballast will depend on the relative
stiffness of the rail, the rail support and the bridge deck itself.

2.5 WIND LOADS

All structures buili above ground level are affected by the
wind o a greater or lesser extent. Wind comprises a random
fluctuating velocity component (turbulence or ‘gustiness’)
superimposed on a steady mean component. The turbulence
increases with the roughness of the terrain, due to frictional
effects between the wind and features on the ground, such as
buildings and vegetation. On the other hand, the frictional
effects also reduce the mean wind velocity.
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Wind loads are dynamic and fluctuate continuously in both
magnitude and position. Some relatively flexible structures,
such as tall slender masts, towers and chimneys, suspension
bridges and other cable-stayed structures may be susceptible to
dynamic excitation, in which case lateral deflections will be an
important consideration. However, the vast majority of build-
ings are sufficiently stiff for the deflections to be small, in
which case the structure may be designed as if it was static.

2.5.1 Wind speed and pressure

The local wind climate at any site in the United Kingdom can be
predicted reliably using statistical methods in conjunction with
boundary-layer wind flow models. However, the complexity of
flow around structures is not sufficiently well understood to
allow wind pressures or distributions to be determined directly.
For this reason, the procedure used in most modern wind codes
is to treat the calculation of wind speed in a fully probabilistic
manner, whilst continuing to use deterministic values of pressure
coefficients, This is the approach adopted in BS 6399: Part 2,
which offers a choice of two methods for calculating wind loads
as follows:

+ standard method uses a simplified procedure to obtain an
effective wind speed, which is used with standard pressure
coefficients for orthogonal load cases,

» directional method provides a more precise assessment of
effective wind speeds for particular wind directions, which is
used with directional pressure coefficients for load cases of
any orientation. '

The starting point for both methods is the basic hourly-mean
wind speed at a height of 10 m in standard ‘country’ terrain,
having an annuai risk (probability) of being exceeded of .02
{(i.e. 2 mean recurrence interval of 50 years). A map of basic
wind speeds covering Great Britain and Ireland is provided.
The basic hourly-mean wind speed is corrected according to
the site altitude and, if required, the wind direction, season
and probability to obtain an effective site wind speed. This is
further modified by a site terrain and building height factor
to obtain an effective gust wind speed V, m/s, which is used to
calculate an appropriate dynamic pressure ¢ = 0.613V2 N/m?>.
Topographic effects are incorporated in the altitude factor for

‘the standard method, and in the terrain and building factor for the

directional method. The standard method can be used in hand-
based calculations and gives a generally conservative result
within its range of applicability. The directional method is less
conservative and is not limited to orthogonal design cases. The
loading is assessed in more detail, but with the penalty of
increased complexity and computational effort. For further
details of the directional method, reference shouid be made to
BS 6399: Part 2.

2.5.2 Buildings

The standard method of BS 6399: Part 2 is the source of the
information in Tables 2.7-2.9. The basic wind speed and
the correction factors are given in Table 2.7. The altitude
factor depends on the locafion of the structure in relafion to

. the local topography. In terrain with upwind slopes exceeding

0.05, the effects of topography are taken to be significant for
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certain designated zones of the upwind and downwind slopes.
In this case, further reference should be made to BS 6399:
Part 2. When the orientation of the boilding is known, the wind
speed may be adjusted according to the direction under consid-
eration. Where the building height is greater than the crosswind
breadth for the direction being considered, a reduction in the
lateral load may be obtained by dividing the building into a
number of parts. For buildings in town terrain, the effective
height may be reduced as a result of the shelter afforded by
structures upwind of the site. For details of the adjustments
based on wind direction, division of buildings into parts and the
influence of shelter on effective height, reference should be
made to BS 6399: Part 2.

When the wind acts on a building, the windward faces are
subjected to direct positive pressure, the magnitude of which
cannot exceed the available kinetic energy of the wind. As
the wind is deflected around the sides and over the roof of the
building it is accelerated, lowering the pressure locally on
the building surface, especially just downwind of the eaves,
ridge and corners. These local areas, where the acceleration of
the flow is greatest, can experience very large wind suctions.
The surfaces of enclosed buildings are also subjected to internal
pressures. Values for both external and internal pressures are
obtained by multiplying the dynamic pressure by appropriate
pressure coefficients and size effect factors. The overall force on
a rectangular building is determined from the normal forces on
the windward-facing and leeward-facing susrfaces, the frictional
drag forces on surfaces parallel to the direction of the wind, and
a dynamic angmentation factor that depends on the building
height and type. Sl

Details of the dimensions used to define surface pressures
and forces, and values for dynamic augmentation factors and
frictional drag coefficients are given in Tuble 2.8. Size effect
factors, and external and internal pressure coefficients for the
walls of rectangular buildings, are given in Table 2.9. Further
information, including pressure coefficients for various roof
forms, free-standing walls and cylindrical structures such as
silos, tanks and chimneys, and procedures for more-complex
building shapes, are given in BS 6399: Part 2. For buildings
designed to the Eurocodes, data for wind loading is given in
EC 1: Part 1.2.

2.5.3 Bridges

The approach used for calculating wind loads in BD 37/01 is a
hybrid mix of the methods given in BS 6399: Part 2. The direc-
tional method is used to calculate the effective wind speed, as
this gives a better estimate of wind speeds in towns and for sites
affected by topography. In determining the wind speed, the
probability factor is taken as 1.03, appropriate to a return period

of 120 years. Directional effective wind speeds are derived for .

orthogonal load cases, and used with standard drag coefficients

to obtain wind loads on different clements of the structure, such-
as decks, parapets and piers. For details of the procedures,:

reference must be made to BD 37/01.

2.6 MARITIME STRUCTURES

The forces acting upon sea walls, dolphins, wharves, jettie
piers, docks and similar maritime structures include those du
to winds and waves, blows and pulls from vessels, the load:

Retained and contained materials

from cranes, roads, railways and stored goods imposed on the
deck, and the pressures of earth retained behind the structure.

For wharves or jetties of solid construction, the energy of
unpact due to blows from vessels berthing is absorbed by the
mass of the structure, usually without damage to the structure
or vessel if fendering is provided, With open construction,
consisting of braced piles or piers supporting the deck, in which
the mass of the structure is comparatively small, the forces
resulting from impact must be considered. The forces depend
on the weight and speed of approach of the vessel, on the
amount of fendering and on the flexibility of the structure.
In general, a large vessel will approach at a low speed and a
small vessel at a higher speed. Some typical examples are a
1000 tonne vessel at 0.3 m/s, a 10000 tonne vessel at (.2 m/s
and a 100000 tonne vessel at 0.15 m/s, The kinetic energy of a
vessel displacing F tonnes approaching at a speed V m/s is
equal to 0.514FV? kNm. Hence, the kinetic energy of a
2000 tonne vessel at 0.3 my/s, and a 5000 tonne vesse] at 0.2 m/s,
is about 100 kNm in each case. If the direction of approach
of a vessel is normal to the face of a jetty, the whole of this
energy must be absorbed on impact. More commonly, a vessel
approaches at an angle with the face of the jetty and touches
first at one point, about which the vessel swings. The energy
then to be absorbed is 0.514F[(Vsin®)* — (pw)?], with @ the
angle of approach of the vessel with the face of the jetty, p the
radius of gyration (m) of the vessel about the point of impact
and e the angular velocity {radians/s) of the vessel about the point
of impact. The numerical values of the terms in the expression
are difficult to assess accurately, and can vary considerably
under different conditions of tide and wind and with different
vessels and methods of berthing,

The kinetic energy of approach is absorbed partly by the
resistance of the water, but mainly by the fendering, elastic

. deformation of the structure and the vessel, movement of the

ground and also by energy ‘lost” upon impact. The relative
contributions are difficult to assess but only about half of
the total kinetic energy of the vessel may be imparted to the
structure and the fendering. The force to which the structure is
subjected is calculated by equating the product of the force and
haif the elastic horizontal displacement of the structure to the
kinetic energy imparted. Ordinary timber fenders applied
to reinforced concrete jetties cushion the blow, but may not
substantially reduce the force on the structure. Spring fenders

coor suspended fenders can, however, absorb alarge proportion of
- the kinetic energy. Timber fenders independent of the jetty are
~ - Sometimes provided to protect the structure from impact.

¢ The combined action of wind, waves, currents and tides on &
vessel moored to a jetty is usually transmitted by the vessel
pressing directly against the side of the structure or by pulls
O -inooring ropes secured to bollards. The pulls on bollards
fifle to the foregoing causes or during berthing vary with the
Size of the vessel. For vessels of up to 20000 tonnes loaded
displacement, bollards are required at intervals of 15-30 m with
logd'-capacities, according to the vessel displacement, of 100 kN
Up:to 2000 tonnes, 300 kN up to 10 000 tonnes and 600 kN up
£0:20000 tonnes. '
e effects of wind and waves acting on a marine structure
much.reduced if an open construction is adopted and if
"Vis10n 18 made for the relief of pressures due to water and air
pped below the deck. The force is not, however, related
eetly to the proportion of solid vertical face presented to

ar
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the action of the wind and waves. The pressures imposed are
impossible to assess with accuracy, except for sea walls and
similar structures where the depth of water at the face of the wall
is such that breaking waves do not occur. In this case, the force
is due to simple hydrostatic pressure and can be evaluated for
the highest anticipated wave level, with appropniate allowance
for wind surge. In the Thames estuary, for example, the latter
can raise the high-tide level to 1.5 m above normal.

A wave breaking against a sea wall causes a shock pressure
additional to the hydrostatic pressure, which reaches its peak
vahie at about mean water level and diminishes rapidly below
this level and more slowly above it. The shock pressure can be
as much as 10 times the hydrostatic value and pressures up to
650 kN/m? are possible with waves 4.5-6 m high. The shape of
the face of the wall, the slope of the foreshore, and the depth
of water at the wall affect the maximum pressure and the
distribution of the pressure. For information on the loads to be
considered in the design of all types of maritime structures,
reference should be made to BS 6349: Parts 1 to 7.

2.7 RETAINED AND CONTAINED MATERIALS

The pressures imposed by materials on retaining structures or
containment vessels are uncertain, except when the retained
or contained material is a liquid. In this case, at any depth z
below the free surfacé of the liquid, the intensity of pressure
normal to the contact surface is equal to the vertical pressure,
given by the simple hydrostatic expression o, = v,,z, where v,
is unit weight of liquid (e.g. 9.81 kN/m® for water). For soils
and stored granular materials, the pressures are considerably
influenced by the effective shear strength of the material.

2.7.1 Properties of soils

For simplicity of analysis, it is conventional to express the shear
strength of a soil by the equation

r=c¢" + o, tang’

where ¢'is effective cohesion of soil, ¢’ is effective angle of
shearing resistance of soil, &', is effective normal pressure.

Values of ¢’'and ¢ are not intrinsic soil properties and can
only be assumed constant within the stress range for which they
have been evaluated. For recommended fill materials, it is
generally sufficient to adopt a soil model with ¢’ = 0, Such a
model gives a conservative estimate of the shear strength of the
soil and is analytically simple to apply in design. Data taken
from BS 8002 is given in Table 2.10 for unit weights of soils
and effective angles of shearing resistance.

2.7.2 Lateral soil pressures

The lateral pressure exerted by a soil on a retaining structure
depends on the initial state of stress and the subsequent strain
within the soil. Where there has been no lateral strain, either
because the soil has not been disturbed during construction, or the
soil has been prevented from lateral movement during placement,
an at-rest state of equilibrinm exists. Additiona] lateral strain is
needed to change the initial stress conditions. Depending on the
magnitude of the strain involved, the final state of stress in the soil
mass can be anywhere between the two failure conditions, known
as the active and passive states of plastic equilibrivm.
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The problem of determining lateral pressures at the limiting
equilibrium conditions has been approached in different ways
by different investigators. In Coulomb theory, the force acting
on a retaining wall is determined by considering the limiting
equilibrium of a soil wedge bounded by the rear face of the
wall, the ground surface and a planar failure surface. Shearing
resistance is assumed to have been mobilised both on the back
of the wall and on the failure surface. Rankine theory gives
the complete state of stress in a cohesionless soil mass, which
is assumed to have expanded or compressed to a state of plastic
equilibrium. The stress conditions require that the earth
pressure on a vertical plane should act in a direction parallel to
the ground surface. Caguot and Kerisel produced tables of
earth pressure coefficients derived by a method that directly
integrates the equilibrium equations along combined planar and
logarithmic spiral failore surfaces.

2.7.3 Fill materials

A wide range of fill materials may be used behind retaining
walls. All materials should be properly investigated and classi-
fied. Industrial, chemical and domestic waste; shale, mudstone
and steel slag; peaty or highly organic soil should not be used
as fill. Selected cohesionless granular materials placed in a
controlied manner such as well-graded small rock-fills, gravels
and sands, are particularly suitable. The use of cohesive soils
can result in significant economies by avoiding the need to
import granular materials, but may also involve additional
problems during design and construction. The cohesive soil
should be within a range suitable for adequate compaction.
The placement moisture content should be close to the final
equilibrium value, to avoid either the swelling of clays placed
too dry or the consolidation of clays placed too wet. Such
problems will be minimised if the fill is limited to clays with a
liquid limit not exceeding 45% and a plasticity index not
exceeding 25%. Chalk with a saturation moisture content not
exceeding 20% is acceptable as fill, and may be compacted as
for a well-graded granular material.- Conditioned pulverized
fuel ash (PFA) from a single source may also be used: it should
be supplied at a moisture-content of 80—100% of the optimum
vaine. For further guidance on the suitability of fill materials,
reference should be made io relevant Transport Research
Laboratory publications, DoT Standard BD 30/87 (ref. 7)
and BS 8002.

2.7.4 Pressures imposed by cohesionless soils

Earth pressure distribuiions on unyielding walls, and on rigid
walls free to translate or rotate about the base, are shown in
Table 2.11. For anormally consolidated soil, the pressure on the
wall increases linearly with depth. Compaction results in higher
earth pressures in the upper layers of the soil mass.

Expressions for the pressures imposed in the at-rest; active
and passive states, including the effects of uniform surcharge
and static ground water, are given in sections 9.1.1-9.1.4.
Charts of earth pressure coefficients, based on the work of
Caquot and Kerisel (ref. 8), are given in Tables 2.12-2.14.
These may be used generally for vertical walls with sloping
ground or inclined walls with level ground.
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2.7.5 Cohesive soils

Clays, in the long term, behave as granular soils exhibiting
friction and dilation. If a secant ¢’ value {¢' = 0) is used, the
procedures for cohesionless soils apply. If tangent parameters
(¢', @'} are used, the Rankine—Bell equations apply, as given in
section 9.1.5. In the short term, if a clay soil is subjected to
rapid shearing, a total stress analysis should be undertaken
using the undrained shear strength (see BS 8002).

2.7.6 Further considerations

For considerations such as earth pressures on embedded walls
(with or withont props), the effects of vertical concentrated loads
and line loads, and the effects of groundwater seepage, reference
should be made to specialist books and BS 8002. For the pres-
sures to be considered in the design of integral bridge abutments,
as a tesult of thermal movements of the deck, reference should
be made to the Highways Agency document BA 42/96 (ref. 9).

2.7.7 Silos

Silos, which mmay also be referred to as bunkers or bins, are
deep containers used to-store particulate materials. In a deep
container, the finear increase of pressure with depth, found in
shallow containers, is modified. When a deep container is filled,
a slight settiement of the fill activates the frictional resistance

between the stored material and the wall. This induces vertical -

load in the silo wall but reduces the veéitical pressure in the
material and the lateral pressures on the wall. Janssen devel-
oped a theory by which expressions have been derived for the
pressures on the walls of a silo containing a granular material
having uniform properties. The ratio of horizontal to vertical
pressure in the fill is assumed conpstant, and a Rankine coetfi-
cient is generally used. Ecceniric filling (or discharge) tends to
produce variations in lateral pressure round the silo wall. An

allowance is made by considering additional patch loads taken -

0 act on any part of the wall.

Unloading a silo disturbs the equilibrium of the contamed
mass. If the silo is unloaded from the top, the frictional load on
the wall may be reversed as the mass re-expands, but the lateral

pressures remain similar to those during filling. With a free-
flowing material unloading at the bottom of the silo from the
centre of a hopper, two different flow patterns are possible;
depending on the characteristics of the hopper and the materi
These patterns are termed funnel flow (or core flow) and mass
flow respectively. In the former, a channel of flowing material
develops within a confined zone above the outlet, the materlal
adjacent to the wall near the outlet remaining stationary. The
fiow channel can intersect the vertical walled section of the s1
or extend to the surface of the stored material. In mass 10
which occurs particularly in steep-sided hoppers, all the stor
material is mobilised during discharge. Such flow can devel
at varying levels within the mass of material contained in
tall silo owing to the formation of a ‘self-hopper’, with hi
local pressures arising where parallel flow starts to diverge fro
the walls. Both flow patterns give rise to increases in la
pressure from the stable, filled condition. Mass flow resulis

in a substantial local kick load at the intersection of the: hOPP o

and the vertical walled section.

Eurocode loading standards

When calculating pressures, care should be taken to allow for
the inherent variability of the material properties. In general,
concrete silo design is not sensitive to vertical wall load, so
values of maximum unit weight in conjunction with maximum
or minimurn consistent coefficients of friction should be used.
Data taken from EC 1: Part 4 for the properties of stored
materials, and the pressures on the walls and bottoms of silos,
are given in Tables 2.15 and 2.16.

Fine powders like cement and flour can become fluidised
in silos, either owing to rapid filling or through aeration to
facilitate discharge. In such cases, the design should allow for
both non-fluidised and fluidised conditions.

2.8 EUROCODE LOADING STANDARDS

Eurocode 1; Actions on Structures is one of nine international
unified codes of practice that have been published by the
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European Committee for Standardization (CEN). The code,
which contains comprehensive information on all the actions
(loads) normally necessary for consideration in the design of
building and civil engineering structures, consists of ten parts
as follows:

1991-1-1 Densities, self-weight and imposed loads
1991-1-2 Actions on structures exposed to fire

1991-1-3 Snow loads

1991-1-4 Wind loads

1991-1-5 Thermal actions

1991-1-6 Actions during execution

1991-1-7 Accidental actions due to impact and explosions
1991-2 Traffic loads on bridges

1991-3 Actions induced by cranes and machinery

1991-4 Actions on silos and tanks




The requirements of concrete and its constituent materials,
and of reinforcement, are specified in Regulations, Standards
and Codes of Practice. Only those properties that concern the
designer directly, because they influence the behaviour and
durability of the structure, are dealt with in this chapter.

3.1 CONCRETE

Concrete is a structural material composed of crushed rock,
or gravel, and sand, bound together with a hardened paste of
cement and water. A large range of cements and aggregates,
chemical admixtures and additions, can be used to produce
a range of concretes having the required properties in both
the fresh and hardened states, for many different structural
applications. The following information is taken mainly from
ref. 10, where a fuller treatment of the subject will be found.

3.1.1 Cements and combinations

Portland cements are made from limestone and clay, or other
chemically similar suitable raw materials, which are burned
together in a rotary kiln to form a clinker rich in calcium
silicates. This clinker is ground to a fine powder with a small
proportion of gypsum (calcium sulphate), which regulates the
rate of setting when the cement is mixed with water. Over
the years several types of Portland cement have been developed.

As well as cement for general use (which used to be known
as ordinary Portland cement), cements for rapid hardening,
for protection against attack by freezing and thawing, or by
chemicals, and white cement for architectural finishes are also
made. The cements contain the same active compounds, but in
different proportions. By incorporating other materials during
manufacture, an even wider range of cements is made, inclading
air-entraining cement and combinations of Portland cement
with mineral additions. Materials, other than those in Portland
cements, are used in cements for special purposes: for example,
calciom aluminate cement is used for refractory concrete.

The setting and hardening process that occurs when cement
is mixed with water, results from a chemical reaction known as
hydration. The process produces heat and is irreversible. Setting
is the gradual stiffening whereby the cement paste changes
from a workable to a hardened state. Subsequently, the strength
of the hardened mass increases, rapidly at first but slowing
gradually. This gain of strengih continues as long as moisture is
present to maintain the chemical reaction.

Chapter 3
Material properties

Portland cements can be either inter-ground or blended
with mineral materials at the cement factory, or combined with
additions in the concrete mixer. The most frequently used of
these additional materials in the United Kingdom, and the
relevant British Standards, ate pulverized-fuel ash (pfa) to
BS 3892, fly ash to BS EN 450, ground granulated blastfurnace
slag (ggbs) to BS 6699 and limestone fines to BS 7979, Other
additions include condensed silica fume and metakaolin, These
are intended for specialised uses of concrete beyond the scope
of this book.

The inclusion of pfa, fly ash and ggbs has been particularly
useful in massive concrete sections, where they have been used
primarily to reduce the temperature rise of the concrete, with
corresponding reductions in temnperature differentials and peak
temperatures. The risk of early thermal contraction cracking is
thereby also reduced. The use of these additional materials
is also one of the options available for minimising the risk of

damage due to alkali-silica reaction, which can occur with

some aggregates, and for increasing the resistance of concrete
to sulfate attack. Most additions react slowly at carly stages
under normal temperatures, and at low temperature the reac-
tion, particularly in the case of ggbs, can become considerably
retarded and make little contribution to the early strength of

concrete. However, provided the concrete is not allowed to dry
out, the use of such additions can increase the long-term :

strength and impermeability of the concrete.

When the terms ‘water-cement ratio’ and ‘cement content”
are used in British Standards, these are understood to include

combinations. The word ‘binder’, which is sometimes used, 18
interchangeable with the word ‘cement’ or ‘combination’.

The two methods of incorporating mineral additions make
little or no difference to the properties of the concrete, but the
recently introduced notation system includes a unique code tha{
identifies both composition and production method. The type:
of cement and combinations in most common usage are showD
with their notation in Table 2.17.

Portland cement. The most commonly used cement W
known formerly as OPC in British Standards. By grinding ¢
cement clinker more finely, cement with a more rapid earl
strength development is produced, known formerly as RHP
Both types are now designated as:

 Portland cement CEM [, conforming to BS EN 197-1

Concrete

Cements are now classified in terms of both their standard
strength, derived from their performance at 28 days, and at an
early age, normally two days, using a specific laboratory test
based on a standard mortar prism. This is termed the strength
class: for example CEM 1 42,5N, where 42,5 (N/mm?) is the
standard strength and N indicates a normal early strength.

The most common standard strength classes for cements are
42,5 and 52,5. These can take either N (normal) or R (rapid)
identifiers, depending on the early strength characteristics of
the product. CEM I in bags is generally a 42,5N cement,
whereas CEM 1 for bulk supply tends to be 42,5R or 52,5 N.
Cement corresponding to the former RHPC is now produced
in the United Kingdom within the 32,5 strength class. These
cements are often wsed to advantage by precast concrete
manufacturers to achieve a more rapid turn round of moulds,

- and on site when it is required to reduce the time for which the

formwork must remain in position. The cements, which gener-
ates more early heat than CEM I 42,5N, can also be useful in
cold weather conditions.

It is worth noting that the specified setting times of cement
pastes relate to the performance of a cement paste of standard
consistence in a particular test made under closely controlled
conditions of temperature and humidity; the stiffening and
setting of concrete on site are not directly related to these
standard setting regimes, and are more dependent on factors
such as workability, cement content, use of admixtures, the
temperature of the concrete and the ambient conditions.

Sulfate-resisting Portland cement SRPC. This is a2 Portland
cement with a low tricalcinm aluominate (C;A) content, for
which the British Standard is BS 4027. When concrete made
with CEM | cement is exposed to the sulfate solutions that are
found in some soils and groundwaters, a reaction can occur
between the sulfate and the hydrates from the C;A in the
cement, causing deterioration of the concrete. By limiting
the C;A content in SRPC, cement with a superior resistance
to sulfate attack is obtained. SRPC normally has a low-alkali
content, but otherwise 1t is similar to other Portland cements in
being non-resistant to strong acids. The strength properties of
SRPC are similar to those of CEM 1 42,5N but slightly less
early heat is normally produced. This can be an advantage in
massive concrete and in thick sections. SRPC is not normally
used in combination with pfa or ggbs.

Blastfurnace slag cements. These are cements incorporating

-ggbs which is a by-product of iron smelting, obtained by

venching selected molten slag to form granules. The slag can
€ lgtglf-ground or blended with Portland cement clinker at
Ttain cement works to produce:

D_'i'tla.nd—slag cement CEM 1I/A-S, with a slag content of
- 35_% conformimg to BS EN 197-1, or more commonly

stfurnace cement CEM ITI/A, with a slag content of
65% conforming to BS EN 197-1.

atively, the granules may be ground down separately to a
: ‘Powder with a fineness similar to that of cement, and then
bined in the concrete mixer with CEM I cement to produce
tfumace cement. Typical mixer combinations of 40-50%
th CEM I cement have a notation CITIA and, at this level
tion, 28-day strengths are similar to those obtained with
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As ggbs has little hydraulic activity of its own, it is referred
to as ‘a latent hydraulic binder’. Cements incorporating ggbs
generate less heat and gain strength more slowly, with lower
early age strengths than those obtained with CEM I cement.
The aforementioned blastfurnace cements can be used instead
of CEM I cement but, because the early strength development
is slower, particularly in cold weather, it may not be suitable
where early removal of formwork is required. They are a
moderately, low-heat cement and can, therefore, be used to
advantage to reduce early heat of hydration in thick sections.
When the proportion of ggbs is 66-80%, CEM HI/A and CIIIA
become CEM /B and CIIIB respectively. These were known
formerly as high-slag blastfurnace cements, and are specified
because of their lower heat characteristics, or to impart resis-
tance to sulfate attack.

Because the reaction between ggbs and lime released by the
Portland cement is dependent on the availability of moisture,
extra care has to be taken in curing concrete containing these
cements or combinations, to prevent premature drying out and
to permit the development of strength.

Pulverized-fuel ash and fly ash cements. The ash resulting
from the burning of pulverized coal in power station furnaces is
known in the concrete sector as pfa or fly ash. The ash, which
is fine enough to be carried away in the flue gases, is removed
from the gases by clectrostatic precipitators to prevent atmos-
pheric pollution. The resulting material is a fine powder of
glassy spheres that can have pozzolanic properties: that is,
when mixed into concrete, it can react chemically with the
lime that is released during the hydration of Portland cement.
The products of this reaction are cementitious, and in certain
circumstances pfa or fly ash can be used as a replacement for
part of the Portland cement provided in the concrete.

The required properties of ash to be used as a cementitious
component in concrete are specified in BS EN 450, with
additional UK provisions for pfa made in BS 3892: Part 1. Fly
ash, in the context of BS EN 450 means ‘coal fly ash’ rather
than ash produced from other combustible materials, and fly ash
conforming to BS EN 450 can be coarser than that conforming
to BS 3892: Part 1.

Substitution of these types of cement for Portland cemuent is
not a straightforward replacement of like for like, and the
following points have to be borne in mind when considering
the use of pfa concrete: :

¢ Pfa reacts more slowly than Portland cement. At early age
and particularly at low temperatures, pfa contributes less
strength: in order to achieve the same 28-day compressive
strength, the amount of cementitious material may need to be
increased, typically by about 10%. The potential strength
after three months is hikely to be greater than CEM I provided
the concrete is kept in a moist environment, for example, in
underwater structures or concrete in the ground.

s The water demand of pfa for equal consistence may be
less than that of Portland cement.

e The density of pfa is aboui three-quarters that of Portland
cement.

» The reactivity of pfa and its effect on water demand, and hence

strength, depend on the particular pfa and Portland cement
with which it is used. A change in the source of either material
may result in a change in the replacement level required.
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« When pfa is to be air-entrained, the admixture dosage rate
may have to be increased, or a different formulation that
produces a more stable air bubble structure used.

Portland-fly ash cement comprises, in effect, a mixture of
CEM I and pfa. When the ash is inter-ground or blended with
Portland cement clinker at an addition rate of 20-35%, the
manufactured cement is known as Portland-fly ash cement
CEM II/B-V conforming to BS EN 197-1. When this combina-
tion is produced in a concrete mixer, it has the notation CIIB-V
conforming to BS 8500: Part 2.

Typical ash proportions are 25-30%, and these cements can
be used in conerete for most purposes. They are likely to have
a slower rate of strength development compared with CEM L.
When the cement coniains 25-40% ash, it may be used to
impart resistance to sulfate attack and can also be beneficial in
reducing the harmful effects of alkali-silica reaction. Where
higher replacement levels of ash are used for improved low-heat
characteristics, the resulting product is pozzolanic (pfa) cement
with the notation, if manufactured, CEM IV/B-V conforming to
BS EN 197-1 or, if combined in the concrete mixer, CIVB-V
conforming to BS 8500: Part 2.

Because the pozzolanic reaction between pfa or fly ash and
free lime is dependent on the availability of moisture, extra care
has to be taken in curing concrete containing mineral additions,
to prevent premature drying out and to permit the development
of strength.

Portland-limestone cement. Portland cement incorporating
6-35% of carefully selected fine limestone powder is known
as Portland-limestone cement conforming to BS EN 197-1.
When a 42,5N product is manufactured, the typical limestone
proportion is 10-20%, and the notation is CEM II/A-L or CEM
II/A-LL. It is most popular in continental Europe but its usage
is growing in the United Kingdom. Decorative precast and
reconstituted stone concretes benefit from its lighter colouring,
and it is also used for general-purpose concrete in non-aggressive
and moderately aggressive environments.

3.1.2 Aggregates

The term ‘aggregate’ is used to describe the gravels, crushed
rocks and sands that are mixed with cement and water to pro-
duce concrete. As aggregates form the bulk of the volume of
concrete and can significantly affect its performance, the selec-
tion of suitable material is extremely important. Fine aggregates
include natoral sand, crushed rock or crushed gravel that is fine
enough to pass through a sieve with 4 mm apertures (formerly
5 mm, as specified in BS 882). Coarse aggregates comprise
larger particles of gravel, crushed gravel or crushed rock. Most
concrete is produced from natural aggregates that are specified
to conform to the requirements of BS EN 12620, together with
the UK Guidance Document PD 6682-1. Manufactured light-
weight aggregates are also sometimes used,

Aggregates shonld be hard apd should not contain materials
that are likely to decompose, or undergo volumetric changes,
when exposed to the weather. Some examples of undesirable
materials are lignite, coal, pyrite and lumps of clay. Coal and
lignite may swell and decompose, leaving small holes on the
surface of the concrete; lumps of clay may soften and form
weak pockets; and pyrite may decompose, causing iron oxide
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stains to appear on the concrete surface. When exposed to
oxygen, pyrite has been known to contribute to sulfate attack.
High-strength concretes may call for special properties.
The mechanical properties of aggregates for heavy-duty

- concrete floors and for pavement wearing surfaces may have to

be specially selected. Most producers of aggregate are able
to provide information about these properties, and reference,
when necessary, should be made to BS EN 12620.

There are no simple tests for aggregate durability or their
resistance to freeze/thaw exposure conditions, and assessment
of particular aggregates is best based on experience of the
properties of concrete made with the type of aggregate, and
knowledge of its source. Some flint gravels with a white porous
cortex may be frost-susceptible because of the high water
absorption of the cortex, resulting in pop-outs on the surface of
the concrete when subjected to freeze/thaw cycles.

Aggregates must be clean and free from organic impurities.
The particles should be free from coatings of dust or clay, as
these prevent proper bonding of the material. An excessive
amount of fine dust or stone ‘flour’ can prevent the particles of
stone from being properly coated with cement, and lower the
strength of the concrete. Gravels and sands are usually washed
by the suppliers to refmove excess fines (e.g. clay and silty and
other impurities, which otherwise could result in a poor-quality
concrete. However, too much washing can also remove all
fine material passing the 0.25 mm sieve. This may result in a
concrete mix lacking in cohesion and, in particular, one that is
unsuitable for placing by pump. Sands deficient in fines also
tend to increase the bleeding characteristics of the concrete,
leading to poor vertical finishes due to water scour.

Where the colour of a concrete surface finish is important,
supplies of aggregate should be obtained from the one source
throughout the job whenever practicable. This is particutarly
important for the sand — and for the coarse aggregate when an
exposed-aggregate finish is required. “

Size and grading. The maximum size of coarse aggregate

to be used is dependent on the type of work to be done. Foi -
reinforced concrete, it should be such that the concrete can be
placed without difficulty, surrounding all the reinforcement
thoroughly, and filling the corners of the formwork. In the.. .
United Kingdom, it is usual for the coarse aggregate to havé..

a maximum size of 20 mm. Smaller aggregate, usually with
maximum size of 10 mm, may be needed for concrete that is to.
be placed through congested reinforcement, and in thin sections
with small covers. In this case the cement content may have
to be increased by 10-20% to achieve the same strength an
workability as that obtained with a 20 mm maximum-sized
aggregate, because both sand and water contents usually ha
to be increased to produce a cohesive mix. Larger aggregat
with a maximum size of 40 mm, can be used for foundati
and mass concrete, where there are no restrictions to the flo
of the concrete. It should be noted, however, that this $0
concrete is not always available from ready-mixed concre
producers. The use of a larger aggregate results in a sligh
reduced water demand, and hence a slightly reduced ceme
content for a given strength and workability. o
The proportions of the different sizes of particles maki
up the aggregate, which are found by sieving, are know
the aggregate ‘grading’. The grading is given in terms of
percentage by mass passing the various sieves. Continuo
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graded aggregates for concrete contain particles ranging in size
from the largest to the smallest; in gap-graded aggregates
some of the intermediate sizes are absent. Gap grading may be
necessary to achieve certain surface finishes. Sieves used for
making a sieve analysis should conform to BS EN 933-2,
Recommended sieve sizes typically range from 80 to 2 mm for
coarse aggregates and from 8§ to (.25 mm for fine aggregates,
Tests should be carried out in accordance with the procedure
given in BS EN 933-1.

An aggregate containing a high proportion of large particles
is referred to as being ‘coarsely’ graded, and one containing a
high proportion of small particles as ‘finely’ graded, Qverall
grading limits for coarse, fine and ‘all-in’ aggregates are
contained in BS EN 12620 and PD 6682-1. All-in aggregates,
comprising both coarse and fine materials, should not be used
for structural reinforced concrete work, because the grading
will vary considerably from time to time, and hence from bhatch
to batch, thus resulting in excessive variation in the consistence
and the strength of the concrete. To ensure that the proper
amount of sand is present, the separate delivery, storage and
batching of coarse and fine materials is essential. Graded coarse
aggregates that have been produced by layer loading (i.e. filling
a lorry with, say, two grabs of material size 10-20 mm and
one grab of material size 4-10 mm) are seldom satisfactory
because the nnmixed materials will not be uniformly graded.
The producer should ensure that such aggregates are effectively
mixed before loading into lorries.

For a high degree of control over concrete production, and
particularly if high-quality surface finishes are required, it is
necessary for the coarse aggregate to be delivered, stored and
batched using separate single sizes.

The overall grading limits for coarse and fine aggregates, as
recommended in BS EN 12620, are given in Table 2.17. The
limits vary according to the aggregate size indicated as d/D, in
millimetres, where d is the lower limiting sieve size and D is
the upper limiting sieve size, for example, 4/20. Additionally, the
coarseness/fineness of the fine aggregate is assessed against
the percentage passing the 0.5 mm sieve to give a CP, MP,

- FP grading. This compares with the C (coarse), M (mediurn),

F (fine) grading used formerly in BS 882. Good concrete can
be made using sand within the overall limits but there may be
occasions, such as where a high degree of control is required,
or a high-quality suiface finish is to be achieved, when it is
necessary to specify the grading to even closer limits. On the

-‘other hand, sand whose grading falls outside the overall limits

may stil] produce perfectly satisfactory concrete. Maintaining a

Teasonably uniform grading is generally more important than

t_hﬁ grading limits themselves.

gglfme'dredged.aggregates. Large quantities of aggregates,

tained by dredging marine deposits, have been widely and
L f'c_wt_O_rily used for making concrete for many years. If
Sent in-sufficient quantities, hollow and/or flat shells can
©/properties of both fresh and hardened concrete, and
egories for shell content are given in BS EN 12620. In
5 CQI.JCE the corrosion risk of embedded metal, limits
“hloride content of concrete are given in BS EN 206-1
: 590-. To conform to these limits, it is necessary for
dredged aggregates to be carefully and efficiently
ﬂ_';fresh Wwater that is frequently changed, in order to
the'salt content, Chioride contents should be checked
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frequently throughout aggregate production in accordance with
the method given in BS EN 1744-1.

Some sea-dredged sands tend to have a preponderance of
one size of particle, and a deficiency in the amount passing the
(.25 mm sieve. This can lead to mixes prone to bleeding, unless
mix proportions are adjusted to overcome the problem.
Increasing the cement content by 5-10% can often offset the
lack of fine particles in the sand. Beach sands are generally
unsuitable for good-quality concrete, since they are likely to
have high concentrations of chloride due to the accumulation of
salt crystals above the high-tide mark. They are also often
single-sized, which can make the mix design difficult.

Lightweight aggregates. In addition to natural gravels and
crushed rocks, a number of manufactured aggregates are also
available for use in concrete. Aggregates such as sintered pfa
are required to conform to BS EN 13055-1 and PD 6682-4.

Lightweight aggregate has been used in concrete for many
years — the Romans used pumice in some of their construction
wotk. Small quantities of pumice are imported and still used in
the United Kingdom, mainly in lightweight concrete blocks,
but most lightweight aggregate concrete uses manufactured
aggregate,

All lightweight materials are relatively weak because of their
higher porosity, which gives them reduced weight. The resulting
limitation on aggregate strength is not normally a problem,
since the concrete strength that can be obtained still exceeds
most structural requirements. Lightweight aggregates are used
to reduce the weight of structural elements, and to give
improved thermal insulation and fire resistance.

3.1.3 Water

The water used for mixing concrete should be free from
impurities that could adversely affect the process of hydration
and, consequently, the properties of concrete. For example,
some organic matter can cause retardation, whilst chlorides
may not only accelerate the stiffening process, but also cause
embedded steel such as reinforcement to corrode. Other
chemicals, like sulfate solutions and acids, can have harmful
long-term effects by dissolving the cement paste in concrete.
It is important, therefore, to be sure of the quality of water. If it
comes from an unknown source such as a pond or borehole,
it needs to be tested. BS EN 1008 specifies requirements for
the quality of the water, and gives procedures for checking its
suitability for use in concrete,

Drinking water is suitable, of course, and it is usual simply
to obtain a supply from the local water utility. Some recycled
water is being increasingly used in the interests of reducing the
environmental impact of concrete production. Seawater has
also been used successfully in mass concrete with no embedded

‘steel. Recycled water systems are usually found at large-scale

permanent mixing plants, such as precast concrete factories and
ready-mixed concrete depots, where water that has been used
for cleaning the plant and washing out mixers can be collected,
filtered and stored for re-use. Some systems are able to reclaim
up to a half of the mixing water in this way. Large volume
settlement tanks are normally required. The tanks do not need
to be particularly deep but should have a large surface area and,
ideally, the water should be made to pass through a series of
such tanks, becoming progressively cleaner at each stage.
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3.1.4 Admixtures

An admixture is a material, usually a liquid, which is added to
a batch of concrete during mixing to modify the properties of
the fresh or the hardened concrete in some way. Most admix-
tures benefit concrete by reducing the amount of free water
needed for a given level of consistence, often in addition to
some other specific improvement. Permeability is thereby
reduced and durability increased. There are occasions when the
use of an admixture is not only desirable, but also essential.
Because admixtures are added to concrete mixes in small
quantities, they should be used only when a high degree of
control can be exercised. Incorrect dosage of an admixture can
adversely affect strength and other properties of the concrete.
Requirements for the following main types of admixture are
specified in BS EN 934-2.

Normal water-reducing admixtures. Commonly known
as plasticisers or workability aids, these act by reducing the
inter-particle attraction within the cement, to produce a more
uniform dispersion of the cement grains. The cement paste is
better ‘lubricated’, and hence the amount of water needed to
obtain a given consistency can be feduced. The use of these
admixtures can be beneficial in one of three ways:

¢ When added to a normal concrete at normat dosage, they
produce an increase in slump of about 50 mm. This can be
useful in high-strength concrete, rich in cement, which would
otherwise be too stiff to place. :

» The water content can be reduced while maintaining the same
cement content and consistence class: the reduction in water/
cement ratio (about 10%) results in increased strength and
improved durability. This can also be useful for reducing
bleeding in concrete prone to this problem; and for increasing
the cohesion and thereby reducing segregation in concrete of
high consistence, or in harsh mixes that sometimes arise with
angular aggregates, or low sand contents, or when the sand is
deficient in fines.

e The cement content can be reduced while maintaining the
same strength and consistence class. The water/cement ratio
is kept constant, and the water and cement contents are
reduced accordingly. This approach should never be used if,
thereby, the cement content would be reduced below the
minimum specified amount.

Too big a dosage may result in retardation and/or a degree of
agir-entrainment, without necessarily increasing workability,
and therefore may be of no benefit in the fresh concrete.

Accelerating water-reducing admixtures. Accelerators
act by increasing the initial rate of chemical reaction between
the cement and the water so that the concrete stiffens, hardens
and develops strength more quickly. They have a negligible
effect on consistence, and the 28-day strengths are seldom
affected. Accelerating admixtures have been used mainly
during cold weather, when the slowing down of the chemical
reaction between cement and water at low temperature could
be offset by the increased speed of reaction resulting from
the accelerator. The most widely used accelerator used to be
calcium chloride but, because the presence of chlorides, even in
small amounts, increases the risk of corrosion, modern standards
prohibit the use of admixtures containing chlorides in all concrete
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containing embedded metal. Accelerators are sometimes
marketed under other names such as hardeners or anti-freezers,
but no accelerator is a true anti-freeze, and the use of an
accelerator does not avoid the need to protect the concrete in
cold weather by keeping it warm (with insulation) after it
has been placed.

Retarding water-reducing admixtures. These slow down
the initial reaction between cement and water by reducing
the rate of water penetration to the cement. By slowing down the
growth of the hydration products, the concrete stays workable
longer than it otherwise would. The length of time during which
concrete remains workable depends on its temperature, consis-
tence class, and water/cement ratio, and on the amount of retarder
used. Although the occasions justifying the use of retarders in the
United Kingdom are limited, these admixtures can be helpful
when one or more of the following conditions apply.

o In warm weather, when the ambient temperature is higher
than about 20°C, to prevent early stiffening (‘going-off”) and
loss of workability, which would otherwise make the placing
and finishing of the concrete difficult.

« When a large concrete pour, which will take several hours to
complete, must be constructed so that concrete already placed
does not harden before the subsequent concrete can be
merged with it (i.e. without a cold joint).

» When the complexity of a slip-forming operation requires a
slow rate of rise.

« When there is a delay of more than 30 minutes between
mixing and placing — for example, when ready-mixed concrete
is being used over long-haul distances, or there are risks of
traffic delays. This can be seriously aggravated during hot
weather, especially if the cement content is high. ‘

The retardation can be varied, by altering the dosage: a delay
of 4-6 hours is usual, but longer delays can be obtained for
special purposes. While the reduction in early strength of

concrete may affect formwork-striking times, the 7-day and-
28-day strengths are not likely to be significantly affected.
Retarded concrete needs careful proportioning to minimise

bleeding due to the longer period during which the concrete
remains fresh. :

Air-entraining admixtures. These may be organic resin;
or synthetic surfactants that entrain a controlled amount of ait
in concrete in the form of small air bubbles. The bubbles nee:
to be about 50 microns in diameter and well dispersed. T,
main teason for using an air-entraining admixture is that.
presence of tiny bubbles in the hardened concrete increases
resistance to the action of freezing and thawing, especiall?
when this is aggravated by the application of de-icing salt
and fluids. Saturated concrete — as most external paving;:Will
be — can be seriously affected by the freezing of water
the capillary voids, which will expand and try to burst it. ]
concrete is air-entrained, the air bubbles, which intersect:
capillaries, stay unfilled with water even when the concre €
saturated. Thus, the bubbles act as pressure relief valves
cushion the expansive effect by providing voids into whic
water can expand as it freezes, without disrupting the conct
When the ice melts, surface tension effects draw the water

out of the bubbles. o
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Air-entrained concrete should be specified and used for all
forms of external paving, from major roads and airfield
runways down to garage drives and footpaths, which are likely
to be subjected to severe freezing and to de-icing salts. The salts
may be applied directly, or come from the spray of passing
traffic, or by dripping from the underside of vehicles.

Air-entrainment also affects the properties of the fresh
concrete. The minute air bubbles act like ball bearings and have
a plasticising effect, resulting in a higher consistence. Concrete
that is lacking in cohesion, or harsh, or which tends to bleed
excessively, is greatly improved by air-entrainment. The risk
of plastic settlement and plastic-shrinkage cracking is also
reduced. There is also evidence that colour uniformity is
improved and surface blemishes reduced. One factor that has to
be taken into account when using air-entrainment is that the
strength of the concrete is reduced, by aboui 5% for every 1% of
air entrained. However, the plasticising effect of the admixture
means that the water content of the concrete can be reduced,
which will offset most of the strength loss that would otherwise
occur, but even so some increase in the cement content is likely
to be required.

High-range water-reducing admixtures. Commonly
known as superplasticizers, these have a considerable plasticizing
effect on concrete. They are used for one of two reasons:

s To greatly increase the consistence of a concrete mix, so that
a ‘flowing’ concrete is produced that is easy both to place
and to compact: some such concretes are completely self-
compacting and free from segregation.

* To produce high-strength concrete by reducing the water
content to a much greater extent than can be achieved by
using a normal plasticizer (water-reducing admixture).

A flowing concrete is usually obtained by first producing a
concrete whose slump is in the range 50-90 mm, and then
adding the superplasticizer, which increases the slump to over
200 mm. This high consistence lasts for only a limited period
of time: stiffening and hardening of the concrete then proceed
normally. Because of this time limitation, when ready-mixed
concrete is being used, it is usual for the superplasticizer to be
'gld_ded'to the concrete on site rather than at the batching or
mixing plant. Flowing concrete can be more susceptible to
Segregation and bleeding, so it is essential for the mix design
_Eﬂd proportions to allow for the use of a superplasticizer. As a
_g_:enlf‘ral:guide, a conventionally designed mix needs to be
modified, by increasing the sand content by about 5%. A high
fiegree of control over the batching of all the constituents is
con?t.lai,. especially the water, because if the consistence of the
ton Iﬂ_tp 18 not correct at the time of adding the superplasticizer,
fxcessive flow and segregation will occur.
use of flowing concrete is likely to be limited to work
the.advantages, in ease and speed of placing, offset the
ased',EO{S.t of the concrete — considerably more than with
cutliaﬂlgxtures. Typical examples are where reinforcement is
2 congested, making both placing and vibration
d:'where large areas, such as slabs, would benefit
Ing easily placed concrete. The fluidity of flowing
Crea§es the pressures on formwork, which should be
esist full hydrostatic pressure.
used to produce high-strength concrete, reductions in
entof as much as 30% can be obtained by using
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superplasticizers, compared to 10% with normal plasticizers: as
aresult, 1-day and 28-day strengths can be increased by as much
as 50%. Such high-strength water-reduced concrete is used both
for high-performance in sifu concrete construction, and for the
manufacture of precast units, where the increased early strength
allows earlier demoulding,

3.1.5 Properties of fresh and hardening concrete

Workability. It is vital that the workability of concrete is
matched to the requirements of the construction process. The
ease or difficulty of placing concrete in sections of various
sizes and shapes, the type of compaction equipment needed,
the complexity of the reinforcement, the size and skills of the
workforce are amongst the items to be considered. In general,
the more difficult it is to work the concrete, the higher should
be the level of workability. But the concrete must also have
sufficient cohesiveness in order to resist segregation and
bleeding. Concrete needs to be particularly cohesive if it is to
be pumped, or allowed to fail from a considerable height.

The workability of fresh concrete is increasingly referred to
in British and European standards as consistence. The shump
test is the best-known method for testing consistence, and the
sluomp classes given in BS EN 206-1 are: §1 (1040 mm),
$2 (50-90 mm), $3 (100-150 mm), $4 (160-210 mm). Three
other test methods recognised in BS EN 206-1, all with their
own unique consistency classes, are namely; Vebe time,
degree of compactability and flow diameter.

Plastic eracking. There are two basic types of plastic cracks:
plastic settlement cracks, which can develop in deep sections
and, often follow the pattern of the reinforcement; and plastic
shrinkage cracks, which are most likely to develop in slabs.
Both types form while the concrete is still in its plastic state,
before it has set or hardened and, depending on the weather
conditions, within about one to six hours after the concrete has
been placed and compacted. They are often not noticed until the
following day. Both types of crack are related to the extent to
which the fresh concrete bleeds.

Fresh concrete is a suspension of solids in water and, after it
has been compacted, there is a tendency for the solids (both
aggregates and cement) to settle. The sedimentation process
displaces water, which is pushed upwards and, if excessive,
appears as a layer on the surface. This bleed water may not
always be seen, since it can evaporate on hot or windy days
faster than it rises to the surface. Bleeding can generally be
reduced, by increasing the cohesiveness of the concrete. This is
usually achieved by one or more of the following means:
increasing the cement content, increasing the sand content,
using a finer sand, using less water, air-entrainment, using a
rounded natural sand rather than an angular crushed one. The
rate of bleeding will be influenced by the drying conditions,
especiaily wind, and bleeding will take place for longer on cold
days. Similarly, concrete containing a retarder tends to bleed for
a longer period of time, due to the slower stiffening rate of
the concrete, and the use of retarders will, in general, increase
the risk of plastic cracking.

Plastic settlement cracks, caused by differential settlement,
are directly related to the amount of bleeding, They tend to
oceur in deep sections, particularly deep beams, but they may
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also develop in columns and walls. This is because the deeper
the section, the greater the sedimentation or settlement that
can occur. However, cracks will form only where something
prevents the concrete ‘solids’ from settling freely. The most
common cause of this is the reinforcement fixed at the top of
deep sections; the concrete will be seen to ‘hang-up” over the
bars and the pattern of cracks will direcily reflect the layout of
the reinforcement below. Plastic settlement cracks can also
occur in trough and waffle slabs, or at any section where there
is a significant change in the depth of concrete. If alterations
to the concrete, for example, the use of an air-entraining or
water-reducing admixture, cannot be made due to contractual
or economic reasons; the most effective way of eliminating
plastic settlement cracking is to re-vibrate the concrete after
the cracks have formed, Such re-vibration is acceptable when
the concrete is still plastic enough to be capable of being
‘flutdized’ by a poker, but not so stiff that a hole is left when the
poker is withdrawn. The prevailing weather conditions will
determine the timing of the operation.

Plastic shrinkage cracks occur in horizontal slabs, such as
floors and pavements. They usually take the form of one or
more diagonal cracks at 0.5-2 m centres that do not extend
to the slab edges, or they form a very large pattern of map
cracking. Such cracks are most common in concrete placed on
hot or windy days, because they are caused by the rate of
evaporation of moisture from the surface exceeding the rate
of bleeding. Clearly, plastic shrinkage cracks can be reduced,
by preventing the loss of moisture from the concrete surface in
the critical first few hours. While sprayed-on resin-based curing
compounds are very efficient at curing concrete that has already
hardened, they cannot be used on fresh concrete until the free
bieed water has evaporated. This is too late to prevent plastic
shrinkage cracking, and so the only alternative is to protect the
concrete for the fixrst few hours with polythene sheeting. This
needs to be supported clear of the concrete by means of blocks
or timbes, but with all the edges held down to prevent a wind-
tunmel effect. It has been found that plastic shrinkage cracking
is virtnally non-existent when air-entrainment is used.

The main danger from plastic cracking is the possibility of
moisture ingress leading to corrosion of any reinforcement, If
the affected surface is to be covered subsequently, by either
more concrete or a screed, no treatment is usually necessary.
In other cases, often the best repair is to brush dry cement
{(dampened down later) or wet grout into the cracks the day after
they form, and while they are still clean; this encourages natural
or autogenous healing.

Early thermal cracking. The reaction of cement with water,
or hydration, is a chemical reaction that produces heat. If this
heat development exceeds the rate of heat loss, the concrete
temperature will rise. Subsequently the concrete will cool and
contract. Typical temperature histories of different concrete
sections are shown in the figure on Tuble 2.18.

If the contraction of the concrete were unrestrained, there
would be no cracking at this stage. However, in practice there
is nearly always some form of restraint inducing tension, and
hence a risk of cracks forming. The restraint can occur due to
both external and internal infleences. Concrete is externally
restrained when, for example, it is cast onto a previously cast
base, such as a wall kicker, or between two already hardened
sections, such as in infill bay in a wall or slab, without the
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Typical values of the temperature rise in walls and slabs for
Portland cement concretes, as well as comparative values for
concrete using other cements are given in Table 2.18, Further
data on predicted temperature rises is given in ref. 11.

provision of a contraction joint. Internal restraint occurs, for
example, because the surfaces of an element will cool faster
than the core, producing a temperature differential. When this
differential is large, such as in thick sections, surface cracks
may form at an early stage. Subsequently, as the core of the
section cools, these surface cracks will tend to close in the
absence of any external restraints. Otherwise, the cracks will
penetrate into the core, and link up to form continuous cracks
through the whole section.

The main factors affecting the temperature rise in concrete
are the dimensions of the section, the cement content and
type, the initial temperature of the concrete and the ambient
temperature, the type of formwork and the use of admixtures.
Thicker sections retain more heat, giving rise to higher peak
temperatures, and cool down more slowly. Within the core
of very thick sections, adiabatic conditions obtain and, above
a thickness of about 1.5 m, there is little further increase
in the temperature of the concrete. The heat generated is
directly related to the cement content. For Portland cement
concretes, in sections of thickness 1 m and more, the temper-
ature rise in the core is likely to be about 14°C for every
100 kg/m® of cement. Thinner sections will exhibit lower
temperature rises.

Different cement types generate heat at different rates. The
peak temperature and the total amount of heat produced by
hydration depend upon both the fineness and the chemistry of
the cement. As a guide, the cements whose strength develops
most rapidly tend to produce the most heat. Sulfate-resisting
cement generally gives off less heat than CEM 1, and cements
that are inter-ground or combined with mineral additions, such
as pfa or ggbs, are often chosen for massive construction
because of their low heat of hydration.

A higher initial temperature results in a greater temperature
rise; for example, concrete in a 500 mm thick section placed
at 10°C could have a temperature rise of 30°C, but the same
concrete placed at 20°C may have a temperature rise of 40°C.
Steel and GRP formwork will altow the heat generated to be
dissipated more quickly than will timber formwork, resulting -
in lower temperature rises, especially in thinmer sections
Timber formwork and/or additional insulation will reduce the:
temperature differential between the core and the surface of
the section, but this differential could increase significant]
when the formwork is struck. Retarding water-reducers wil
delay the onset of hydration, but do not reduce the total hea
generated. Accelerating water-reducers will increase the rate @
heat evolution and the temperature rise. :

The problem of early thermal cracking is usnally confined to
slabs and walls. Walls are particularly susceptible, because
they are often lightly reinforced in the horizontal direction
and the timber formwork tends to act as a thermal insulator,
encouraging a larger temperature rise. The problem could:be
reduced, by lowering the cement content and using cemeﬂf
with a lower heat of hydration, or one containing ggbs or pfa:
However, there are practical and economic limits to. these
measures, often dictated by the specification requirements:for
the strength and durability of the concrete itself. In practi
cracking due to external restraint is generally dealt with
providing crack control reinforcement and contraction:jo
With very thick sections, and very little external restrai
the temperature differential can be controlled by insulatin;
concrete surfaces for a few days, cracking can be avoide

3.1.6 Properties of hardened concrete

Compressive strength. The strength of concrete is specified
as a strength class or grade, namely the 28-day characteristic
compressive strength of specimens made from fresh concrete
under standardised conditions. The results of strength tests are
used routinely for contro] of production and contractual confor-
mity purposes. The characteristic strength is defined as that level
of strength below which 5% of all valid test results is expected
to fall. Test cubes, either 100 mm or 150 mm, are the specimens
normally used in the United Kingdom and most other European
countries, but cylinders are used elsewhere. Because their
basic shapes (ratio of height to cross-sectional dimension) are
different, the strength test results are also different, cylinders
being weaker than cubes. For normal-weight aggregates, the
concrete cylinder strength is about 80% of the corresponding
cube strength. For lightweight aggregates, cylinder strengths are
about 90% of the corresponding cube strengths.

In British Codes of Practice like BS 8110, strength grades
used to be specified in terms of cube strength (e.g. C30), as
shown in Table 3.9, Nowadays, strength classes are specified in
terms of both cylinder strength and equivalent cube strength
(e.g. C25/30), as shown in Tables 3.5 and 4.2.

~ In principle, compressive strengths can be determined from
cores cut from the hardened concrete. Core tests are normally
made only when there is some doubt about the quality of
concrete placed (e.g. if the cube results are unsatisfactory), or
to assist in determining the strength and quality of an existing
structure for which records are not available. Great care is
necessary in the interpretation of the results of core tests, and
samples drilied from #n sifu concrete are expected to be lower
in strength than cubes made, cured and tested under standard

laboratory conditions. The standard reference for core testing
is BS EN 12504-1.

Tensile strength. The direct tensile strength of concrete, as
a proportion of the cube strength, varies from about one-tenth
for low-strength concretes to one-twentieth for high-strength
..Concretes, The proportion is affected by the aggregate used, and
s :__‘th:e compressive strength is therefore only a very general guide
S tO the tensile strength. For specific design purposes, in regard to
Crgcking and shear strength, analytical relationships between
F}le tensile strength and the specified cylinder/cube strength are
provided in codes of practice.
\"The__indirect tensile strength (or cylinder splitting strength) is
specified nowadays. Flexural testing of specimens may
used on some airfield runway contracts, where the method
e81gn is based on the modulus of rupture, and for some
¥t concrete products such as flags and kerbs.

\C properties. The initial behaviour of concrete under
e load is almost elastic, but under sustained loading the
Increases with time. Stress—strain tests cannot be carried
tantancously, and there is always a degree of non-linearity
sidual strain upon unloading. For practical purpese, the
eformation is considered to be elastic (recoverable
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upon unfoading), and the subsequent increase in strain under
sustained stress is defined as creep. The elastic modulus on
loading defined in this way is a secant modulus related to a
specific stress level. The value of the modulus of elasticity of
concrete is influenced mainly by the aggregate used. With a
particular aggregate, the value increases with the strength of the
concrete and the age at loading. In special circumstances, For
example, where deflection calculations are of great importance,
load tests should be carried out on concrete made with the
aggregate to be used in the actual structure. For most design
purposes, specific values of the mean elastic modulus at
28 days, and of Poisson’s ratio, are given in Table 3.5 for
BS 8110 and Table 4.2 for EC 2.

Creep, The increase in strain beyond the inttial elastic value
that occurs in concrete under a sustained constant stress, after
taking into account other time-dependent deformations not
associated with stress, is defined as creep. If the stress is
removed after some time, the strain decreases immediately by
an amount that is less than the original elastic value because
of the increase in the modulus of elasticity with age. This is
followed by a further gradual decrease in strain. The creep
recovery is always less than the preceding creep, so that there
is always a residuval deformation,

The creep source in normal-weight concrete is the hardened
cement paste. The aggregate restrains the creep in the paste, so
that the stiffer the aggregate and the higher its volumetric
proportion, the lower is the creep of the concrete. Creep is
also affected by the water/cement ratio, as is the porosity and
strength of the concrete. For constant cement paste content,
creep is reduced by a decrease in the water/cement ratio,

The most important external factor influencing creep is the
relative humidity of the air surrounding the concrete. For a
specimen that is cured at a relative humidity of 100%, then
loaded and exposed to different environments, the lower the
relative humidity, the higher is the creep. The values are much
reduced in the case of specimens that have been allowed to
dry prior to the application of load. The influence of relative
humidity on creep is dependent on the size of the member,
When drying occurs at constant relative humidity, the larger
the specimen, the smaller is the creep. This size effect is
expressed in terms of the volume/surface area ratio of the
member. If no drying occuss, as in mass concrete, the creep is
independent of size.

Creep is inversely proportional to concrete strength at the age
of loading over a wide range of concrete mixes. Thus, for a
given type of cement, the creep decreases as the age and
consequently the strength of the concrete at application of the
load increases. The type of cement, temperature and curing
conditions all influence the development of strength with age.

The influence of temperature on creep is important in the use
of concrete for nuclear pressure vessels, and containers for
storing liquefied gases, The time at which the temperature of
concrete rises relative to the time at which load is applied
affects the creep—temperature relation. If saturated concrete is
heated and loaded at the same time, the creep is greater than
when the concrete is heated during the curing period prior to the
application of load. At low temperatures, creep behaviour is
affected by the formation of ice. As the temperature falls, creep
decreases until the formation of ice causes an increase in creep,
but below the ice point creep again decreases.




22

Creep is normally assumed to be directly proportional to
applied stress within the service range, and the term specific
creep is used for creep per unit of stress. At stresses above
about one-third of the cube strength (45% cylinder strength),
the formation of micro-cracks causes the creep—stress relation
to become non-linear, creep increasing at an increasing rate,

The effect of creep is unfavourable in some circumstances
{e.g. increased deflection) and favourable in others (e.g. relief
of stress duoe to restraint of imposed deformations, such as
differential settlement, seasonal temperature change).

For normal exposure conditions (inside and outside), creep
coefficients according to ambient relative humidity, effective
section thickness (notional size) and age of loading, are given
in Table 3.5 for BS 8110 and Table 4.3 for EC 2.

Shrinkage, Withdrawal of water from hardened concrete
kept in unsaturated air causes drying shrinkage. If concrete
that has been left to dry in air of a given relative humidity is
subsequently placed in water (or a higher relative humidity),
it will swell due to absorption of water by the cement paste.
However, not all of the initial drying shrinkage is recovered
even after prolonged storage in water. For the usual range
of concretes, the reversible moisture movement represents
about 40%—70% of the drying shrinkage. A pattern of alternate
wetting and drying will occur in normal cutdoor conditions.
The magnitude of the cyclic movement clearly depends upon
the duration of the wetting and drying periods, but drying is
much slower than wetting. The consequence of prolonged dry
weather can be reversed by a short period of rain. More stable
conditions exist indoors (dry) and in the ground or in contact
with water (e.g. reservoirs and tanks).

Shrinkage of hardened concrete under drying conditions is
influenced by several factors in a similar manner to creep. The
intrinsic shrinkage of the cement paste increases with the
water/cement ratio so that, for a given aggregate proportion,
concrete shrinkage 1s also a function of water/cement ratio.

The relative humidity of the air surrounding the member
greatly affects the magnitude of concrete shrinkage according
to the volume/surface area ratio of the member. The lower
shrinkage value of large members is due to the fact that drying
is restricted to the outer parts of the concrete, the shrinkage of
which is restrained by the non-shrinking core. Clearly, shrink-
able aggregates present special problems and can greatly
increase concrete shrinkage (ref. 12).

For normal exposure conditions (inside and outside), values
of drying shrinkage, according to ambient relative humidity and
effective section thickness (notional size), are given in Table 3.5
for BS 8110 and Table 4.2 for EC 2.

Thermal properties. The coefficient of thermal expansion
of concrete depends on both the composition of the concrete
and its moisture condition at the time of the temperature
change. The thermal coefficient of the cement paste is higher
than that of the aggregate, which exerts a restraining influence
on the movement of the cement paste. The coefficient of thermal
expansion of a normally cured paste varies from the lowest
values, when the paste is either totally dry or saturated, to a
maximum at 2 relative humidity of about 70%. Values for the
aggregate are refated to their mineralogical composition.

A value for the coefficient of thermal expansion of concrete
is needed in the design of structures such as chimueys, tanks
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containing hot liquids, bridges and other elevated structures
exposed to significant solar effects; and for large expanses of
concrete where provision must be made to accommodate the
effects of temperature change in controlled cracking, or by
providing movement joints. For normal design purposes, values
of the coefficient of thermal expansion of concrete, according
to the type of aggregate, are given in Table 3.5 for BS 8110 and
Table 4.2 for EC 2.

Short-term stress—strain curves. For normal low to medinm
strength unconfined concrete, the stress—strain relationship in
compression is approximately linear up to about one-third of
the cube strength (40% of cylinder strength). With increasing
stress, the strain increases at an increasing rate, and a peak
stress (cylinder strength) is reached at a strain of about (0.002,
With increasing strain, the stress reduces until failure occurs at
a strain of about 0.0035. For higher strength concretes, the peak
stress occurs at strains > 0.002 and the failure occurs at
strains << 0.0035, the fatlure being progressively more brittle as
the concrete strength increases.

For design purposes, the short-term stress—strain curve is
generally idealised to a form in which the initial portion is
parabolic or linear, and the remainder is at a uniform stress. A
further simplification in the form of an equivalent rectangular
stress block may be made subsequently. Typical stress—strain
curves and those recommended for design purposes are given
in Table 3.6 for BS 8110, and Table 4.4 for EC 2.

3.1.7 Duxability of concrete

Concrete has to be durable in natural environments ranging
from mild to extremely aggressive, and resistant to factors such
as weathering, freezefthaw attack, chemical attack and abrasion.
In addition, for concrete containing reinforcement, the surface
concrete must provide adequate protection against the ingress
of moisture and air, which would eventuafly cause corrosion of
the embedded steel.

Strength alone is not necessarily a reliable guide to concrete
durability; many other factors have to be taken into account,
the most important being the degree of impermeability. This is
dependent mainly on the constituents of the concrete, in partic-
ular the free water/cement ratio, and in the provision of fuill
compaction to eliminate air voids, and effective curing.to
ensure continuing hydration. :

Concrete has a tendency to be permeable as a resuit Of
the capillary voids in the cement paste matrix. In order for ,t_he

concrete to be sufficiently workable, it is common to use. far -
more water than is actually necessary for the hydration of the -
cement. When the concrete dries out, the space previously -

occupied by the excess water forms capiflary voids. Provided
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neutralising the free lime. If this reaction, which is called
carbonation, reaches the reinforcement, then corrosion will
oceur in moist environments. Carbonation is a slow process
that progresses from the surface, and is dependent on the
permeability of the concrete and the humidity of the environ-
ment. Provided the depth of cover, and quality of concrete,
recommended for the anticipated exposure conditions are
achieved, corrosion due to carbonation should not occur during
the intended lifetime of the structure.

Freeze/thaw attack. The resistance of concrete to freezing
and thawing depends on its impermeability, and the degree
of saturation on being exposed to frost; the higher the degree of
saturation, the more liable the concrete is to damage. The use
of salt for de-icing roads and pavements greatly increases the
risk of freeze/thaw damage.

The benefits of air-entrained concrete have been referred to
in section 3.1.4, where it was recommended that all exposed
horizontal paved areas, from roads and runways to footpaths
and garage drives, and marine structures, should be made of
air-entrained concrete. Similarly, parts of structures adjacent to
highways and in car parks, which could be splashed or come
into contact with salt solutions used for de-icing, should also
use air-entrained concrete. Alternatively, the cube strength of
the concrete should be 50 N/mm® or more. Whilst C40/30
concrete is suitable for many situations, it does not have the
same freeze/thaw resistance as air-entrained concrete.

Chemical attack. Portland cement concrete is liable to
attack by acids and acid fumes, including the organic acids
often produced when foodstuffs are being processed. Vinegar,
fruit juices, silage effluent, sour milk and sugar solutions can all
attack concrete. Concrete made with Portland cement is not
recommended for use in acidic conditions where the pH value
is 5.5 or less, without careful consideration of the exposure
condition and the intended construction. Alkalis have little effect
on concrete.

For concrete that is exposed to made-up ground, including
contaminated and industrial material, specialist advice should
be sought in determining the design chemical class so that a
suitable concrete can be specified. The most common form
of chemical attack that concretes have to resist is the effect of
solutions of sulfates present in some soils and groundwaters.

. Inall cases of chemical attack, concrete resistance is related to

. free water/cement ratio, cement content, type of cement and the
. degree of compaction, Well-compacted concrete will always be
- more resistant to sulfate attack than one less well compacted,
~ regardless of cement type. Recommendations for concrete
~ eXposed to sulfate-containing groundwater, and for chemically

Ntaminated brownfield sites, are incorporated in BS 8500-1.

the concrete has been fully compacted and properly cured; the -
voids are extremely small, the number and the size of th 'v01ds :

decreasing as the free water/cement ratio is reduced. The.]
open the structure of the cement paste, the easier it is fo
moistoere and harmful chemicals to penetrate.

Carbonation. Steel reinforcement that is embedded in'g
concrete with an adequate depth of cover is protect
against corrosion by the highly alkaline pore water:in
hardened cement paste. Loss of alkalinity of the concrete
be caused by the carbon dioxide in the air reacting wit]:j

Alkali-silica reaction. ASR is a reaction that can occur in
foncrete between certain siliceous constituents present in the
2ggregate and the alkalis — sodium and potasstum hydroxide —
€ released during cement hydration. A gelatinous product
Omled,‘ which imbibes pore fluid and in so doing expands,
an internal stress within the concrete. The reaction
ause damage to the concrete only when the following
Ilditions occur simultaneously:

“active forin of silica is present in the aggregate in critical
Uantities,
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» The pore solution contains ions of sodium, potassium and
hydroxyl, and is of a sufficiently high alkalinity.
s A continuing supply of water is available,

If any one of these factors is absent, then damage from ASR
will not occur and no precautions are necessary. It is possible
for the reaction to take place in the concrete without inducing
expansion. Damage may not occur, even when the reaction
product is present throughout the concrete, as the gel may fill
cracks induced by some other mechanism. Recommendations
are available for minimising the risk of damage from ASR in
new concrete censtruction, based on ensuring that at least one
of the three aforementioned conditions is absent.

Exposure classes, For design and specification purposes, the
environment to which concrete will be exposed during its
intended life is classified into various levels of severity. For
each category, minimum requirements regarding the quality
of the concrete, and the cover to the reinforcement, are given
in Codes of Practice. In British Codes, for many years, the
exposure conditions were mild, moderate, severe, very severe
and most severe (or, in BS 5400, extreme) with abrasive as a
further category. Details of the classification system that was
used in BS 8110 and BS 5400 are given in Table 3.9,

In BS EN 206-1, BS 8500-1 and EC 2, the conditions
are classified in terms of exposure to particular actions, with
various levels of severity in each category. The following
categories are considered:

No risk of corrosion or attack

. Corrosion induced by carbonation

Corrosion induced by chlorides other than from seawater
Corrosion induced by chlorides from seawater

. Freeze/thaw attack

Cherical attack

e e

If the concrete is exposed to more than one of these actions, the
environmental conditions are expressed as a combination of
exposure classes, Details of each class in categories 1-5, with
descriptions and informative examples applicable in the United
Kingdom, are given in Tables 3.7 and 4. 5. For concrete exposed
to chemical attack the exposure classes given in BS EN 206-1
cover only natural ground with static water, which represents a
limited proportion of the aggressive ground conditions found in
the United Kingdom. In the complementary British Standard
BS 8500-1, more comprehensive recommendations are provided,
based on the approach used in ref. 13.

On this basis, an ACEC (aggressive chemical environment
for concrete) class is determined, according to the chemicals in
the ground, the type of soil and the mobility and acidity of the
groundwater. The chemicals in the ground are expressed as a
design sulfate class (DS), in which the measured sulfate content
is increased to take account of materials that may oxidise into
sulfate, for example, pyrite, and other aggressive species such
as hydrochloric or nitric acid. Magnesium ion content is also
included in this classification. Soil is classified as naturai or,
for sites that may contain chemical residues from previous
industrial use or imported wastes, as brownfield. Water in the
ground is classified as either statlc or mobile, and according to
its pH value.
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Based on the ACEC classification, and according to the size
of the section and the selected structural performance level, the
required concrete quality expressed as a design chemical
class (DC), and any necessary additional protective measures
(APMSs) can be determined. The structural performance level is
classified as low, normal or high, in relation to the intended
service life, the vulnerability of the structural details and the
security of structures retaining hazardous materials.

Concrete guality and cover to reinforcement. Concrete
durability is dependent mainly on its constitnents, particularly
the free water/cement ratio. The ratio ¢an be reduced, and the
durability of the concrete enhanced, by increasing the cement
content and/or using admixtures to reduce the amount of free
water needed for a particular level of consistence, subject to
specified minimum reguirements being met for the cement
content. By limiting the maximum free water/cement ratio and
the minimum cement content, a minimum strength class can be
obtained for particular cements and combinations.

‘Where concrete containing reinforcement is exposed to air
and moisture, or is subject to contact with chlorides from any
source, the protection of the steel against corrosion depends on
the concrete cover. The required thickness is related to the
exposure class, the concrete quality and the intended working
life of the structure. Recommended values for an intended
working life of at least 50 years, are given in Tables 3.8 and 4.6
(BS 8500), and 3.9 (prior to BS 8500).

Codes of Practice also specify values for the covers needed
to ensure the safe transmission of bond forces, and provide an
adequate fire-resistance for the reinforced concrete member. In
addition, allowance may need to be made for abrasion, or for
surface treatments such as bush hammering. In BS §110, values
used to be given for a nominal cover to be provided to all rein-
forcement, including links, on the basis that the actual cover
should not be less than the nominal cover minus 5 mm, In BS
8500, values are given for a minimum cover to which an
allowance for tolerance (normally 10 mm) is then added.

Concrete specification. Details of how to specify con-
crete, and what to specify, are given in BS 8500-1. Three
types — designed, prescribed and standardised prescribed
concretes — are recognised by BS EN 206-1, but BS 8500
adds two more - designated and proprietary concretes.
Designed concretes are ones where the concrete producer is
responsible for selecting the mix proportions, to provide the
performance defined by the specifier. Conformity of designed
concretes is usually judged by strength testing of 100 mm or
150 mm cubes, which in BS 8500 is the responsibility of
the concrete producer. Prescribed concretes are ones where the
specification states the mix proportions, in order to satisfy
particular performance requirements, in terms of the mass of
each constituent, Such concretes are seldom necessary, but
might be used where particular properties or special surface
finishes are required. Standardised prescribed concretes that are
intended for site production, using basic equipment and control,
are given in BS 8500-2. Whilst conformity dees not depend on
strength testing, assumed characteristic strengths are given for
the purposes of design. Designated concretes are a wide-ranging
group of concretes that provide for most types of concrete
construction. The producer must operate a recognized accredited,
third party certification system, and is responsible for ensuring
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that the concrete conforms to the specification given in
BS 8500-2. Proprietary concretes are intended to provide for
instances when a concrete producer would give assurance of the
performance of concrete without being required to declare its
composition.

For conditions where corrosion induced by chlorides does
not apply, structural concretes should generally be specified
as either designated concretes or designed concretes. Where
exposure to corrosion due to chlorides is applicable, only the
designed concrete method of specifying is appropriate. An
exception to this situation is where an exposed aggregate, or
tooled finish that removes the concrete surface, is required. In
these cases, in order to get an acceptable finish, a special mix
design is needed. Initial testing, including trial panels, should
be undertaken and from the results of these tests, a prescribed
concrete can be specified. For housing applications, both a
designated concrete and a standardised prescribed concrete can
be specified as acceptable alternatives. This would allow a
concrete producer with accredited certification to quote for
supplying a designated concrete, and the site contractor, or a
concrete producer without accredited certification, to quote for
supplying a standardised prescribed concrete.

3.2 REINFORCEMENT

Reinforcement for concrete generally consists of deformed
steel bars, or welded steel mesh fabric. Normal reinforcement
relies entirely upon the alkaline environment provided by a
durable concrete cover for its protection against corrosion. In
special circumstances, galvanised, epoxy-coated or stainless
steel can be used. Fibre-reinforced polymer materials have
also been developed. So far, in the United Kingdom, these
materials have been used mainiy for external strengthening and
damage repair applications.

3.2.1 Bar reinforcement

In the United Kingdom, reinforcing bars are generally specified,
ordered and delivered to the reguirements of BS 4449, This
caters for steel bars with a yield strength of 50¢ MPa in three
ductility classes: grades B500A, B500B and B500C. Bars are
round in cross section, having two or more rows of uniformly
spaced transverse ribs, with or without longitudinal ribs. The
pattern of transverse ribs varies with the prade, and can be
used as a means of identification. Information with regard
to the basic properties of reinforcing bars to BS 4449, whlch
is in general conformity with BS EN 10080, is glven in
Table 2.19.
All reinforcing bars are produced by a hot-rolling process, mn
which a cast steel billet is reheated to 1100-1200°C, al
then rolled in a mill to reduce its cross section and 1mpa_1‘t__
rib pattern. There are two common methods for ac
the required mechanical properties in hot-rolled bars
heat treatment and micro-aloying. In the former metho
is sometires referred to as the quench-and-self-tempe
process, high-pressure water sprays quench the bar surf
exits the rolling mill, producing a bar with a hard
outer layer, and a softer more ductile core. Most reinf
bars in the United Kingdom are of this type, and achieve cl2
or class C ductility. In the micro-alloying methods’ Stfe-.
is achieved by adding small amounts of alloying ele
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during the steel-making process. Micro-alloy steels normally
achieve class C ductility. Another method that can be used
to produce high-yield bars involves a cold-twisting process, to
form bars that are identified by spiralling longitudinal ribs. This
process has been obsolete in the United Kingdom for some
time, but round ribbed, twisted bars can be found in some
existing structures.

In addition to bars being produced in cut siraight lengths,
billets are also rolled inte coil for diameters up to 16 mm. In
this form, the product is ideal for automated processes such
as link bending. QST, micro-alloying and cold deformation
processes are all used for high-yield coil. Cold deformation is
applied by continuous stretching, which is less detrimental to
ductility than the cold-twisting process mentioned previously.
Coil products have to be de-coiled before use, and automatic
link bending machines incorporate straightening rolls. Larger
de-coiling machines are also used to produce straight lengths,

3.2.2 Fabric reinforcement

Steel fabric reinforcement is an arrangement of longitudinal bars
and cross bars welded together at their intersections in a shear
resistant manner. In the United Kingdom, fabric is produced
under a closely conirolled factory-based manufactaring process
to the requirements of BS 4483, In fabric for structural purposes,
ribbed bars complying with BS 4449 are used, For wrapping
fabric, as described later, wire complying with BS 4482 may be
used. Wire can be produced from hot-rolled rod, by either
drawing the rod through a die to produce plain wire, or cold
rolling the rod to form indented or ribbed wires. In BS 4482,
provision is made for plain round wire with a yield strength of
250 MPa, and plain, indented or ribbed wires with a yield
strength of 500 MPa.

In BS 4483, provision is made for fabric reinforcement to
be either of a standard type, or purpose made to the client’s
requirements. The standard fabric types have regular mesh
arrangements and bar sizes, and are defined by identifiable
reference numbers. Type A is a square mesh with identical long
bars and cross bars, commonly used in ground slabs. Type B is
a‘rectangular (structural) mesh that is particularly suitable for
use in thin one-way spanning slabs. Type C is a rectangular
(lorig) mesh that can be used in pavements, and in two-way
Sp?_nnmg slabs by providing separate sheets in each direction,
TYPe'D is a rectangular (wrapping) mesh that is used in the
concrete encasement of structural steel sections. The stock size
:tandard fabric sheets is 4.8 m X 2.4 m, and merchant
size sheets are also available in a 3.6 m X 2,0 m size. Full
of the preferred range of standard fabric types are given
il able 2.20.
pose-made fabrics, specified by the customer, can have
Hbination of wire size and spacing in either direction. In
manufacturers may sub-divide purpose-made fabrics
O categories: special (also called scheduled) and bespoke
Caﬂed detailed). Special fabrics consist of the standard
& combmauons but with non-standard overhangs and
mensions up to 12 m X 3.3 m. Sheets with so-called
ds‘are used to facilitate the lapping of adjacent sheets.
Poke fabrics involve a more complex arrangement in

ire size, spacing and length can be varied within the
S€ products are made to order for each contract as a
nt for conventional loose bar assemblies, The use of
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bespoke fabrics is appropriate on contracts with a large amount
of repeatability, and generally manufacturers would require a
minimum tonnage order for commercial viability.

3.2.3 Stress—-strain curves

For hot-rolled reinforcement, the stress—strain relationship in
tension is linear up to yield, when there is a pronounced increase
of strain at constant stress (yield strength). Further small
increases of stress, resulting in work hardening, are accompanied
by considerable elongation. A maximum stress (tensile strength)
is reached, beyond which further elongation is accompanied by
a stress reduction io failure. Micro-alloy bars are characterised
by high ductility (high level of uniform elongation and high ratio
of tensile strength/vield strength). For QST bars, the stress—strain
curve is of similar shape but with slightly fess ductility.

Cold-processed reinforcing steels show continuous yielding
behaviour with no defined yield point. The work-hardening
capacity is lower than for the hot-rolled reinforcement, with
the uniform elongation level being particularly reduced. The
characteristic strength is defined as the 0.2% proof stress
(i.e. a stress which, on unloading, would result in a residual
strain of 0.2%), and the initial part of the stress—strain curve is
linear to beyond 80% of this value.

For design purposes, the yield or 0.2% proof condition is
normally critical and the stress—sirain curves are idealised to a
bi-linear, or sometimes tri-linear, form. Typical stress—strain
curves and those recommended for design purposes are given
in Table 3.6 for BS 8110, and Table 4.4 for EC 2.

3.2.4 Bar sizes and bends

The nominal size of a bar is the diameter of a circle with an area
equal to the effective cross-sectional area of the bar. The range
of nominal sizes (millimetres) is from 6 to 50, with preferred
sizes of 8, 10, 12, 16, 20, 25, 32 and 40. Values of the total
cross-sectional area provided in a concrete section, according to
the number or spacing of the bars, for different bar sizes, are
given in Table 2.20.

Bends in bars should be formed around standard mandrels on
bar-bending machines. In BS 8666, the minimum radius of
bend 7 is standardised as 2d for d < 16, and 3.5d for d = 20,
where d is the bar size. Values of r for each different bar size,
and values of the minimum end projection P needed to form
the bend, are given in Table 2.19. In some cases {e.g. where
bars are highly stressed), the bars need to be bent to a radius
larger than the minimum vaiue in order to satisfy the design
requirements, and the required radius R is then specified on the
bar-bending schedule.

Reinforcement should not be bent or straightened on site in
a way that could damage or fracture the bars. All bars should
preferably be bent at ambient temperature, but when the steel
temperature is below 3°C special precautions may be needed,
such as reducing the speed of bending or, with the engineer’s
approval, increasing the radius of bending, Alternatively, the
bars may be warmed to a temperature not exceeding 100°C.

3.2.5 Bar shapes and bending dimensions

Bars are produced in stock lengths of 12 m, and lengths up
to 18 m can be supplied to special order. In most structures,
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bars are required in shorter lengths and often need to be bent.
The cutting and bending of reinforcement is generally specified
to the requirements of BS 8666. This contains recommended
bar shapes, designated by shape code numbers, which are
shown in Tables 2.21 and 2.22. The information needed to cut
and bend the bars to the required dimensions is entered into a
bar schedule, an example of which is shown in Table 2.23. Each
schedule is related to a member on a particular drawing by
means of the bar schedule reference number.

In cases where a bar is detailed to fit between two concrete
faces, with no more than the nominal cover on each face (e.g. links
in beams), an allowance for deviations is required. This is to
cater for variation due to the effect of inevitable errors in the
dimensions of the formwork, and the cufting, bending and
fixing of the bars. Details of the deductions to be made to allow
for these deviations, and calculations to determine the bending
dimensions in a typical example are given in section 10.3.5,
with the completed bar schedule in Table 2,23,

3.2.6 Stainless steel reinforcement

The type of reinforcement to be used in a structure is usually
selected on the basis of initial costs. This normally results in
the use of carbon steel reinforcement, which is around 15%
of the cost of stainless steel. For some structures, however, the
selective use of stainless steel reinforcement — on exposed
surfaces, for example — can be justified. In Highways Agency
document BA 84/02, it is recommended that stainless steel
reinforcement should be used in splash zones, abutments,
parapet edges and soffits, and where the chances of chloride
attack are greatest. It is generally considered that, where the
concrete is saturated and oxygen movement limited, stainless
steel is not required. Adherence to these guidelines can mean
that the use of stainiess steel reinforcement only marginally
increases construction costs, while significantly reducing the
whole-life costs of the structure and increasing its usable life.

Stainless sieels are produced by adding elements to iron to
achieve the required compositional balance. The additional
elements, besides chromium, can include nickel, manganese,
molybdenum and titaninm, with the level of carbon being
controlled during processing. These alloying elements affect
the steel’s microstructure, as well as its mechanical properties
and corrosion resistance. Four ranges of stainless steel are
produced, two of which are recommended for reinforcement to
concrete because of their high resistance to corrosion.
Austenitic stainless steels, for which chromium and nickel are
the main alloying elements, have good general properties
including corrosion resistance and are normally suitable for
most applicaiions. Duplex stainless steels, which have high
chromium and low nickel contents, provide greater corrosion
resistance for the most demanding environments.

In the United Kingdom, austenitic stainless steel reinforcement
has been produced to the requirements of BS 6744, which is
broadly aligned to conventional reinforcement practice. Thus,
plain and ribbed bars are available in the same characteristic
strengths and range of preferred sizes as nermal carbon steel
reinforcement. Traditionally, stainless steel reinforcement has
only been stocked in maximum lengths of 6 m, for all sizes.
Bars are currently available in lengths up to 12 m for sizes up
to 16 mm. For larger sizes, bars can be supplied to order in
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lengths up to 8 m. Comprehensive data and recommendations
on the use of stainless steel reinforcement are given in ref. 14.

3.2.7 Prefabricated reinforcement systems

In order to speed construction by reducing the time needed o
fix reinforcement, it is important to be able to pre-assemble
much of the reinforcement. This can be achieved on site, given
adequate space and a ready supply of skilled personnel. In
many cases, with careful planning and collaboration at an early
stage, the use of reinforcement assemblies prefabricated by the
supplier can provide considerable benefits.

A common application is the use of fabric reinforcement as
described in sections 3.2.3 and 10.3.2. The preferred range of
designated fabrics can be routinely used in slabs and walls. In
cases involving large areas with long spans and considerable
repetition, made-to-order fabrics can be specially designed to
suit specific projects. Provision for small holes and openings
can be made, by cutting the fabric on site after placing the
sheets, and adding loose trimming bars as necessary. While
sheets of fabric can be readily handled normally, they are
awkward to lift over column starter bars. In such cases, it is
generally advisable to provide the reinforcement local to the
column as loose bars fixed in the conventional manner.

A more recent development is the use of slab reinforcement
rolls that can be unrolled directly into place on site. Hach made-
to-order roll consists of reinforcement of the required size and
spacing in one direction, welded to thin metal bands and rolled
around hoops that are later discarded. Rolls.can be produced up
to a maximum bar length of 15 m and a weight of 5 tonnes. The
width of the sheet when fully rolled out could be more than
50 m, depending upon the bar size and spacing. The full range
of preferred bar sizes can be used, and the bar spacing and
length can be varied within the same roll. For each area of slab
and for each surface to be reinforced, two rolls are required.
These are delivered to site, craned into position and unrolled on
continuous bar supports. Each roll provides the bars in one -
direction, with those in the lower layer resting on conventional
spacers or chairs. i

The need to provide punching shear reinforcement in solid
flat slabs in the vicinity of the columns has resulted in several
proprietary reinforcement systems. Vettical reinforcement is
required in potential shear failure zones around the columns;
until a position is reached at which the slab can withstand the’
shear stresses without reinforcement. Conventional links-are:
difficult and time-consuming to set out and fix. Single-legged
links are provided with a book at the top and a 90° bend at the
bottom. Each link has to be hooked over a top bar in the sl2
and the 90° bend pushed under a bottom bar and tied in plac

Shear ladders can be used, in which a row of single-legged
links are connected by three straight anchor bars welded:
form a robust single unit. The ladders provide the requilfe'd_.-shf’f
reinforcement and act as chairs to support the top bars. Th i
spacing and height of the links can be varied to suit the:de
requirements. Shear hoops consist of U-shaped links welde
upper and lower hoops to form a three-dimensional U
using hoops of increasing size, shear reinforcement ¢
provided on successive perimeters. e

Shear band strips, with a castellated profile, are mads
25 mm wide high-tensile steel strip in a variety of gauge
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cater for different shear capacities. The strip has perforated
holes along the length to help with anchorage and fixing. The
peaks and troughs of the profile are spaced to coincide with
the spacing of the main reinforcement. Stud rails consist of a
row of steel studs welded to a flat steel strip or a pair of rods.
The studs are fabricated from plain or deformed reinforcing
bars, with an enlarged head welded to one or both ends. The
size, spacing and height of the studs can be varied to suit the
shear requirements and the slab depth.

The use of reinforcement continuity strips is a simple and
effective means of providing reinforcement continuity across
construction joints. A typical application occurs at a junction
between a wall and a slab that is to be cast at a later stage.
The strips comprise a set of special pre-bent bars housed in a
galvanised indented steel casing that is fabricated off-site in
a factory-controlled environment. On site, the entire unit is cast
into the front face of the wall. After the formwork is struck, the
lid of the casing is removed to reveal the legs of the bars
contained within the casing. The legs are then straightened
outwards by the contractor, ready for lapping with the main
reinforcement in the slab. The casing remains embedded in the
wall, creating a rebate into which the slab concrete flows and
eliminating the need for traditional joint preparation.

3.2.8 Fixing of reinforcement

Reinforcing bars need to be tied together, to prevent their being
displaced and provide a rigid system. Bar assemblies and fabric
reinforcement need to be supported by spacers and chairs, to
ensure that the required cover is achieved and kept during
the subsequent placing and compaction of concrete. Spacers
should be fixed to the links, bars or fabric wires that are nearest
to the concrete surface to which the cover is specified.
Recommendations for the specification and use of spacers and
chairs, and the tying of reinforcement, are given in BS 7973
Parts | and 2. These include details of the number and position
of spacers, and the frequency of tying.

3.3 FIRE-RESISTANCE

; Building structures need to conform, in the event of fire, to
performance requirements stated in the Building Regulations.
i For stability, the clements of the structure need to provide
< & specified ‘minimum period of fire-resistance in relation to a

. Standard test. The required fire period depends on the purpose
. Broup of the building and the height or, for basements, depth of
: the building relative to the ground, as given in Table 3.12.

B_Uilding insurers may require longer fire periods for storage

fac.ﬂltiES, where the value of the contents and the costs of

Ieinstatement of the structure are particularly important.
_{PSZSHO, design for fire-resistance is considered at two
ve's:Part 1 contains simple recommendations suitable for

Purposes. Part 2 contains a more detailed treatment with
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a choice of three methods: involving tabulated data, furnace
tests or fire engineering calculations. The tabulated data is in
the form of minimum specified values of member size and
concrete cover. The cover is given to the main reinforcement
and, in the case of beams and ribs, can vary in relation to the
actual width of the section. The recommendations in Part 1 are
based on the same data but the presentation is different in
two respects: values are given for the nominal cover to all rein-
forcement (this includes an allowance for links in the case of
beams and columns), and the values do not vary in relation to
the width of the section. The required nominal covers to all
reinforcement and minimum dimensions for various members
are given in Tables 3.10 and 3.11 respectively.

In the event of a fire in a building, the vulnerable elements
are the floor construction above the fire, and any supporting
columns or walls. The fire-resistance of the floor members
{beams, ribs and slabs) depends upon the protection provided
to the bottom reinforcement. The steel begins to lose strength
at a temperature of 300°C, losses of 50% and 75% occurring
at temperatures of about 560°C and 700°C respectively. The
concrete cover needs to be sofficient to delay the time taken
to reach a temperature likely to result in structural failore. A
distinction is made between simply supported spans, where
a 50% loss of strength in the bottom reinforcement could be
critical, and continuous spans, where a greater loss is allowed
because the top reinforcement will retain its full capacity.

If the cover becomes excessive, there is a risk of premature
spalling of the concrete in the event of fire. Concretes made
with aggregates containing a high proportion of silica are the most
susceptible. In cases where the nominal cover needs to exceed
40 min, additional measures should be considered and several
possible courses of action are described in Part 2 of BS §110.
The preferred approach is to reduce the cover by providing
additional protection, in the form of an applied finish or a false
ceiling, or by using lightweight aggregates or sacrificial steel.
The last measure refers to the provision of more steel than is
necessary for normal purposes, so that a greater loss of strength
can be allowed in the event of fire. If the nominal cover does
exceed 40 mm, then supplementary reinforcement in the form
of welded steel fabric should be placed within the thickness
of the cover at 20 mum from the concrete surface. There are
considerable practical difficulties with this approach and it may
conflict with the requirements for durability in some cases.

For concrete made with lightweight aggregate, the nominal
cover requirements are all reduced, and the risk of premature
spalling only needs to be considered when the cover exceeds
50 mm. The detailed requirements for lightweight aggregate
concrete, and guidance on the additional protection provided by
selected applied finishes are given in Table 3.10.

EC 2 contains a more flexible approach to fire safety design,
based on the concept of ‘load ratio’, which is the ratio of the
load applied at the fire limit-state to the capacity of the element
at ambient temperature.




Torsion-less beams are designed as linear elements subjected
to bending moments and shear forces. The values for freely
supported beams and cantilevers are readily determined
by the simple rules of static equilibrium, but the analysis of
continuous beams and statically indeterminate frames is more
complex. Historically, various analytical techniques have been
developed and used as self-contained metheds to sclve partic-
ular problems. In time, it was realised that the methods
could be divided into two basic categories: flexibility methods
(otherwise known as action methods, compatibility methods or
force methods) and displacement methods (otherwise known as
stiffness methods or equilibrium methods). The behaviour of
the structure is considered in terms of unknown forces in the
first category, and unknown displacements in the second
category. For each method, a particular solution, obtained by
modifying the structure to make it statically determinate, is
combined with a complementary solution, in which the effect
of each modification is determined. Consider the case of a
continuous beam. For the flexibility methods, the particular
solution involves removing redundant actions (i.e. the continuity
between the individual members) to leave a series of discon-
nected spans. For the displacement methods, the particular
solution involves restricting the rotations and/or displacements
that would otherwise occur at the joints.

To clarify further the main differences between the methods
in the two categories, consider a propped cantilever. With the
flexibility approach, the first step is to remove the prop and
calculate the defiection at the position of the prop due to the
action of the applied leads: this gives the particular solution.
The next step is to calculate the concentrated load needed at the
position of the prop to restore the deflection to zero: this gives
the complementary solution. The calculated load is the reaction
in the prop: knowing this enables the moments and forces in the
propped cantilever to be simply determined. i the displacement
approach is used, the first step is to consider the span as fully
fixed at both ends and calculate the moment at the propped end
due to the applied loads: this gives the particular solution. The
next step is to release the restraint at the propped end and apply
an equal and opposite moment to restore the rotation to zero: this
gives the complementary solution. By combining the moment
diagrams, the resulting moments and forces can be determined.

In general, there are several unknowns and, irrespective
of the method of analysis used, the preparation and solution of
a set of simultaneous equations is required. The resulting
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relationship between forces and displacerments embodies a series
of coefficients that can be set out concisely in matrix form.
If flexibility methods are used, the resulting matrix is built up of
flexibility coefficients, each of which represents a displacement
produced by a unit action. Similarly, if stiffness methods are
used, the resulting matrix is formed of stiffness coefficients, each
of which represents an action produced by a unit displacement.
The solution of matrix equations, either by matrix inversion
or by a systemaltic elimination process, is ideally suited to
computer technofogy. To this end, methods have been devised
(the so-called matrix stiffness and matrix flexibility methods)
for which the computer both sets up and solves the simultaneous
equations (ref. 15).

Here, it is worthwhile to summarise the basic purpose of
the analysis. Calculating the bending moments on individual
freely supported spans ensures that equilibrium is maintained.
The analytical procedure that is undertaken involves linearly
transforming these free-moment diagrams in a manner that is
compaiible with the allowable deformations of the structure,
Under ultimate load conditions, deformations at. the critical
sections must remain within the limits that the sections can
withstand and, under service load conditions, deformations
must not result in excessive deflection or cracking or both. If
the analysis is able to ensure that these requirements are met, it
will be entirely satisfactory for its purpose: endeavouring-10 -
obtain painstakingly precise results by over-complex methods
is unjustified in view of the many vncertainties involved.. =« .

To determine at any section the effects of the applied oads ~
and support reactions, the basic relationships are as follows:::

Shear force

= ¥ (forces on one side of section)

= rate of change of bending moment
Bending moment

= I (moments of forces on one side of section) . -

= [(shear force) = area of shear force diagram
Slope

= (curvature) = area of curvature diagram
Deflection

= [(slope) = area of slope diagram

For elastic behaviour, curvature = M/EI where M is
moment, E is modulus of elasticity of concrete, [ 1
moment of area of section. For the purposes of ST

o
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analysis to determine bending moments due to applied loads,
[ values may normally be based on the gross concrete section.
In determining deflections, however, due allowance needs to be
made for the etfects of cracking and, in the long term, for the
effects of concrete creep and shrinkage,

4,1 SINGLE-SPAN BEAMS AND CANTILEVERS

Formulae to determine the shearing forces, bending moments
and deflections produced by various general loads on beams,
freely supported at the ends, are given in Table 2.24. Similar
expressions for some particular load arrangements commonly
encountered on beams, either freely supported or fully fixed
at both ends, with details of the maximum values, are given in
Table 2.25. The same information but relating to simple and
propped cantilevers is given in Tables 2.26 and 2.27 respectively.
Combinations of loads can be considered by summing the
results obiained for each individual load.

In Tables 2.24-2.27, expressions are also given for the slopes
at the beam. supports and the free (or propped) end of a cantilever.
Information regarding the slope at other points is seldom
required. If needed, it is nsually 2 simple matter to obtain the
slope by differentiating the deflection formula with respect to x.
If the resulting expression is equated to zero and solved to
chtain x, the point of maximum deflection will have been found.
This value of x can then be substituted into the original formula
to obtain the maximum deflection.

Coefficients to determine the fixed-end moments produced
by various symmetrical and unsymmetrical loads on beams,
fully fixed at both ends, are given in Table 2.28. Loadings not
shown can usually be considered by using the tabulated cases
in combination. For the general case of a partial uniform or
triangular distribution of load placed anywhere on a membez,
a full range of charts is contained in Exanmples of the Design of
Reinforced Concrete Buildings. The charts give defiection and
moment coefficients for bearns (freely supported or fully fixed
at both ends) and cantilevers (simple or propped).

4.2 CONTINUOUS BEAMS

Historically, various methods of structural analysis have been
developed for determining the bending moments and shearing
forces on beams continuous over two or more spans. Most of

= these have been stiffness methods, which are generally better

Suited than flexibility methods to hand computation. Some of
these approaches, such as the theorem of three-moments and the
I!}ethods of fixed points and characteristic points, were included

: iﬂg_t,i_’ﬂ-previous edition of this Handbook. If beams having two,

“or four spans are of uniform cross section, and support
VSlﬁ-‘that are symmetrical on each individual span, formulae
coefficients can be derived that enable the support moments
(etermined by direct calculation. Such a method is given
ab ©2.37. More generally, in order to avoid the need to solve
etSOf simultaneous equations, methods involving succes-
ProxXimations have been devised. Despite the general use
PUters, hand methods can still be very useful in dealing
outine problems. The ability to use hand methods also
0 the engineer an appreciation of analysis that is
1 applying output from the computer.

ending moments are calculated with the spans taken
Stances between the centres of supports, the critical
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negative moment in monolithic forms of construction can be
considered as that occurring at the edge of the support. When
the supports are of considerable width, the span can be taken as
the clear distance between the supports plus the effective depth
of the beam, or an additional span can be introduced that
is equal to the width of the support minus the effective depth of
the beam, The load on this additional span should be taken
as the support reaction spread uniformly over the width of the
support. If a beam is constructed monolithically with a very
wide and massive support, the effect of continuity with the span
or spans beyond the support may be negligible, in which case
the bearn should be treated as fixed at the support.

The second moment of area of a reinforced concrete beam
of uniform depth may still vary throughout its length, due to
variations in the amount of reinforcement and also because,
when acting with an adjoining slab, a down-stand beam may
be considered as a flanged section at mid-span but a simple
rectangular section at the supports. It is common practice,
however, to neglect these variations for beams of umform

“depth, and use the value of / for the plain rectangular section. It

is often assumed that a continuous beam is freely supported
at the ends, even when beam and support are constructed
monolithically. Some provision should still be made for the
effects of end restraint.

4.2.1 Analysis by moment distribution

Probably the best-known and simplest system for analysing
continnous beams by hand is that of moment distribution,
as devised by Hardy Cross in 1929, The method, which
derives from slope-deflection principles, is described briefly in
Table 2,36. It employs a system of successive approximations
that may be terminated as soon as the required degree of
accuracy has been reached. A particular advantage of this and
similar methods is that, even after only one distribution cycle,
it is often clear whether or not the final values will be acceptable.
If not, the analysis can be discontinued and unnecessary work
avoided. The method is simple to remember and apply, and
the step-by-step procedure gives the engineer a ‘feel” for the
behaviour of the system. It can be applied, albeit less easily, to
the analysis of systems containing non-prismatic members and
to frames. Hardy Cross moment distribution is described in
many textbooks dealing with structural analysis.

Over the years, the Hardy Cross method of analysis begot
various offspring. One of these is known as precise moment
distribution (also called the coefficient of restraint method or
direct moment distribution). The procedure is very similar to
normal moment distribution, but the distribution and carryover
factors are so adjusted that an exact solution is obtained
after one distribution in each direction, The method thus has
the advantage of removing the necessity to decide when to
terminate the analysis. Brief details are given in Table 2.36 and
the method is described in more detail in Examples of the
Design of Reinforced Concrete Buildings (see also ref. 16).

It should be noted that the load arrangements that produce
the greatest negative bending moments at the supports are not
necessarily those that produce the greatest positive bending
moments in the spans. The design loads to be considered in
BS 8110 and EC 2, and the arrangements of live load that give
the greatest theoretical bending moments, as well as the less
onerous code requirements, are given in Table 2.29. Some live
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load arrangements can result in negative bending moments
throughout adjacent unloaded spans.

4.2.2 Redistribution of bending moments

For the ULS, the bending moments obtained by linear elastic
analysis may be adjusted on the basis that some redistribution
of moments can occur prior to collapse. This enables the effects
of both service and ultimate loadings to be assessed, without the
need to undertake a separate analysis using plastic-hinge tech-
niques for the ultimate condition. The theoretical justification
for moment redistribution is clearly explained in the Handbook
to BS 8110. Since the reduction of moment at a section assumes
the formation of a plastic hinge at that position prior to the
ultimate condition being reached, it is necessary to limit the
reduction in order to restrict the amount of plastic-hinge rotation
and control the cracking that occurs under serviceability
conditions. For these reasons, the maximum ratio of neutral
axis depth to effective depth, and the maximum distance
between tension bars, are each limited according to the required
amount of redistribution.

Such adjustments are useful in reducing the inequalities
between negative and positive moments, and minimising the
amount of reinforcement that must be provided at a particular
section, such as the intersection between beam and column,
where concreting may otherwise be more difficult due to the
congestion of reinforcement. Both BS 8110 and EC 2 allow
the use of moment redistribution; the procedure, which may be
applied to any system that has been analysed by the so-called
exact methods, is described in section 12.3 with an illustrated
example provided in Table 2.33.

4.2.3 Coefficients for equail loads on
equal spans

For beams that are continuous over a number of equal spans,
with equal loads on each loaded span, the maximum bending
moments and shearing forces can be tabulated. In Tables 2.30
and 2.31, maximum bending moment coefficients are given for
each span and at each support for two, three, four and five equal
spans with identical loads on each span, which is the usual
disposition of the dead load on a beam. Coefficients are also
given for the most adverse incidence of live loads and, in the
case of the support moments, for the arrangements of live load
required by BS 8110 (values in square brackets) and by EC 2
(values in curved brackets). It should be noted that the maximum
bending moments due to live load do not occur at all the
sections simultaneously. The types of load considered are a
uniformly distributed load, a central point load, two equal loads
applied at the third-points of the span, and trapezoidal loads of
various proportions. In Table 2.32, coefficients are given for the
maximum shearing forces for each type of load, with identical
loads on each span and due to the most adverse incidence of
live loads.

4.2.4 Bending moment diagrams for equal spans

In Tables 2.34 and 2.35, bending moment coefficients for
varions arrangements of dead and live loads, with sketches
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of the resulting moment envelopes, are given for beams of
two and three spans, and for a theoretically infinite system.
This information enables appropriate bending moment diagrams
to be plotted quickly and accurately. The load types considered
are a uniformly distributed load, a central point load and two
equal loads at the third points of the span. Values are given
for identical loads on each span (for example, dead load), and
for the arrangements of live load required by BS 8110 and
EC 2. As the coefficients have been calculated by exact
methods, moment redistribution is allowed at the ultimate state
in accordance with the requirernents of BS §110 and EC 2. In
addition to the coefficients obtained by linear elastic analysis,
values are given for conditions in which the maximum support
moments are reduced by either 10% or 30%, as described in
section 12.3.3. Coefficients are also given for the positive
support moments and negative span moments that ocour under
some arrangements of live load.

4.2.5 Solutions for routine design

A precise determination of theoretical bending moments and
shearing forces on continuous beams is not aiways necessary. It
should also be appreciated that the general assumptions of
unyielding knife-edge supports, uniform sectional properties
and uniform distributions of live load are hardly realistic. The
indeterminate nature of these factors often leads in practice to
the adoption of values based on approximate coefficients. In
Table 2.29, values in accordance with the recommendations
of BS 8110 and EC 2 are given, for_bending moments and
shearing forces on uniformly loaded beams of three or more
spans. The values are applicable when the characteristic
imposed load is not greater than the characteristic dead load
and the variations in span do not exceed 15% of the longest
span. The same coefficients may be used with service loads or
ultimate loads, and the resulting bending moments may beé
considered to be without redistribution. :

4.3 MOVING LOADS ON CONTINUOUS BEAMS

Bending moments caunsed by moving loads, such as those due to”
vehicles traversing a series of continuous spans, are most easily”
calculated with the aid of influence lines. An influence line is-a:

curve with the span of the beam taken as the base, the ordinate

of the curve at any point being the value of the bending moment
produced at a particular section when a unit load acts at the:
point. The data given in Tables 2.38-2.41 enable the influence.

lines for the critical sections of beams continuous over twWo;
three, four and five or more spans to be drawn. By plotting the
position of the load on the beam (to scale), the bending momBII.tS"
at the section being considered can be derived, as explained
the example given in Chapter 12. The curves given for:equ
spans can be used directly, but the corresponding curves:fo
unequal spans need to be plotted from the data tabulated.:i+: ¢

The bending moment due to a load at any point is equal?
the ordinate of the influence line at the point multiplied-by:
product of the load and the span, the length of the shortest:s
being used when the spans are unequal: The influence lines:!
the tables are drawn for a symmetrical inequality of spans: Th
symbols on each curve indicate the section of the beam
the ratio of span lengths to which the curve applies.
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4.4 ONE-WAY SLABS

In monolithic building construction, the column layout often
forms a rectangular grid. Continuous beams may be provided in
one direction or two orthogonal directions, to support slabs that
may be solid or ribbed in cross section. Alternatively, the slabs
may be supported directly on the columns, as a flat slab, Several
different forms of slab construction are shown in Table 2.42.
These are considered in more detail in the general context of
building structures in Chapter 6.

Where beams are provided in one direction only, the slab is
a one-way slab. Where beams are provided in two orthogonal
directions, the slab is a two-way slab. However, if the longer
side of a slab panel exceeds twice the shorter side, the slab is
generally designed as a one-way slab. A flat slab is designed
as a one-way slab in each direction. Bending moments and
shearing forces are usually determined on strips of unit width
for solid slabs, and strips of width equal to the spacing of the
ribs for ribbed slabs.

The comments in section 4.2.5, and the coefficients for the
routine design of beams given in Tuble 2.29, apply equally to
one-way spanning slabs. This is particularly true when elastic
moments due to service loads are required. However, lightly
reinforced slabs are highly ductile members, and allowance
is generally made for redistribution of elastic moments at
the ULS.

4.4.1 Uniformly distributed load

For slabs carrying uniformly distributed loads and continuous
over three or more nearly equal spans, approximate solutions
for uitimate bending moments and shearing forces, according
to BS 8110 and EC 2, are given in Tuble 2.42. In both cases, the
support moments include an allowance for 20% redistribution,
but the situation regarding the span moments is somewhat
different in the two codes. -

In BS 8110, a simplified arrangement of the design loads
is permitted, where the characteristic imposed load does
not exceed 1.25 X the characteristic dead load or 5 kN/m?,
excluding partitions, and the area of each bay exceeds 30 m?.

- Design for a single load case of maximum design load on all

spans is considered sufficient, providing the support moments
are reduced by 20% and the span moments are increased
to-maintain equilibrium. Although the resulting moments are
compatible with yield-line theory, the span moments are less
than those that would occur in the case of alternate spans being
i?étfled'with maximum load and minimum load. The implicit
Tedistribution of the span moments, the effect of which on the
f?qul‘c.ement stress under service Joads would be detrimental
e deflection of the beam, is ignored in the subsequent
180 In EC 2, this simplification is not included and the
125 given for the span moments are the same as those for
'm:Table 2,29,

sion is made in Table 2.42 for conditions where a
<ontinuous with the end support. The restraining
I'may vary from a substantial wall to a small edge
and-allowance has been made for both eventualities.
POrt moment is given as —0.04F}, but the reduced

;;t is based on the support moment being no more
i
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4.4.2 Concentrated loads

When a slab supported on two opposite sides carries a load
concentrated on a limited area of the slab, such as a wheel
load on the deck of a bridge, conventional elastic methods of
analysis based on isotropic plate theory are often used. These
may be in the form of equations, as derived by Westergaard
(ref. 17), or influence surfaces, as derived by Pucher (ref. 18).
Another approach is to extend to one-way spanning slabs, the
theory applied to slabs spanning in two directions. For example,
the curves given in Table 2,47 for a slab infinitely long in the
direction /, can be used to evaluate directly the bending
moments in the direction of, and at right angles to, the span
of a one-way slab carrying a concentrated load; this method
has been used to produce the data for elastic analysis given
in Table 2.45.

For designs in which the ULS requirement is the main
criterion, a much simpler approach is to assume that a certain
width of slab carries the entire load. In BS 8110, for example,
the effective width for solid slabs is taken as the load width
plus 2.4x(1 — x/I), x being the distance from the nearer support
to the section under consideration and [ the span. Thus, the
maximum width at mid-span is equal to the load width plos
0.6l. Where the concentrated load is near an unsupported edge
of a slab, the effective width should not exceed 1.2x(1 — x/1)
plus the distance of the slab edge from the further edge of the
load, Expressions for the resulting bending moments are given
in Table 2.45. For ribbed slabs, the effective width will depend
on the ratio of the transverse and longitudinal flexural rigidities
of the slab, but need not be taken less than the load width plus
4x/1(1 — x/0) metres.

The solutions referred to so far are for single-span slabs that
are simply supported at each end. The effects of end-fixity or
continuity may be allowed for, approximately, by multiplying
the moment for the simply supported case by an appropriate
factor. The factors given in Table 2.45 are derived by elastic
beam analysis.

4.5 TWO-WAY SLABS

When a slab is supported other than on two opposite sides only,
the precise amount and distribution of the load taken by each
support, and consequently the magnitude of the bending
moments on the slab, are not easily calculated if assumptions
resembling real conditions are made. Therefore, approximate
analyses are generally used. The method applicable in any
particular case depends on the shape of the slab panel, the
conditions of restraint at the supports and the type of load.
Two basic methods are commonly used to analyse slabs
that span in two directions. The theory of plates, which is
based on elastic analysis, is particularly appropriate to the
behaviour under service loads. Yield-line theory considers
the behaviour of the slab-as a collapse condition approaches.
Hillerborg’s strip method is a less well-known alternative to
the use of yield-line in this case. In some circumstances, it
is convenient to use coefficients derived by an elastic analysis
with loads that are factored to represent ULS conditions. This
approach is used in BS 8110 for the case of a simply supported
slab with corners that are not held down or reinforced for
torsion. It is also normal practice to use elastic analysis for
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both service and ULS conditions in the design of bridge decks
and liquid-retaining structures. For clastic analyses, a Poisson’s
ratio of 0.2 is recommended in BS 8110 and BS 5400: Part 4.
In EC 2, the values given are 0.2 for uncracked concrete and 0
for cracked concrete.

The analysis must take account of the support conditions,
which are often idealised as being free or hinged or fixed, and
whether or not the corners of the panels are held down. A free
condition refers to an unsupported edge as, for example, the top
of a wall of an uncovered rectangular tank. The condition of
being freely or simply supported, with the corners not held
down, may occur when a slab is not continuous and the edges
bear directly on masonry walls or structural steelwork. If the
edge of the slab is built into a substantial masonry wall, or is
constructed monolithically with a reinforced concrete beam or
wall, a condition of partial restraint exists. Such restraint may
be allowed for when computing the bending moments on the
slab, but the support must be able to resist the torsion andfor
bending effects, and the slab must be reinforced to resist the
negative bending moment. A slab can be considered as fixed
along an edge if there is no change in the slope of the slab at
the support irrespective of the incidence of the load. A fixed
condition could be assumed if the pelar second moment of area
of the beam or other support is very large. Continuity over a
support generally implies a condition of restraint less rigid than
fixity; that is, the slope of the slab at the support depends upon
the incidence of load not only on the panel under consideration
but also on adjacent panels.

4.5.1 FElastic methods

The so-called exact theory of the elastic bending of plates
spanning in two directions derives from work by Lagrange,
who produced the governing differential equation for plate
bending in 1811, and Navier, who in 1820 described the use
of a double trigonometric series to analyse freely supported
rectangular plates. Pigeaud and others later developed the
analysis of panels freely supported along all four edges.

Many standard elastic soluiions have been produced but
almost all of these are restricted to square, rectangular and
circular slabs (see, for example, refs. 19, 20 and 21). Exact
analysis of a slab having an arbitrary shape and support
conditions with a general arrangement of loading would be
extremely complex. To deal with such problems, numerical
techniques such as finite differences and finite elements
have been devised. Some notes on finite elements are given
in section 4.9.7. Finite-difference methods are considered in
ref. 15 (useful introduction) and ref. 22 (detailed treatment).
The methods are suited particularly to computer-based analysis,
and continuing software developments have led to the techniques
being readily available for routine office use.

4.5.2 Collapse methods

Unlike in frame design, where the converse is generally true,
it is normally easier to analyse slabs by collapse methods than
by elastic methods. The most-widely known methods of
plastic analysis of slabs are the yield-line method developed
by K W Johansen, and the so-called strip method devised by
Arne Hillerborg.

It is generally impossible to calculate the precise ultimate
resistance of a slab by collapse theory, since such elements are
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highly indeterminate. Instead, two separate solutions can be
found — one being upper bound and the other lower bound.
With solutions of the first type, a collapse mechanism is first
postulated. Then, if the slab is deformed, the energy absorbed
in inducing ultimate moments along the yield lines is equal to
the work done on the slab by the applied load in producing this
deformation. Thus, the load determined is the maximum that
the slab will support before failure occurs. However, since such
methods do not investigate conditions between the postulated
vield lines to ensure that the moments in these areas do not
exceed the ultimate resistance of the slab, there is no guarantee
that the minimum possible coilapse load has been found. This
is an inevitable shortcoming of upper-bound solutions such as
those given by Johansen’s theory.

Conversely, lower-bound solutions will generally result in the
determination of collapse loads that are less than the maximum
that the slab can actually carry. The procedure here is to choose
a distribution of ultimate moments that ensures that equilibrium
is satisfied throughout, and that nowhere is the resistance of the
slab exceeded.

Most of the literature dealing with the methods of Johansen
and Hillerborg assumes that any continuous supports at the slab
edges are rigid and unyielding. This assumption is also made
throughout the material given in Part 2 of this book, However,
if the slab is supported on beams of finite strength, it is possible
for collapse mechanisms to form in which the yield lines pass
through the supporting beams. These beams would then become
part of the mechanism considered, and such a possibility should
be taken inte account when using collapse methods to analyse
beam-and-slab construction. o

Yield-line analysis, Johansen’s method requires the designer
to first postulate an appropriate collapse mechanism for the slab
being considered according to the rules given in section 13.4.2.
Variable dimensions (such as al, on diagram (iv)(a) iz Table 2. 49
may then be adjusted to obtain the maxinum ultimate resistance
for a given load (i.e. the maximum ratio of M/F). This maximum
value can be found in various ways: for example by tabulating
the work equation as shown in section 13.4.8, using actual
numerical values and employing a trial-and-adjustment process:
Alternatively, the work equation may be expressed algebraically

and, by substituting various values for «, the maximum ratio of
M/F may be read from a graph relating « to M/F. Another

method is to use calculus to differentiate the equation and then;
by setting this equal to zero, determine the critical value of &

This method cannot always be used, however (see ref. 23). -
As already explained, although such processes enable,-th_f_je__

maximum resistance for a given mode of failure to be found;

they do not indicate whether the yield-line pattern considered
the critical one. A further disadvantage of such a method is tha
unlike Hillerborg’s method, it gives no direct indication. of th
resulting distribution of load on the supports. Although it seci
possible to use the yield-line pattern as a basis for apportioni?
the Ioaded areas of slab to particular supports, there is n0:1¢
justification for this assumption (see ref. 23). In spite Of'
shortcomings, yield-line theory is extremely useful. A.cOn
crable advantage is that it can be applied relatively:easil
solve problems that are almost intractable by other mean
Yield-line theory is too complex to deal with adequately 1
Hardbook; indeed, several textbooks are completely. or: 31m
completely devoted to the subject (refs. 23-28). In section 1
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and Tables 2.49 and 2.50, notes and examples are given on the
rules for choosing yield-line patterns for analysis, on theoretical
and empirical methods of analysis, on simplifications that can
be made by using so-called affinity theorems, and on the effects
of corner levers.

Strip method. Hillerborg devised his strip method in order
to obtain a lower-bound solution for the collapse load, while
achieving a good economical arrangement of reinforcement. As
long as the reinforcement provided is sufficient to cater for the
calculated moments, the strip method enables such a lower-bound
solution to be obtained. (Hillerborg and others sometimes refer
to the strip method as the equilibrium theory; this should not,
however, be confused with the equilibrinm method of yield-line
analysis.) In Hillerborg’s original theory (now known as the
simple strip method), 1t is assumed that, at failure, no load is
resisted by torsion and thus, all load is carried by flexure in
either of two principal directions. The theory results in simple
solutions giving full information regarding the moments over
the whole slab to resist a unique collapse load, the reinforcement
being placed economically in bands. Brief notes on the use of
simple strip theery to design rectangular slabs supporting
uniform loads are given in section 13.5 and Table 2.51.
However, the simple strip theory is unable to deal with
concentrated loads and/or supports and leads to difficulties
with free edges. To overcome such problems, Hillerborg later
developed his advanced strip method, which involves the use of
complex moment fields. Although this development extends
the scope of the simple strip method, it somewhat spoils the
simplicity and directness of the original concept. A full treat-
ment of both the simple and advanced strip theories is given
in ref. 29,
A further disadvantage of both Hillerborg’s and Johansen’s
methods is that, being based on conditions ai failure only,
they permit unwary designers to adopt load distributions that
may differ widely from those that would occur under service
loads, with the risk of unforeseen cracking. A development that
eliminates this problem, as well as overcoming the limitations
arising from simple strip theory, is the so-called strip-deflection

-~ method due to Fernando and Kemp (ref. 30). With this method
o the distribution of load in either principal direction is not

- selected arbitrarily by the designer (as in the Hillerborg method
° or, by choosing the ratio of reinforcement provided in each

direction, as in the yield-line method) but is calculated so as to
ensure compatibility of deflection in mutually orthogonal strips.
rI_'hf:flnethod results in sets of simultaneous equations (usually
¢ight), the solution of which requires computer assistance.

453 ‘Rectangular panel with uniformly
distributed load
Th bending moments in rectangular panels depend on the
Pott:conditions and the ratio of the lengths of the sides of
anel.:The ultimate bending moment coefficients given in
410 are derived from a yield-line analysis, in which the
_.O_f:thf{ coefficients have been adjusted to suit the division
Panelinto middle and edge strips, as shown in Tuble 2.42.
Cement to resist the bending moments calculated from
en in Table 2.43 is required only within the middle
hich are of width equal to three-quarters of the panel
each direction. The ratio of the negative moment at
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a continuous edge to the positive moment at mid-span has been
chosen as 4/3 to conform approximately to the serviceability
requirements. For further deiails on the derivation of the coef-
ficients, see ref. 31. Nine types of panel are considered in
order to cater for all possible combinations of edge conditions.
Where two different values are obtained for the negative
mement at a continuous edge, because of differences between
the contiguous panels, the values may be treated as fixed-end
moments and distributed elastically in the direction of span.
The procedure is illustrated by means of a worked example in
section 13.2.1. Minimum reinforcement as given in BS 8110
is to be provided in the edge strips. Torsion reinforcement is
required at corners where either one or both edges of the panel
are discontinuous. Values for the shearing forces at the ends of
the middle strips are also given in Table 2.43.

Elastic bending moment coefficients, for the same types of
panel (except that the edge conditions are now defined as fixed
or hinged, rather than continuous or discontinuous), are given
in Table 2.44. The information has been prepared from data
given in ref. 21, which was derived by finite element analysis,
and includes for a Poisson’s ratio of (.2. For ratios less than 0.2,
the positive moments at mid-span are reduced slightly and the
torsion moments at the corners are increased. The coefficients
may be adjusted to suit a Poisson’s ratio of zero, as explained
in section 13.2.2.

The simplified analysis due to Grashof and Rankine can be
used for a rectangular panel, simply supported on four sides,
when no provision is made to resist torsion at the corners or
to prevent the corners from lifting. A solution is obtained by
considering uniform distributions of load along orthogonal
strips in each direction and equating the elastic deflections at
the middle of the strips. The proportions of load carried by each
strip are then obtained as a function of the ratio of the spans,
and the resulting mid-span moments are calculated. Bending
moment coefficients for this case are also provided in Table 2.44,
and basic formulae are given in section 13.2.2.

4.5.4 Rectangular panel with triangalarky
distributed load

In the design of rectangular tanks, storage bunkers and some
retaining structures, cases occur of wall panels spanning in two
directions and subjected to triangular distributions of pressure.
The intensity of pressure is uniform at any level, but vertically
the pressure increases linearly from zero at the top to a maxi-
mum at the bottom, Elastic bending moment and shear force
coefficients are given for four different types of panel, to cater
for the most common combinations of edge conditions, in
Table 2.53. The information has been prepared from data given
in ref. 32, which was derived by finite element analysis and
includes for a Poisson’s ratio of 0.2. For ratios less than (.2, the
bending moments would be affected in the manner discussed in
section 4.5.3.

The bending moments given for individual panels, fixed at
the sides, may be applied without modification to continuous
walls, provided there is no rotation about the vertical edges. In
a square tank, therefore, moment coefficients can be taken
directly from Table 2.53. For a rectangular tank, distribution of
the unequal negative moments at the corners is needed.

An alternative method of designing the panels would be to
use yield-line theory. I the resulting structure is to be used
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to store liquids, however, extreme care must be taken to ensure
that the adopted proportions of span to support moment and
vertical to horizontal moment conform closely to those given
by elastic analyses. Otherwise, the predicted service moments
and calculated crack widths will be invalid and the structure
may be unsuitable for its intended purpose. In the case of struc-
tures with non-fluid contents, such considerations may be less
important. This matter is discussed in section 13.6.2.

Johansen has shown (ref. 24), for a panel fixed or freely
supported along the top edge, that the total ultimate moment
acting on the panel is identical to that on a similar panel with
the same total load uniformly distributed. Furthermore, as in the
case of the uniformly loaded slab considered in section 13.4.6,
a restrained slab may be analysed as if it were freely supported
by employing so-called reduced side lengths to represent the
effects of continuity or fixity, Of course, unlike the uniformly
loaded slab, along the bottom edge of the panel where the load-
ing is greatest, a higher ratio of support to span moment should
be adopted than at the top edge of the panel. If the panel is
unsupported along the top edge, its behaviour is controlled
by differeni collapse mechanisms. The relevant expressions
developed by Johansen (ref. 24) are represented graphically in
Table 2.54. Triangularly loaded panels can also be designed by
means of Hillerborg’s strip method (ref. 29}, shown also in
Table 2.54.

4.5.5 Rectangular panels with concenirated
loads :

Elastic methods can be used to analyse rectangular panels
carrying concentrated loads. The curves in Tables 2.46 and 2.47,
based on Pigeaud’s theory, give bending moments on a panel
freely supported along all four edges with restrained corners, and
carrying & load uniformiy distributed over a defined area sym-
metrically disposed upon the panel. Wheel loads, and similarly
highly concentrated loads, are considered to be dispersed
through the thickness of any surfacing down to the top of the
siab, or farther down io the mid-depth of the slab, as described
in section 2.4.9. The dimensions &, and a, of the resulfing
boundary are used to determine a/, and a/l,, for which the
bending moment factors a,, and @, are read off the curves,
according to the ratio of spans k = L/i,.

For a total load F acting on the area a, by a,, the positive
bending moments per unit width of slab are given by the
expressions in Tubles 2.46 and 2.47, in which the value of
Poisson’s ratio is normally taken as 0.2. The curves are drawn
for k values of 1.0, 1.25, V2 (= 1.41 approx.), 1.67, 2.0, 2.5 and
infinity. For intermediate valnes of &, the values of a,, and o,
can be interpolated from the values above and below the given
value of k. The use of the curves for k = 1.0, which apply toa
square panel, is explained in section 13.3.2.

The curves for k = = apply to panels where , is very much
greater than [, and can be used to determine the transverse and
longitudinal bending moments for a long narrow panel sup-
ported on the two long edges only. This chart has been used to
produce the elastic data for one-way slabs given in Table 2.45,
as mentiohed in section 4.4.2.

For panels that are restrained along all four edges, Pigeaud
recommends that the mid-span moments be reduced by 20%.
Alternatively, the multipliers given for one-way slabs could be
used, if the inter-dependence of the bending moments in the
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two directions is ignored. Pigeaud’s recommendations for the
maximum shearing forces are given in section 13.3.2,

To determine the load on the supporting beams, the rules
in section 4.6 for a load distributed over the entire panel are
sufficiently accurate for a load concentrated at the centre of
the panel. This is not always the critical case for live loads, such
as a load imposed by a wheel on a bridge deck, since the
maximum load on the beam occurs when the wheel is passing
over the beam, in which case the beam carries the whole load.

Johansen’s yield-line theory and Hillerborg’s strip method
can also be used to analyse slabs carrying concentrated loads.
Appropriate yield-line formulae are given in ref. 24, or the
method described in section 13.4.8 may be used. For details
of the analysis involved if the advanced strip method is used,
see ref. 29.

4.6 BEAMS SUPPORTING RECTANGULAR PANELS

When designing beams supporting a uniformly loaded panel
that is freely supported along all four edges or with the same
degree of fixity along all four edges, it is generally accepted that
each of the beams along the shorter edges of the panel carries
load on an area in the shape of a 45° isosceles triangle, whose
base is equal to the length of the shorter side, for example, each
beam carries a triangularly distributed load. Each beam along
the longer edges of the panel carries the load on a trapezoidal
area. The amount of load carried by each beam is given by
the diagram and expressions in the top left-hand corner of
Table 2.52. In the case of a square panel, each beam carries a
triangularly distributed load equal to one-quarter of the total
load on the panel. For beams with triangular and trapezoidal
distributions of loading, fixed-end moments and moments for
continuous beams are given in Tables 2.28, 2.30 and 2.31.
‘When a panel is fixed or continuous along one, two or
three supports and freely supported on the remaining edges, the
sub-division of the total load to the various supporting beams
can be determined from the diagrams and expressions on the
left-hand side of Tuble 2.52, If the panel is unsupported along
one edge or two adjacent edges, the loads on the supporting
beams at the remaining edges are as given on the right-hand
side of Table 2.52. The expressions, which are given in terms of
a service load w, may be applied also to an ultimate load #.
For slabs designed in accordance with the BS 8110 method,
the loads on the supporting beams may be determined from the
shear forces given in Table 2.43. The relevant loads are taken.
as uniformly distributed along the middle three-quarters of the
beam length, and the resulting fixed-end momenis can be
determined from Table 2.28.

4.7 NON-RECTANGULAR PANELS

When a panel that is not rectangular is supported along all:its
edges and is of such proportions that main reinforcement
two directions seems desirable, the bending moments:can:
determined approximately from the data given in Table 2
The information, derived from elastic analyses, is applicable:
a trapezoidal panel approximately symmetrical about oneax
to a panel that in plan is an isosceles friangle (or pearly s0);:
to panels that are regular polygons or circular. The case o
triangular panel, continuous or partially restrained albﬂg'f@
edges, occurs in pyramidal hopper bottoms. For thi'S-ﬁf\C%
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reinforcement determined for the positive moments should
extend over the entire area of the panel, and provision must be
made for the negative moments and for the direct tensions that
act simultaneously with the bending moments.

If the shape of a panel is approximately square, the bending
moments for a square slab of the same area should be used.
A slab having the shape of a regular polygon with five or more
sides can be treated as a circular slab, with the diameter taken
as the mean of the diameters obtained for the inscribed and

circumscribed circles: for regular hexagons and octagons, the

mean diameters are given in Table 2.48.

For a panel, circular in plan, that is freely supported or fully
fixed along the circumference and carries a load concentrated
symmetrically about the centre on a circular area, the total
bending moment to be considered acting across each of two
mutually perpendicular diameters is given by the appropriate
expressions in Table 2.48. These are based on the expressions
derived by Timoshenko and Woinowski-Krieger (ref. 20). In
general the radial and tangential moments vary according to the
position being considered. A circular panel can therefore be
designed by one of the following elastic methods:

1. Design for the maximum positive bending moment at the
centre of the panel and reduce the amount of reinforcement
or the thickness of the slab towards the circumference. If the
panel is not truly freely supported at the edge, provide for
the appropriate negative bending moment.

2. Design for the average positive bending moment across a
diameter and retain the same thickness of slab and amount
of reinforcement throughout the entire area of the panel. If
the panel is not truly freely supported at the edge, provide
for the appropriate negative bending moment.

The reinforcement required for the positive bending moments
in each of the preceding methods must be provided in two
directions mutnafly at right angles; the reinforcement for the
negative bending moment should be provided by radial bars,
normal to and equally spaced around the circumference, or by
some equivalent arrangement.

Both circular and other non-rectangular shapes of slab may

o cpnveniently be designed for ULS conditions by using yield-
- line theory: the method of obtaining solutions for slabs of

various shapes is described in detail in ref. 24.

4.8 FLAT SLABS

The design of flat slabs, that is, beamless slabs supported
rectly on columns, has often been based on empirical rules.
-MOQem codes place much greater emphasis on the analysis of
h'stractures as a series of continuous frames. Other methods
uch as grillage, finite element and yield-line analysis may be
103_1‘ed_ The principles described hereafter, and summarised
ection 13.8 and Table 2.55, are in accordance with the
PhﬁEd method given in BS 8110. This type of slab can be
torm thickness throughout or can incorporate thickened
panels at the column positions. The columns may be of
QI Cross section throughout or may be provided with an
head, as indicated in Table 2.55.

plified method may be used for slabs consisting of
ar-panels, with at least three spans of approximately
Hgth'_-in each direction, where the ratio of the longer to
°rside of each panel does not exceed 2. Fach panel is
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divided into column and middle strips, where the width of a
column sirip is taken as one-half of the shorter dimension of the
panel, and bending moments determined for a full panel width
are then distributed between column and middle strips as shown
in Table 2.55. If drops of dimensions not less than one-third of
the shorter dimension of the panel are provided, the width of the
column strip can be taken as the width of the drop. In this case,
the apportionment of the bending moments between column
and middle strips is modified accordingly.

The slab thickness must be sufficient to satisfy appropriate
deflection criteria, with a minimum thickness of 125 mm, and
provide resistance to shearing forces and bending moments.
Punching shear around the columns is a eritical consideration,
for which shear reinforcement can be provided in slabs not less
than 200 mm thick. The need for shear reinforcement can be
avoided, if drop panels or column heads of sufficient size are
provided. Holes of limited dimensions may be formed in certain
areas of the slab, according to recommendations given in BS
8110. Larger openings should be appropriately framed with
beamns designed to carry the slab loads to the columns.

4.8.1 Bending moments

The total bending moments for a full panel width, at principal
sections in each direction of span, are given in Table 2.55. Panel
widths are taken between the centrelines of adjacent bays, and
panel lengths between the centrelines of columns. Moments
calculated at the centrelines of the supports may be reduced as
explained in section 13.8.3. The slab is effectively designed
as one-way spanning in each direction, and the comments
contained in section 4.4.1 also apply here.

At the edges of a flat slab, the transfer of moments between
the slab and an edge or corner column may be limited by the
effective breadth of the moment transfer strip, as shown in
Table 2.56. The structural arrangement should be chosen to
ensure that the moment capacity of the transfer strip is at least
50% of the outer support moment given in Table 2.55.

4.8.2 Shearing forces

For punching shear calculations, the design force obtained by
summing the shear forces on two opposite sides of a column is
multiplied by a shear enhancement factor to allow for the
effects of moment transfer, as shown in Tuble 2.56. Critical
perimeters for punching shear occur at distances of 1.5d from
the faces of columns, column heads and drops, where d is the
effective depth of the slab or drop, as shown in Table 2.55.

4.8.3 Reinforcement

At internal colummns, two-thirds of the reinforcement needed
to resist the negative moments in the column strips should be
placed in a width equal to half that of the column strip and
central with the column, Otherwise, the reinforcement needed
to resist the moment apportioned to a particular strip should be
distributed uniformly across the full width of the strip.

4.8.4 Alternative analysis

A more general equivalent frame method for the analysis of
flat slabs is described in BS 8110. The bending moments and
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shearing forces are calculated by considering the structure as
a series of continuous frames, transversely and longitudinally.
The method is described in detail in Examples of the design of
reinforced concrete buildings. For further information on both
equivalent frame and grillage methods of analysis of flat slab
structures, see ref, 33.

4.9 FRAMED STRUCTURES

A structure is staticaily determinate if the forces and bending
moments can be determined by the direct application of the
principles of equilibrium. Some examples include cantilevers
(whether a simple bracket or a roof of a grandstand), a freely
supported beam, a truss with pin-joints, and a three-hinged arch
or frame. A statically indeterminate structure is one in which
there is a reduridancy of members or supports or both, and
which can be analysed only by considering the elastic defor-
mations under load. Typical examples of such structures include
restrained beams, continuous beams, portal frames and other
non-triangulated structures with rigid joints, and two-hinged and
fixed-end arches. The general notes relating to the analysis of
statically determinate and indeterminate beam systems given in
sections 4.1 and 4.2 are equally valid when analysing frames.
Providing a frame can be represented sufficiently accurately by
an idealised two-dimensional line structure, it can be analysed
by any of the methods mentioned earlier {(and various others,
of course).

The analysis of a two-dimensional frame is somewhat more
complex than that of a beam system. If the configuration of
the frame or the applied loading (or both) is unsymmetrical,
side-sway will almost invariably occur, making the required
analysis considerably longer. Many more combinations of load
(vertical and horizontal) may need to be considered to obtain
the critical momenits. Different partial safety factors may apply
to different load combinations. The critical design conditions
for some columns may not necessarily be those corresponding
to the maximum moment: loading producing a reduced moment
together with an increased axial thrust may be more critical.
However, to combat such complexities, it is often possible to
simplify the calculations by introducing a degree of approxi-
mation. For instance, when considering wind loads acting on
regular multi-bay frames, points of contra-flexure may be
assumed to occur at the centres of all the beams and colummns
(see Table 2.62), thus rendering the frame statically determinate.
In the case of frames that are not required to provide lateral
stability, the beams at each level acting with the columns above
and below that level may be considered to form a separate
sub-frame for analysis.

Beeby (ref. 34) has shown that, if the many uncertainties
involved in frame analysis are considered, there is little to
choose as far as accuracy is concerned between analysing a
frame as a single complete structure, as a set of sub-frames, or
as a series of continuous beams with attached columns. If
the effect of the columns is not included in the analysis of the
beams, some of the calculated moments in the beams will be
greater than those actually likely to occur

It may not always be possible to represent the true frame as
an idealised two-dimensional line structure, and analysis as a
fully three-dimensional space frame may be necessary. If the
structure consists of large solid areas such as walls, it may not
be possible to represent it adequately by a skeletal frame.
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The finite-element method of analysis is patticularly suited to
solve such problems and is summarised briefly later.

In the following pages the analysis of primary frames by the
methods of slope deflection and various forms of moment
distribution is described. Rigorous analysis of complex rigid
frames generally requires an amount of calculation out of
all proportion to the real accuracy of the results, and some
approximate solutions are therefore given for common cases
of building frames and similar structures. When a suitable
preliminary design has been justified by vsing approximate
methods, an exhaustive exact analysis may be undertaken by
employing an established computer program.

4.9.1 Building code requirements

For most framed structures, it is not necessary to carry out a
full structural analysis of the complete frame as a single unit,
and various simplifications are shown in Zable 2.57. BS 8110
distinguishes between frames subjected to vertical joads only,
because overall lateral stability to the structure is provided by
other means, such as shear walls, and frames that are reguired
to support both vertical and lateral loads. Load combinations
consisting of (1) dead and imposed, (2) dead and wind, and
(3) dead, imposed and wind are also given in Table 2.57.

For frames that are not required to provide lateral stability,
the construction at each floor may be considered as a scparate
sub-frame formed from the beams at that level together with
the columns above and below. The columns should be taken as
fixed in position and direction at their remote ends, unless the
assumption of a pinned end would be more reasonable (e.g. if
a foundation detail is considered unable to develop moment
restraint). The sub-frame should then be analysed for the
required arrangements of dead and live loads.

As a further simplification, each individual beam span may
be considered separately by analysing a sub-frame consisting of

the span in question together with, at each end, the upper and.

lower columns and the adjacent span. These members are
regarded as fixed at their remote ends, with the stiffness of the
outer spans taken as only one-half of their true value. This sim-
plified sub-frame should then be analysed for the loading
requirements previously mentioned. Formulae giving bending
moments due to various loading arrangements acting on the
simplified sub-frame, obtained by slope-deflection methods as
described in section 14.2.1, are given in Table 2.61. Since the

method is ‘exact’, the calculated bending moments may bé _
redistributed within the limits permitted by the Codes. The "

method is dealt with in more detail in Examples of the desigh
of reinforced concrete buildings. S

BS 8110 also allows analysis of the beams at each fioor a2
continuous system, neglecting the restraint provided by the :
columns entirely, so that the continuous beam is assumed to-be

resting on knife-edge supports. Column moments are the
obtained by considering, at each joint, a sub-frame consiS,tiJj
of the upper and lower columns together with the adjacel
beams, regarded as fixed at their remote ends and with the
stiffness taken as one-half of the true value. '

For frames that are required to provide lateral stability 107
structure as a whole, load combinations 1 and 3 both need to
considered. For combination 3, the following two-stage n‘.leﬂl_?
of analysis is allowed for frames of three or more app{OXl
mately equal bays. First, each fioor is considered 2s & separ;

Framed structures

sub-frame for the effect of vertical loading as described
previously. Next, the complete structural frame is considered
for the effect of lateral loading, assuming that a position
of contra-flexure (i.e. zero bending moment) occurs at the
mid-point of each member. This analysis corresponds to that
described for building frames in section 4.11.3, and the method
set out in diagram (c) of Table 2.62 may thus be used. The
moments obtained from each of these analyses should then
be summed, and compared with those resulting from load
combination !. For tall narrow buildings and other cantilever
structures such as masts, pylons and towers, load combination
2 should also be considered.

4.9.2 Moment-distribution method: no sway

In some circumstances, a framed structure may not be subject
to side-sway: for example, if the frame is braced by other stiff
elements within the structure, or if both the configuration and
the loading are symmetrical. Similarly, if a vertically loaded
frame is being analysed as a set of sub-frames, as permitted in
BS 8110, the effects of any side-sway may be ignored. In such
cases, Hardy Cross moment distribution may be used to evaluate
the moments in the beam and column system. The procedure,
which s outlined in Table 2,58, is similar to the one used to
analyse systems of continuous beams.

Precise moment distribution may also be used to solve
such systems. Here the method, which is also summarised in
Table 2.58, is slightly more complex to apply than in the
equivalent continuous beam case. Each time a moment is
carried over, the unbalanced moment in the member must be
distributed between the remaining members meeting at the joint
in proportion to the relative restraint that each provides. Also,
the expression for the continuity factors is more difficult
to evaluate. Nevertheless, the method is a valid alternative to
the conventional moment-distribution method. Tt is described

in more detail in Examples of the design of reinforced
concrete buildings.

* 4.9.3 Moment-distribution method: with sway

- If sway occurs, analysis by moment distribution increases in
: COmPlexity since, in addition to the influence of the original
oading with no sway, it is necessary to consider the effect of
each degree of sway freedom separately in terms of unknown
sway forces. The separate results are then combined to obtain
the unknown sway values, and hence the final moments. The
Procedure is outlined in Table 2.59.

T.he advantages of precise moment distribution are largely
llified if sway occurs, but details of the procedure in such
8es are given in ref. 35,

-To determine the moments in single-bay frames subjected to
‘;_‘l"ﬁSWay: N_ayI(?r (ref. 36) devised an ingenious variant of
25 ent distribution, details of which are given in Table 2.59.
=16 _method can also be used to analyse Vierendeel girders.

si

4 Slope-deflection method

rinciples of the slope-deflection method of analysing a
ned I_nember are given in Table 2,60 and section 14.1,
er Wwith basic formulae, and formulae for the bending
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moments in special cases. When there is no deflection of one
end of the member relative to the other (e.g. when the supports
are not elastic as assumed), when the ends of the member
are either hinged or fixed, and when the load on the member is
symmetrically disposed, the general expressions are simplified
and the resulting formulae for some common cases of restrained
members are also given in Table 2.60.

The bending moments on a framed structure are determined
by applying the forrmulae to each member successively. The
algebraic sum of the bending moments at any joint must equal
zero. When it is assumed that there is no deflection (or settie-
ment) a of one support relative to the other, there are as many
formulae for the end moments as there are unknowns, and
therefore the restraint moments and the slopes at the ends
of the members can be evaluated. For symmetrical frames
on unyielding foundations, and carrying symmetrical vertical
loads, it is common to neglect the change in the position of the
joints due to the small elastic contractions of the members, and
the assumption of @ = 0 is reasonably correct. If the founda-
tions or other supports settle unequally under the load, this
assumption is not justified and the term a must be assigned a
value for the members atfected.

If a symmetrical or unsymmetrical frame is subjected to a
horizontal force, the resulting sway causes lateral movement
of the joints. It is common in this case to assume that there is
no elastic shortening of the members. Sufficient formulae to
enable the additional unknowns o be evaluated are obtained
by equating the reaction normal to the member, that is the
shear force on the member, to the rate of change of bending
moment. Sway occurs also in unsymmetrical frames subject
to vertical loads, and in any frame on which the load is not
symmetrically disposed.

Slope-deflection methods have been used to derive bending
moment formulae for the simplified sub-frames illustrated
on Table 2.60. These simplified sub-frames correspond to
those referred to in BS 8110, as a basis for determining
the bending moments in the individual members of a frame
subjected to vertical loads only. The method is described
in section 14.2.

An example of applying the slope-deflection formulae to a
simple problem of a beam, hinged at one end and framed into
a column at the other end, is given in section 14.1.

4.9.5 Shearing forces on members of a frame

The shearing forces on any member forming part of a frame can
be simply determined, once the bending moments have been
found, by considering the rate of change of the bending
moment. The uniform shearing force on a member AB due to
end restraint only is (Mg + Mpa)lsp. account being taken of
the signs of the bending moment. Thus if both of the restraint
moments are clockwise, the shearing force is the numerical sum
of the moments divided by the length of the member. If one
restraint moment acts in a direction contrary to the other, the
shearing force is the numerical difference in the moments
divided by the length of the member. For a member with end B
hinged, the shearing force due to the restraint moment at A is
M ,p/l\p. The variable shearing forces caused by the loads
on the member should be algebraically added to the uniform
shearing force due to the restraint moments, as indicated for
a continuous beam in section 11.1.2.
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4.9.6 Portal frames

A common type of frame used in single-storey buildings is the
portal frame, with either a horizontal top member, or two
inclined top members meeting at the ridge. In Tables 2.63 and
2.64, general formulae for the moments at both ends of the
columns, and at the ridge where appropriate, are given, together
with expressions for the forces at the bases of the columns.
The formulae telate to any vertical or horizontal load, and to
frames fixed or hinged at the bases. In Tables 2.65 and 2.66,
corresponding formulae for special conditions of loading on
frames of one bay are given.

Frames of the foregoing types are statically indeterminate,
but frames with a hinge at the base of each column and one at
the ridge, that is, a three-hinged frame, can be readily analysed.
Formulae for the forces and bending moments are given in
Tuble 2.67 for three-hinged frames. Approximate expressions
are also given for certain modified forms of these frames, such as
when the ends of the columns are embedded in the foundations,
and when a tie-rod is provided at eaves level.

4.9.7 Finite elements

In conventional structural analysis, numerous approximations
are introduced and the engineer is normally content to accept
the resulting simplification. Actual elements are considered as
idealised one-dimensional linear members; deformations due to
axial force and shear are assumed to be sufficiently small to be
neglected; and so on,

In general, such assumptions are valid and the results of the
analysis are sufficiently close to the values that would occur
in the actual structure to be acceptable. However, when the
member sizes become large in relation to the structure they
form, the system of skeletal simplification breaks down. This
occurs, for example, with the design of such elements as deep
beams, shear walls and slabs of various types. :

One of the methods developed to deal with such so-called
continuum structures is that known as finite elements. The
structure is subdivided arbitrarily into a set of individual
clements (usually triangular or rectangular in shape), which are
then considered to be inter-connected only at their corners
(nodes). Although the tesulting reduction in continuity might
seem to indicate that the substitute system: would be much
more flexible than the original structure, this is not the case if
the substitution is undertaken carefully, since the adjoining
edges of the elements tend not to separate and thus simulate
continuity. A stiffness matrix for the substitute structure can
now be prepared, and analysed using a computer in a similar
way to that already described.

Theoretically, the pattérn of elements chosen might be
thought to have a marked effect on the validity of the results.
However, although the use of a smaller mesh, consisting of
a larger number of elements, can often increase the accuracy
of the analysis, it is normal for surprisingly good results to be
obtained by experienced analysts when using a rather coarse
grid, consisting of only a few large elements.

4,10 COLUMNS IN NON-SWAY FRAMES

In monolithic beam-and-column construction subjected to
vertical loads only, provision is still needed for the bending
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moments produced on the columns due to the rigidity of the
joints. The external columns of a building are subjected to
greater moments than the internal columns (other conditions
being equal). The magnitude of the moment depends on the
relative stiffness and the end conditions of the members.

The two principal cases for beam—column connections are
at intermediate points on the column (e.g. floor beams) and at
the top of the column (e.g. roof beam). Since each member can
be hinged, fully fixed or partially restrained at its remote end,
there are many possible combinations.

In the first case, the maximum restraint moment at the joint
between a beam and an external column occurs when the
remote end of the beam is hinged, and the remote ends of the
columu are fixed, as indicated in Table 2.60. The minimur
restraint moment at the joint occurs when the remote end of
the beam is fixed, and the remote ends of the column are both
hinged, as also indicated in Table 2.60. Real conditions, in
practice, generally lie between these extremes and, with any
condition of fixity of the remote ends of the column, the
moment at the joint decreases as the degree of fixity at the
remote end of the beam increases. With any degree of fixity at
the remote end of the beam, the moment at the joint increases
very slightly as the degree of fixity at the remote ends of the
column increase.

Formulae for maximusm and minimum bending moments are
given in Table 2.60 for a number of single-bay frames. The
moment on the beam at the joint is divided between the upper
and lower columns in the ratio of their stiffness factors K, when
the conditions at the ends of the two columns are identical.
When one column is hinged at the end and the other is fixed,
the solution given for two columns with fixed ends can still be
used, by taking the effective stiffness factor of the column with
the hinged end as 0.75K. :

For cases where the beam—column connection is at the top of
the column, the formulae given in Table 2.60 may be used, by
taking the stiffness factors for the upper columns as zero.

4.10.1 Internal columns

For the frames of ordinary buildings, the bending moments on
the upper and lower internal columns can be computed from the
expressions given at the bottom of Table 2.60; these formulae
conform to the method to be used when the beams are analysed
as a continnous system on knife-edge supports, as deséribé;}_
in clause 3.2.1.2.5 of BS 8110, When the spans are unequal, the

greatest bending moments on the column are when the value Of .
M,, (see Table 2.60) is greatest, which is generally when the _
longer beam is loaded with (dead + live), load while the shorter

beam carries dead load only. _
Another method of determining moments in the colum
according to the Code requirements, is to use the simplifi

sub-frame formulae given on Table 2.61. Then considering.

column SO, for example, the column moment is given by

2D, Fy + 4F;
50 4 ’—D .STDTS

where Dy, Dgp and Dy are distribution factors, Fy and- Fr-al
fixed-end moments at S and T respectively (see Table%r? 61
This moment is additional to any initial fixed-end mome
acting on SO. ‘

Columns in sway frames

To determine the maximum moment in the column it may be
necessary to examine two separate simplified sub-frames, in
which each column is embodied at each floor level (i.e. the
column at joint S, say, is part of two sub-frames comprising
beams QR to ST, and RS to TU respectively). However, the
maximum moments usually occur when the central beam of
the sub-frame is the longer of the two beams adjoining the
column being investigated, as specified in the Code.

4.10.2 End columns

The bending moments due to continuity between the beams and
the columns vary more for end columns than for internal
columns. The lack of uniformity in the end conditions affects
the moments determined by the simplified method described
earlier more significantly than for internal columns. However,
even though the values obtained by the simplified methods
are more approximate than for internal columns, they are still
sufficiently accurate for ordinary buildings. The simplified
formulae given on Table 2.60 conform to clause 3.2.1.2.5 of
BS 8110, while the alternative simplified sub-frame method
described for internal columns may also be used.

4.10.3 Corner colﬁmns

Corner colummns are generally subjected 1o bending moments
from beams in two directions at right angles. These moments
can be independently calculated by considering two frames
{also at right angles), but practical methods of column design
depend on both the relative magnitudes of the moments and
the direct load, and the relevant limit-state condition. These
methods are described in later sections of the Handbook.

4.10.4 Use of approximate methods

The methods hitherto described for evaluating the column

noments in beam-and-column construction with rigid joints

mmvolve significant calculation, including the second moment
- of area of the members. Often in practice, and especially in
the preparation of preliminary schemes, approximate methods
are very useful, The final design should be checked by more
accurate methods.
_ The column can be designed provisionally for a direct load
Increased to allow for the effects of bending, In determining
the to.tal column load at any particular level, the load from the
floor mmmediately above that level should be multiplied by the

following factors: internal columns 1.25, end columns 1.5 and
-comer column 2.0,

4_ 11 COLUMNS IN SWAY FRAMES
fe’_‘Posed structures such as water towers, bunkers and silos,
a‘_il'lfl' frames that are required to provide lateral stability to a
ilding, the columns must be designed to resist the effects of
3231“ When conditions do not warrant a close analysis of the
b l'g moments lo which a frame is subjected due to wind or
g fi_teral forces, the methods described in the following and
Wiin Tuble 2.62 are sufficiently accurate.

1 Open braced towers

0 . . .
ﬁ?!{mns (of identical cross section) with braced corners
& an open tower, such as that supporting an elevated
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water tank, the expressions at (a) in Table 2.62 give bending
moments and shearing forces on the columns and braces, due
to the effect of a horizontal force at the head of the columns.

In general, the bending moment on the column is the shear
force on the column multiplied by half the distance between the
braces. If a column is not continuous or is insufficiently braced
at one end, as at an isolated foundation, the bending moment at
the other end is twice this value.

The bending moment on the brace at an external column is
the sum of the bending moments on the column at the points of
intersection with the brace. The shearing force on the brace is
equal to the change of bending moment, from one end of the
brace to the other end, divided by the length of the brace.
These shearing forces and bending moments are additional to
those caused by the dead weight of the brace and any external
loads to which it may be subjected,

The overturning moment on the frame causes an additional
direct load on the leeward column and a corresponding relief of
load on the windward column. The maximum value of this
direct load is equal to the overturning moment at the foot
of the columns divided by the distance between the centres of
the columns.

The expressions in Table 2.62 for the bending moments and
forces on the columns and braces, apply for columns that are
vertical or near vertical. If the columns are inclined, then the
shearing force on a brace is 2M, divided by the length of
the brace being considered.

4.11.2 Columns supporting massive
superstructures

The case illustrated at (b) in Table 2.62 is common in silos and
bunkers where a superstruciure of considerable rigidity is
carried on comparatively short columns. If the columns are
fixed at the base, the bending moment on a single column is
Fhi2F, where J is the number of columns if they are all of the
same size; the significance of the other symbols is indicated in
Table 2.62.

If the columns are of different sizes, the total shearing force
on any one line of columns should be divided between them in
proportion to the second moment of area of each column, since
they are all deflected by the same amount. If J; is the number
of columns with second moment of area [}, J, is the number of
columns with second moment of area I, and so on, the total
second moment of area 31 = J,I, + J,I, + and so on. Then on
any column having a second moment of area Jj, the bending
moment is FhIj/23T as given in diagram (b) in Table 2.62:
Alternatively, the total horizontal force can be divided among
the columns in proportion to their cross-sectional areas (thus
giving uniform shear stress), in which case the formula for the
bending moment on any column with cross-sectional area A, is
FhAj2ZA, where ZA is the sum of the cross-sectional areasj of
all the columns resisting the total shearing force F.

4.11.3 Building frames

In the frame of a multi-storey, multi-bay building, the effect of
the wind may be small compared to that of other loads, and
in this case it is sufficiently accurate to divide the horizontal
shearing force between the columns on the basis that an end
column resists half the amount on an internal column. If in the
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plane of the lateral force F, J; is the total number of columns in
one frame, the effective number of columns for the purpose of
calculating the bending moment on an internal column is J, — 1,
the two end columns being equivalent to one internal colomn;
see diagram (c) in Table 2.62. In a building frame subjected
to wind pressure, the forces on each panel (or storey height)
F,. Fy, F; and 80 on are generally divided into equal shearing
forces at the head and base of each storey height of columns.
The shearing force at the bottom of any internal column, i
storeys from the top, is (& F + Fi2)/((J; — 1), where 3F = F, +
F,+ F3+....-+ F; _1. The bending moment is then the shearing
force multiplied by half the storey height.

A bending moment and a corresponding shearing force are
caused on the fioor beams, in the same way as on the braces of
an open braced tower. At an internal column, the sum of the
bending moments on the two adjacent beams is equal to the sum
of the moments at the base of the upper column and the head of
the lower column,

The above method of analysis for determining the effects of
lateral loading corresponds to that described in section 4.9.1,
and recommended in BS 8110 for a frame of three or more
approximately equal bays.

4.12 WALL AND FRAME SYSTEMS

n all forms of construction, the effects of wind force increase
in significance as the height of the structure increases. One
way of reducing lateral sway, and improving stability, is by
increasing the sectional size of the component members of
sway frames. However, this will have a direct consequence
of increasing storey height and building cost.

Often, a better way is to provide a suitable arrangement of
walls linked to flexible frames. The walls can be external or
internal, be placed around lift shafts and stairwells to form core
structures, or be a combination of types. Sometimes core walls
are constructed in advance of the rest of the structure to avoid
subsequent delays. The lateral stiffness of systems with a
central core can be increased, by providing deep cantilever
mermbers at the top of the core structure, to which the exterior
columns are connected. Another approach is to increase the
load on the central core, by replacing the exterior columns by
hangers suspended from the cantilever members at the top of
the building. This also avoids the need for exterior columns at
ground level, and their attendant foundations. As buildings get
taller, the lateral stability requirements are of paramount impor-
tance. The structural efficiency can be increased, by replacing
the building facade by a rigidly jointed framework, so that the
outer shell acts effectively as a closed-box.

Some different structural forms consisting of assemblies of
multi-storey frames, shear walls and cores, with an indication
of typical heights and proportions, taken from ref. 37, are
shown in Table 2.68.

4.12.1 Shear wall structures

The lateral stability of low- to medium-rise buildings is often
obtained by providing a suitable system of stiff shear walls. The
arrangement of the walls should be such that the building is stiff
in both flexure and torsion. In rectangular buildings, external
shear walls in the short direction can be used to resist iateral
loads acting on the wide faces, with rigid frames or infill panels
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in the long direction. In buildings of square plan form, a strong
central setvice core, surrounded by flexible external frames,
can be used. If strong points are placed at both ends of a long
building, the restraint provided to the subsequent shrinkage
and thermal movements of floors and roof should be carefully
considered.

In all cases, the floors and roof are considered to act as stiff
plates so that, at each level, the horizontal displacements of all
walls and columns are taken to be the same, provided the total
lateral load acts through the shear centre of the system. If the
total lateral load acts eccentrically, then the additional effect
of the resulting torsion moment needs to be considered. The
analysis and design of shear wall buildings is covered in ref. 38,
from which much of the following treatment is based. Several
different plan configuratjons of shear walls and core units, with
notes on their suitability are shown in Table 2.69.

4.12.2 Walls without openings

The lateral load transmitted to an individual wall is a function
of its position and its relative stiffness. The total deflection of a
cantilever wall under lateral load is a combination of bending
and shear deformations. However, for a uniformly distributed
load, the shear deformation is less than 10% of the total, for
H/D > 3 in the case of plane walls, and H/D > 5 in the case of
flanged walls with B/D = 0.5 (where B is width of flange, D is
depth of web and H is height of wall). Thus, for most shear
walls without openings, the dominant mode of deformation is
bending, and the stiffness of the wall can be related directly to the
second moment of area of the cross section 1. Then, for a total
Jateral load F applied at the shear centre of a system of parallel
walls, the shearing force on an individual wall j is FL{ZL,

The position of the shear centre along a given axis y can be
readily determined, by calculating the moment of stiffness of
each wall about an arbitrary reference point on the axis, The
distance from the point to the shear centre, y, = 3Ly ISE.

If the total lateral load acts at distance y, along the axis, the
resulting horizontal moment is F(y,—yc}. Then, if the torsion
stiffness of individual walls is neglected, the total shearing
force on wall f is

Fj = FI_]'{EI_} + Fly, = yc)I_]yJ’{ZIJ (yj —yc)z

More generalised formulae, in which a wall system is related &
two perpendicular axes are given in Table 2.69. The abo
analysis takes no account of rotation at the base of the walls

4.12.3 Walls containing openings

In the case of walls pierced by openings, the behaviour@:f__'
the individual wall sections is coupled to a variable degree- The: .

connections between the individual sections are provided eithe
by beams that form part of the wall, or by floor slabs, or’b
combination of both. The pierced wall may be analysed
elastic methods in which the flexibility of the coupling eleme
is represented as a continuous flexible medium. Alternativ
the pierced wall may be idealised as an equivalent plane fr
using a ‘wide column’ analogy.
The basis of the continuous connection model is describle
section 15.2, and analytical solutions for a wall containin
single line of openings are given in Table 2.70.

Arches

4.12.4 Interaction of shear walls and frames

The interaction forces between solid walls, pierced walls and
frames can vary significantly up the height of a building, as
a result of the differences in the free deflected shapes of
each structural form. The deformation of solid walls is mainly
flexural, whereas pierced walls deform in a shear—flexure mode,
and frames deform in an almost pure shear manner. As a result,
towards the bottom of a building, solid walls attract load whilst
frames and, to a lesser extent, pierced walls shed load, The
behaviour 1s reversed towards the top of a building. Thus,
although the distribution of load intensity between the different
elements is far from uniform up the building, the iotal lateral
force resisted by each varies by a smaller amount.

As a first approximation, the shearing force at the bottom of
each load-resisting element can be determined by considering a
single interaction force at the top of the building. Formulae, by
which the effective stiffness of pierced walls and frames can be
determined, are given in section 15.3.

4.13 ARCHES

Arch construction in reinforced concrefe occurs sometimes in
roofs, but mainly in bridges. An arch may be three-hinged,
two-hinged or fixed-ended (see diagrams in Table 2.71), and
may be symmetrical or unsymmetrical, right or skew, single
or one of a series of arches mutually dependent upon each
other. The foliowing consideration is limited to symmetrical and
upsymmetrical three-hinged arches, and to symmetrical two-
hinged and fixed-end arches; reference should be made to other
publications for information on more complex types.

{chh comstruction may comprise an arch slab (or vault) or a
series of parallel arch ribs. The deck of an arch bridge may be
supported by columns or transverse walls carried on an arch
slab_or ribs, when the structure may have open spandrels; or the
deck may be below the crown of the arch, either at the level of

: the springing (as in a bowstring girder) or at some intermediate
¢ level. A bowstring girder is generally regarded as a two-hinged
_ al‘C?l, with the horizontal component of thrust resisted by a tie,
| Whlc_h normally forms part of the deck. If earth or other filling is
: pmV}ded to support the deck, an arch slab and spandrel walls are
equired and the bridge is a closed or solid-spandrel structure.

4.13.1 Three-hinged arch

f::uil'a(ﬁl with a %ﬁnge at each springing and at the crown is
g y determinate. The tl_lrusts on the abuiments, and the
- a'frég moments and shearing forces on the arch itself, are
s Othicted [-:vy a small move'ment of one abutment relative to
Boss T, This type of arch is therefore used when there is a
; Fl ility of unequal settlement of the abutments.
can ‘:)Tefgl); loa‘d in any position', the thrast on the abutments
t:ﬁé::ge etermined by the equations of static equilibrium. For
_arllf:ral case of an unsymmetrical arch with a load acting
1_i_zonit};;ih0r1zor1ta_11y or at an angle, the expressions for the
: é}.OWe and vertical components of the thrusts are given
o T part of Tuble 2.71. For syrmmetrical arches, the for-
_ gwelll in Table 2.67 for the thrusts on three-hinged frames
essfi’énssﬁ_nl?r formulae can be obtained from the general
f'é.ftical In a:ble 2.71. The vertical component is the same as
reaction for a freely supported beam. The bending
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moment at any cross section of the arch is the algebraic sum of
the moments of the loads and reactions on one side of the
section. There is no bending moment at a hinge. The shearing
force is likewise the algebraic sum of the loads and reactions,
resolved at right angles to the arch axis at the section, and acting
on one side of the section. The thrust at any section is the sum
of the loads and reactions, resclved parallel to the axis of the
arch at the section, and acting on one side of the section.

The extent of the arch that should be loaded with imposed
load to give the maximum bending moment, or shearing force
or thrust at a particular cross section can be determined by
constructing a series of infiuence lines. A typical influence line
for a three-hinged arch, and the formulae necessary to construct
an influence line for unit load in any position, are given in the
upper part of Table 2.71.

4.13.2 Two-hinged arch

The hinges of a two-hinged arch are placed at the abuiments
so that, as in a three-hinged arch, only thrusts are transmitted to
the abutments, and there is no bending moment on the arch
at the springing. The vertical component of the thrust from a
symmetrical two-hinged arch is the same as the reaction for
a freely supported beam. Formulae for the thrusts and bending
momentis are given in Table 2.71, and notes in section 16.2.

4.13.3 Fixed arch

An arch with fixed ends exerts, in addition to the vertical and
horizontal thruosts, a bending moment on the abutments. Like a
two-hinged arch and unlike a three-hinged arch, a fixed-end
arch is statically indeterminate, and the stresses are affected by
changes of temperature and shrinkage of the concrete. As it is
assumed in the general theory that the abutments cannot move
or rotate, the arch can only be used in such conditions.

A cross section of a fixed-arch rib or slab is subjected to a
bending moment and a thrust, the magnitudes of which have to
be determined. The design of a fixed arch is a2 matter of trial and
adjustment, since both the dimensions and the shape of the arch
affect the calculations, but it is possible to select preliminary
sizes that reduce the repetition of arithmetic work to a2 minimum.
A suggested method of determining possible sections at the
crown and springing, as given in Table 2.72 and explained in
section 16.3.1, is based on first treating the fixed arch as a
hinged arch, and then estimating the size of the cross sections
by greatly reducing the maximum stresses.

The general formulae for thrusts and bending moments on a
symmetrical fixed arch of any profile are given in Table 2.72,
and notes on the application and modification of the formulae
are given in section 16.3. The calculations necessary to solve -
the general and modified formulae are tedious, but are eased
somewhat by preparing them in tabular form. The form given
in Table 2.72 is particularly suitable for open-spandrel arch
bridges, because the appropriate formulae do not assume a con-
stant value of «y, the ratio of the length of a segment of the arch
to the mean second moment of area of the segment.

For large span arches, calculations are made much easier and
more accurate by preparing and using influence lines for the
bending moment and thrust at the crown, the springing, and the
quarter points of the arch. Typical influence lines are given in
Table 2.72, and such diagrams can be constructed by considering
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the passage over the arch of a single concentrated unit load, and
applying the formulae for this condition. The effect of the dead
load, and of the most adverse disposition of imposed load, can
be readily calculated from these diagrams. If the specified
imposed load includes a moving concentrated load, such as a
KEL, the influence lines are almost essential for determining
the most adverse position. The case of the positive bending
moment at the crown is an exception, when the most adverse
position of the load is at the crown. A method of determining
the data to establish the ordinates of the influence lines is given
in Table 2.73.

4.13.4 Fixed parabolic arches

In Table 2.74 and in section 16.4, consideration is given to
symmetrical fixed arches that can have either open or solid
spandrels, and be either arch ribs or arch slabs. The method is
based on that of Strassner as developed by H Carpenter, and
the principal assumption is that the axis of the arch is made to
coincide with the line of thrust due to the dead {oad. This results
in an economical structure and a simple calculation method.
The shape of the axis of the arch is approximately that of a
parabola, and this method can therefore be used only when the
designer is free to select the profile of the arch. The parabolic
form may not be the most economic for large spans, although
it is almost so, and a profile that produces an arch axis coinci-
dent with the line of thrust for the dead load plus one-half of the
imposed load may be more satisfactory. If the increase in the
thickness of the arch from c¢rown (o springing is of a parabolic
form, only the bending moments and thrusts at the crown
and the springing need to be investigated. The necessary
formulae are given in section 16.4, where these include a series
of coefficients, values of which are given in Table 2.74. The
application of the method is also illustrated by an example
given in section 16.4. The component forces and ‘moments
are considered in the following treafment.

The thrusts due to the dead load are relieved somewhat by the
effect of the compression causing elastic shortening of the arch.
For arches with small ratios of rise to span, and arches that are
thick in comparison with the span, the stresses due to arch
shortening may be excessive. This can be overcome by intro-
ducing temporary hinges at the crown and the springing, which
eliminate all bending stresses due to dead load. The hinges are
filled with concrete after arch shortening and much of the
shrinkage of the concrete have taken place.

An additional horizontal thrust due to a temperature rise or
a corresponding counter-thrust due to a temperature fall will
affect the stresses in the arch, and careful consideration must
be given to the likely temperature range. The shrinkage of the
concrete that occurs after completion of the arch produces a
counter-thrust, the magnitude of which is modified by creep.

The extent of the imposed load on an arch, necessary (o
produce the maximum stresses in the critical sections, can be
determined from influence lines, and the following values are
approximately correct for parabolic arches. The maximum
positive moment at the crown oceurs when the middle third of the
arch is loaded; the maximum negative moment at a springing
occurs when four-tenths of the span adjacent to the springing is
1oaded; the maximum positive moment at the springing occurs
when six-tenths of the span furthest away from the springing
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is loaded. In the expressions given in section 16.4.4, the imposed
load is expressed in terms of an equivalent UDL.

When the normal thrusts and bending moments on the main
sections have been determined, the areas of reinforcement and
stresses at the crown and springing can be calculated. All
that now remains is to consider the intermediate sections and
determine the profile of the axis of the arch. If the dead load
is uniform throughout (or practically o), the axis will be a
parabola; but if the dead load is not uniform, the axis must be
shaped to coincide with the resulting line of thrust. This can
be obtained graphically by plotting force-and-link polygons,
the necessary data being the magnitudes of the dead load, the
horizontal thrust due to dead load, and the vertical reaction
(equal to the dead load on half the span) of the springing. The
line of thrust, and therefore the axis of the arch, having been
established, and the thickness of the arch at the crown and the
springing having been determined, the lines of the extrados
and the intrados can be plotted to give a parabolic variation of
thickness between the two extremes.

4.14 PROPERTIES OF MEMBERS

4.14.1 End conditions

Since the results given by the more precise methods of elastic
analysis vary considerably with the conditions of restraint at
the ends of the members, it is important that the assumed
conditions are reasonably obtained in the actual construction.
Absolute fixity is difficult to attain unless-a beam or column is
embedded monolithically in a comparatively large mass of
concrete. Embedment of a beam in a masonry wall represents
more nearly the condition of a hinge, and should normally be
considered as such. A continuous beam supported internally
on a beam or column is only partly restrained, and where the
suppott at the outer end of an end span is a beam, a hinge should
be assumed. With the ordinary type of pad foundation, designed
simply for a uniform ground bearing pressure under the direct
load on a column, the condition at the foot of the column should
also be considered as a hinge. A column built on a pile-cap
supported by two, three or four piles is not absolutely fixed, but
a bending moment can be developed if the resulting vertical
reaction (upwards and downwards) and the horizontal thrust can
be resisted by the piles. The foot of a column can be considered
as fixed if it is monolithic with a substantial raft foundation. -

In two-hinged and three-hinged arches, hinged frames, and
some bridge types, where the assumption of a hinged joint muSt
be fully realised, it is necessary {0 form a definite hinge in tl}s?
construction. This can be done by inserting a steel hinge (0F
similar), or by forming a hinge within the frame. )

4.14.2 Section properties

For the elastic analysis of continuous structures, the sectiof
properties need to be known. Three bases for calculating_?the
second moment of area of a reinforced concrete secticn'are 8
erally recognised in codes of practice, as follows: '

1. The concrete section: the entire concrete area, but igno
the reinforcement. o

Earthquake-resistant structures

2. The gross section: the entire concrete area, together with the
reinforcement on the basis of a modular ratio, (i.e. ratic of
modulus of elasticity values of steel and concrete).

3. The transformed section: the concrete area in compression,
together with the reinforcement on the basis of modular ratio.

For methods 2 and 3, the modular ratio should be based on an
effective modulus of elasticity of concrete, taking account of
the creep effects of long-term loading. In BS 8110, a modular
ratio of 13 is recommended unless a more accurate figure can be
determined. However, until the reinforcement has been deter-
mined, or assumed, calculation of the section properties in this
way cannot be made with any precision. Moreover, the section
properties vary considerably along the length of the member as
the distribution of reinforcement and, for method 3, the depth
of concrete in compression change. The extent and effect of
cracking on the section properties is particularly difficult to
assess for a continuous beam in beam-and-slab construction, in
which the beam behaves as a flanged section in the spans where
the bending moments are positive, but is designed as a rectan-
gular section towards the supports where the bending moments
are negative.

Method 1 is the simplest one to apply and the only practical
approach when beginning a new design, but one of the other
methods could be used when checking the ability of existing
structures to carry revised loadings and, for new structures,
when a separate analysis for the SLSs is required. In all cases, it
is important that the method used to assess the section properties
is the same for all the members involved in the calculation.
Where a single stiffness value is to be used to characterise a
member, method 1 (or 2) is likely to provide the most accurate
ovgrall solution. Method 3 will only be appropriate where the
variations in section properties over the length of members
are properly taken into account.

4.15 FARTHQUAKE-RESISTANT STRUCTURES

. Earthquakes are ground vibrations that are caused mainly by

fracture of the earth’s crust, or by sudden movement along an
already existing fault. During a seismic excitation, structures
are caused to oscillate in response to the forced motion of the
foundations. The affected structure needs to be able to resist
the rf_:sulting horizontal load, and also dissipate the imparted
kinetic energy over successive deformation cycles. It would be
uneconomical to design the structure to withstand a major
eﬁl.rthguake elastically, and the normal approach is to provide it
with sufficient strength and ductility to withstand such an event
by responding inclastically, provided that the critical regions
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and the connections between members are designed specially
to ensure adequate ductility.

Significant advances have been made in the seismic design
of structures in Tecent years, and very sophisticated codes of
practice have been introduced (ref. 39). A design horizontal
seismic load is recommended that depends on the importance
of the structure, the seismic zone, the ground conditions,
the natural period of vibration of the structure and the available
ductility of the structure. Design load effects in the structure
are determined either by linear-elastic structural analysis for
the equivalent static loading or by dynamic analysis. When a
linear-elastic method is used, the design and detailing of the
members needs to ensure that, in the event of a more severe
earthquake, the post-elastic deformation of the structure will
be adequately ductile. For example, in a multi-storey frame,
sufficient flexural and shear strength should be provided in the
columns to ensure that plastic hinges form in the beams, in
order to avoid a column side-sway mechanism. The proper
Eietailing of the reinforcement is also a very important aspect
in ensuring ductile behaviour. At the plastic hinge regions of
moment resisting frames, in addition to longitudinal tension
retnforcement, it is essential to provide adequate compression
reinforcement. Transverse reinforcement is also necessary to
act as shear reinforcement, to prevent premature buckling of
the longitudinal compression reinforcement and to confine the
compressed concrete.

Buildings should be regular in plan and elevation, without
re-entrant angles and discontinuities in transferring vertical
loads to the ground. Unsymmetrical layouts resulting in large
torsion effects, flat slab floor systems without any beams, and
large discontinuities in infill systems (such as open ground
storeys) should be avoided. Footings should be founded at the
same level, and should be interconnected by a mat foundation
or by a grid of foundation beams. Only one foundation type
should in general be used for the same structure, unless the
structure is formed of dynamically independent units.

An alternative to the conventional ductile design approach is
to use a seismic isolation scheme. In this case, the structure is
supported on flexible bearings, so that the period of vibration of
the combined structure and supporting system is long enough
for the structure to be isolated from the predominant earthquake
ground motion frequencies. In addition, extra damping is
introduced into the system by mechanical energy dissipating
devices, in order to reduce the response of the structure to the
earthquake, and keep the deflections of the flexible system
within acceptable limits.

A detailed treatment of the design of earthquake-resisting
concrete structures is contained in ref. 40.




5.1 PRINCIPLES AND REQUIREMENTS

In modern Codes of Practice, a limit-state design concept is
used. Ultimate (ULS) and serviceability (SLS) limit-states are
considered, as well as durability and, in the case of buildings,
fire-resistance. Partial safety factors are incorporated in both
loads and material strengths, to ensure that the probability of
failure (i.e. not satisfying a design requirement) is acceptably
low. For British Codes (BS 8110, BS 5400, BS 8007), details
are given of design requirements and partial safety factors in
Chapter 21, material properties in Chapter 22, durability and
fire-resistance in Chapter 23. For EC 2, corresponding data are
given in Chapters 29, 30 and 31 respectively.

Members are first designed to satisfy the most critical limit-
state, and then checked to ensure that the other limit-states
are not reached. For most members, the critical condition to be
considered is the ULS, on which the required resistances of the
member in bending, shear and torsion are based. The require-
ments of the various SLSs, such as deflection and cracking,
are considered later. However, since the selection of an adequate
span to effective depth ratio to prevent excessive deflection, and
the choice of a suitable bar spacing to avoid excessive cracking,
can also be affected by the reinforcement stress, the design
process is generally interactive. Nevertheless, it {s notmal to
start with the requirements of the ULS.

5.2 RESISTANCE TO BENDING AND AXIAL FORCE

Typically, beams and slabs are members subjected to bending
while columms are subjected to a combination of bending and
axial force. In this context, a beam is defined as a member, in
BS 8110, with a clear span not less than twice the effective
depth and, in EC 2, as a member with a span not less than three
times the overall depth. Otherwise, the member is treated as a
deep beam, for which different design methods are applicable.
A column is defined as a member, in which the greater overall
cross-sectional dimension does not exceed four times the
smaller dimension. Otherwise, the member is considered as a
wall, for which a different design approach is adopted. Some
beams, for example, in portal frames, and slabs, for example, in
retaining walls, are subjected to bending and axial force. In
such cases, small axial forces that are beneficial in providing
resistance to bending are generally ignored in design.

Chapter 5

Design of structural
members

5.2.1 Basic assumptions

For the analysis of sections in bending, or combined bending
and axial force, at the ULS, the following basic assumptions
arc made:

« The resistance of the concrete in tension is ignored.

« The distribution of strain across the section is linear, that is,
sections that are plane before bending remain plane after
bending, the strain at a point being proporiional to its distance
from the axis of zero strain (neutral axis). In columns, if
the axial force is dominant, the neutral axis can lie outside
the section. :

e Stress—strain relationships for concrete in compression, and
for reinforcement in tension and compression, are those
shown in the diagrams on Zable 3.6 for BS 8110 and
BS 5400, and Table 4.4 for EC 2. :

o The maximum strain in the concrete in compression is 0.0035,
except for EC 2 where the strains shown in the following
diagram and described in the following paragraph apply.

=y

0 &2

Strain distribution at ULS in EC 2

For sections subjected to pure axial compression, the strain;
Timited to &, For sections partly in tension, the compresst!
strain is limited to &,,. For intermediate conditions, the s
diagram is obtained by taking the compressive strain as .4
level equal to 3/7 of the section depth from the more hi_g'h1
compressed face. For concrete strength classes $C5O/69_
limiting strains are £, = 0.002 and &, = 0.0035. For bt
strength concretes, other values are given in Tuble 4.4.

Resistance to bending and axial force

In all codes, for sections partly in tension, the shape of the
basic concrete stress-block is a combination of a parabola
and a rectangle. In EC 2, a form consisting of a triangle and
a rectangle is also given. In all codes, a simplified rectangular
stress distribution may also be used. If the compression zone
is rectangular, the compressive force and the distance of the
force trom the compression face can be readily determined for
each stress-block, and the resulting properties are given in
section 24.1 for BS 8110, and section 32.1 for EC 2.

The stresses in the reinforcement depend on the strains in the
adjacent concrete, which depend in turn on the depth of the
neutral axis and the position of the reinforcement in relation
to the concrete surfaces. The effect of these factors will be
examined separately for beams and columns.

5.2.2 Beams

Depth of neutral axis. This is significant because the value
of x/d, where x is the neutral axis depth and 4 is the effective
depth of the tension reinforcement, not only affects the stress in
the reinforcement, but also limits the amount of moment redis-
tribution atlowed at a given section. In BS 8110 where, because
of moment redistribution allowed in the analysis of a member,
the design moment is less than the maximum elastic moment,
the requirement x/d = (B, — 0.4) should be satisfied, where
B, is the ratio of design moment to maximum elastic moment.
Thus, for reductions in moment of 10%, 20% and 30%, x/d
must not exceed 0.5, 0.4 and 0.3 respectively. In EC 2, as
modified by the UK National Annex, similar restrictions apply
for concrete strength classes =C50/60.
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Section Strain diagram

- The figure here shows a typical strain diagram for a section

th.nta?ni‘ng both tension and compression reinforcement. For
e bi-linear siress—strain curve in BS 8110, the maximum

- design stresses in the reinforcement are f,/1.15 for values of &

aﬂ#_egz fy/1.15E,. From the strain diagram, this gives:
A S sl + f/LISE) and dx = (20— fy/ L1SE) /0

§_54OO the reinforcement stress—strain curve is tri-linear, with
imum c.iesign stresses of f,/1.15 in tension and 20007,/
J) in compression. These stresses apply for values of
00:2’+ £/1.15E; and £, = 0.002, giving:

xid = g,/(g,, +0.002 + fy/1.15E,) and
d7x = (g, 0.002)/ 8,

0035, £, = 500 N/mm? and E, = 200 kN/mm?, the
alues are x/d =0.617 and d'/x = 0.38 for BS 8110,
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and x/d = 0.456 and d'/x = 0.43 for BS 5400. For design to
EC 2, considerations similar to those in BS 8110 apply.

Effect of axial force. The following figure shows a section
that is subjected to a bending moment M and an axial force N,
in which a simplified rectangular stress distribution has been
assumed for the compression in the concrete. The stress block
is shown divided into two parts, of depths 4, and (b — 24),
providing resistance to the bending moment M and the axial
force N respectively, where 0 <<d,=0.5A.
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Section Forces

The depth 4, (and the force in the tension reinforcement) are
determined by the bending moment given by:

M =bdd - 0.5d)f

Thus, for analysis of the section, axial forces may be ignored
for values satisfying the condition: '

N=bh —2d)fa4
Combining the two requirements gives
N=bhf,— 2MI(d— 0.5d,.)
In the limit, when d, = 0.5/, this gives
N =bhf,; —2MNd — 0.25K)=bhf.4— Mk

For BS 8110, the condition becomes N = 0.45bhf,, — 3M/h,
which being simplified to N==0.1bif, is reasonably valid for
MibR3f,,=0.12. For EC 2, the same condition becomes
N=0.567bhf, — 3M/h, which may be reasonably simplified to
N=0.12bkf4 for M/ibWf, =0.15.

Analysis of section. Any given section can be analysed by a
trial-and-error process. An initial value is assumed for the
neutral axis depth, from which the concrete strains at the rein-
forcement positions can be calculated. The corresponding
stresses in the reinforcement are determined, and the resulting
forces in the reinforcement and the concrete are obtained. If the
forces are out of balance, the value of the neutral axis depth is
changed and the process is repeated until equilibrium is
achieved. Once the balanced condition has been found, the
resultant moment of all the forces about the neutral axis, or any
other suitable point, is calculated.

Singly reinforced rectangular sections. For a section that
is reinforced in tension only, and subjected to a moment M, a
guadratic equation in x can be obtained by taking moments, for
the compressive force in the concrete, about the line of action
of the tension reinforcement. The resulting value of x can be
used to determine the strain diagram, from which the strain in
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the reinforcement, and hence the stress, can be calculated. The
required area of reinforcement can then be determined from
the tensile force, whose magnitude is equal to the compressive
force in the concrete. If the calculated value of x exceeds the
limit required for any redistribution of moment, then a doubly
reinforced section will be necessary.

In designs to BS 8110 and BS 5400, the lever arm between
the tensile and compressive forces is to be taken not greater than
0.95d. Furthermore, it is a requirement in BS 5400 that, if x
exceeds the limiting value for using the maximum design
stress, then the resistance moment should be at least 1.15M.
Analyses are included in section 24.2.1 for both BS 8110 and
BS 5400, and in section 32.2.1 for EC 2. Design charts based
on the parabolic-rectangular stress-block for concrete, with
f, =500 N/mm?, are given in Tables 3.13, 3.23 and 4.7 for
BS 8110, BS 5400 and EC 2 respectively. Design tables based
on the rectangular stress-blocks for concrete are given in
Tables 3.14, 3.24 and 4.8 for BS 8110, BS 5400 and EC 2
respectively. These tables use non-dimensional parameters and
are applicable for values of £, = 500 N/mm”.

Doubly reinforced rectangular sections. A section
needing both tension and compression reinforcement, and
subjected to a moment M, can be designed by first selecting a
suitable value for x, such as the limiting value for using the
maximum design stress in the tension reinforcement or satisfy-
ing the condition necessary for moment redistribution. The
required force to be provided by the compression reinforcement
can be derived by taking moments, for the compressive forces
in the concrete and the reinforcement, about the line of action
of the tensile reinforcement. The force to be provided by the
tension reinforcement is equal to the sum of the compressive
forces. The reinforcement areas can now be determined, taking
due account of the strains appropriate to the value of x selected.

Analyses are included in section 24.2.2 for both BS 8110
and BS 5400, and in section 32.2.2 for EC 2. Design charts
based on the rectangular stress-blocks for concrete are given in
Tables 3.15 and 3.16 for BS 8110, Tables 3.25 and 3.26 for
BS 5400 and Tables 4.9 and 4.10 for BC 2.

Design formulae for rectangular sections. Design
formulae based on the rectangular stress-blocks for concrete
are given in BS 8110 and BS 5400. In both codes, x is limited
t0 0.5d so that the formulae are automatically valid for redistri-
bution of moment not greater than 10%. The design stress in
tension reinforcement is taken 0.87f, although this is only
strictly valid for x/d = 0.456 in BS 5400. The design stresses in
any compression reinforcement are taken as 0.87f, in BS 8110
and 0.72f, in BS 5400. Design formulae are given in section
24.2.3 for BS 8110 and BS 5400. Although not included in
EC 2, appropriate formulae are given in section 32.2.3.

Flanged sections. In monolithic beam and slab construction,
where the web of the beamn projects below the slab, the beam is
considered as a flanged section for sagging moments. The
effective width of the flange, over which uniform conditions
of stress can be assumed, is limited to values stipulated in the
codes. In most sections, where the flange is in compression,
the depth of the neutral axis will be no greater than the flange
thickness. In such cases, the section can be considered to be
rectangular with b taken as the flange width, If the depth of

Design of structural members

the neutral axis does exceed the thickness of the flange, the
section can be designed by dividing the compression zone
into portions comprising the web and the outlying flanges.
Details of the flange widths and design procedures are given in
sections 24.2.4 for BS 8110 and 32.2.4 for EC 2.

Beam sizes. The dimensions of beams are mainly determined
by the need to provide resistance to moment and shear. In the
case of beams supporting items such as cladding, partitions or
sensitive equipment, service deflections can also be critical.
Other factors such as clearances below beams, dimensions of
brick and block courses, widths of supporting members and
suitable sizes of formwork also need to be taken into account.
For initial design purposes, typical span/effective depth ratios
for beams in buildings are given in the following table:

Span/effective depth ratios for initial design of beams

Ultimate design load
Span conditions
25 kN/m 50 kKN/m 100 kN/m
Cantilever 9 7 5
Simply supported 18 14 10
Continuous 122 17 12

The effective span of a continuous beam is generally taken as
the distance between centres of supports. At a simple support,
or at an encastre’ end, the centre of action may be taken at a
distance not greater than half of the effective depth from
the face of the support. Beam widths are often taken as half the
overall depth of the beam with 2 minimum of 300 mm. If a
much wider band beam is used, the span/effective depth ratio
can be increased significantly to the limit necessitated by
deflection considerations.

In BS 8110 and BS 5400, to ensure lateral stability, simply

supported and continuous beams should be so proportioned that

the clear distance between lateral restraints is not greater than
60b, or 250b2/d, whichever is the lesser. For cantilevers in
which lateral restraint is provided only at the support, the clear
distance from the end of the cantilever to the face of the sup-
port should not exceed 255, or 1005 2/d, whichever is the lesser

one. In the foregoing, b, is the breadth of the compression face

of the beam (measured midway between restraints); Ot

“cantilever. Tn EC 2, second order effects in refation to lateral
stability may be ignored if the distance between lateral -

restraints is not greater than 506, (A/b)"? and h = 2.5b.. -

5.2.3 Slabs

Solid slabs are generally designed as rectangular strips of unk
width, and singly reinforced sections are normalty sufficien
Ribbed slabs are designed as flanged sections, of width eq
to the 1ib spacing, for sagging moments. Continuous rib
slabs are often made solid in suppost regions, 80 as 0 deve
sufficient resistance to hogging moments and shear for
Alternatively, in BS 8110, ribbed slabs may be designed
series of simply supported spans, with a minimum amo
of reinforcement provided in the hogging regions to con
the cracking, The amount of reinforcement recommende

Resistance to bending and axial force

25% of that in the middle of the adjoining spans extending into
the spans for at least 15% of the span length,

The thickness of slabs is normally determined by deflection
considerations, which sometimes result in the use of reduced
reinforcement stresses to meet code requirements. Typical
span/effective depth ratios for slabs designed to BS 8110 are
given in the following table:

Span/effective depth ratios for initial design of solid slabs

- Characteristic imposed load
Span conditions
5 kN/m? 10 kN/m?

Cantilever 11 1¢
Simply supported

One-way span 27 24

Two-way span 30 27
Continuous

One-way span 34 30

Two-way span 44 40
Hat slab (no drops) 30 27

In the table here, the characteristic imposed load should include
for all finishes, partitions and services. For two-way spans, the
ratios given apply to square panels. For rectangular panels
where the length is twice the breadth, the ratios given for one-way
spans should be used. For other cases, ratios inay be obtained
by interpolation, The ratios apply to the shorter span for two-way
slabs and the longer span for flat slabs. For ribbed slabs, except

for cantilevers, the ratios given in the table should be reduced
by 20%.

5.2.4 Columns

The second order effects associated with lateral stability are an
Important consideration in column design. An effective height
(or 1§ngth, in EC 2) and a slenderness ratio are determined in
relation to major and minor axes of bending. An effective height,
or length, is a function of the clear height and depends upon the
: Clonditions of restraint at the ends of the column. A clear distine-
tron exists between a braced column, with effective height =
: CI_e:ar height, and an unbraced column, with effective height = clear
< h§1ght. A braced column is one that is fully retrained in position
t‘_the t?nds, as in a structure where resistance to all the lateral
Orces in a particular plane is provided by stiff walls or bracing.
It unbraced column is one that is considered to contribute to
¢ lateral stability of the structure, as in a sway frame,

In:BS 8110 and BS 5400, a slenderness ratio is defined as
ffective height divided by the depth of the cross section in
%ane of bending. A column is then considered as either
Tt or slender, according to the slenderness ratios. Braced
umps.are ofien short, in which case second order effects may
nored. In EC 2, the slenderness ratio is defined as the

;’e -kngth divided by the radius of gyration of the cross

lumHS are subjected to combinations of bending moment
alf?I_‘_‘—Q and the cross section may need to be checked for
lan one combination of values. In slender columms, the
g_)ments, obtaj‘nf:d from an elastic analysis of the structure,
ased by additional moments induced by the deflection
{ .‘}mn.-In BS 8110 and EC 2, these additional moments
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contain a modification factor, the use of which necessitates an
iteration process with the factor taken as 1.0 initially, Details of
the design procedures are given in Tables 3.21 and 3.22 for

BS 8110, Tables 3.31 and 3.32 for BS 5400 and Tables 4.15 and
4.16 for EC 2.

Analysis of section. Any given section can be analysed by a
trial-and-error process. For a section bent about one axis, an
initial value is assumed for the nentral axis depth, from which
the concrete strains at the positions of the reinforcement can be
calculated. The resulting stresses in the reinforcement are
determined, and the forces in the reinforcement and concrete
are evaluated. If the resultant force is not equal to the design
axial force N, the value of the neutral axis depth is changed and
the process repeated until equality is achieved. The sum of the
moments of all the forces about the mid-depth of the section is
then the moment of resistance appropriate to N. For a section in
biaxial bending, initial values have to be assumed for the depth
and the inclination of the neutral axis, and the design process
would be extremely tedious without the aid of an interactive
computer program.

For design purposes, charts for symmetrically reinforced
rectangular and circular sections bent about one axis can be
readily derived, For biaxial bending conditions, approximate
design methods have been developed that utilise the solutions
obtained for uniaxial bending,

Rectangular sections. The figure here shows a rectangular
section with reinforcement in the faces parallel to the axis
of bending.
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Resolving forces, and taking moments about the mid-depth of
the section, gives the following equations for 0 < x =< .

N=kbxf.+Anfu —Aafe
M= k]b)gl; (O.Sh - kzx) + As]fsl (0‘5]1 - d’) +As2f:s2 (d - 0.5}1)

where f;; and [, are determined by the stress—strain curves for the
reinforcement and depend on the value of x. Values of &, and k;
are determined by the concrete stress-block, and f, is equal to £,
in BS 8110 and BS 5400, and f; in EC 2.

For symmetrically reinforced sections, A;; = A, = A2
and d’= h — d. Design charts based on a rectangular stress-block
for the concrete, with values of f, = 500 N/mn?, and dfh = 0.8
and 0.85 respectively, are given in Tubles 3.17 and 3.18 for
BS 8110, Tables 3.27 and 3.28 for BS 5400 and Tables 4.11 and
4.12 for EC 2. Approximate design methods for biaxial bending
are given in Tables 3.21, 3.31 and 4.16 for design to BS 8110,
BS 5400 and EC 2 respectively.
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Circular sections. The figure here shows a circular section
with gix bars spaced equally around the circumference. Six is the
minitum number of bars recommended in the codes, and solu-
tions based on six bars will be slightly conservative if more barg
are used. The arrangement of bars relative to the axis of bending
affects the resistance of the section, and it can be shown that the
arrangement in the figure is not the most critical in every case,
but the variations are small and may be reasonably ignored.

hsing ———=

" [(Awf3)a

——

 E———
F,

Forces

Section

The following analysis is based on a uniform stress-block for
the concrete of depth Ax and width Asina at the base {as shown
in the figure). Resolving forces and taking moments about the
mid-depth of the section, where A is the diameter of a ci-rcle
through the centres of the bars, gives the following equations
for0<x=h.

N = [Qa — sin2a)B1foq + (A 3N fs1 — foo — S}
M= [(3sinc — sin3a)/ T211q + 0.433(A/3) oy + fiadhs

where f;|, f,; and f;; are determined by the stress—strain curves
for the reinforcement and depend on the value of x. Values of f4
and A respectively are taken as 0.45f,, and 0.9 in BS 8110,
0.4f,, and 1.0 in BS 5400, and 0.51f}, and 0.8 in EC 2.

Design charts, derived for values of f, = 500 N/mm?, and
h/h = 0.6 and 0.7 respectively, are given in Tables 3.19
and 3.20 for BS 8110, Taubles 3.29 and 3.30 for BS 5400, and
Tubles 4.13 and 4.14 for EC 2. Sections subjected to biaxial
moments M, and }, can be designed for the resultant moment
M= VM + M),

Design formulae, In BS 8110, two approximate formulae are
given for the design of short braced columns under specific
conditions. Columns which due to the nature of the structure
cannot be subjected to significant moments, for example, columns
that provide support to very stiff beams or beams on bearings,
may be considered adequate if N = 0.40f, A, + 0.07A, 1.

Columns supporting symmetrical arrangements of beams
that are designed for uniformly distributed imposed load, and
have spans that do net differ by more than 15% of the longer,
may be considered adequate if N =0.35f,,A. + 0.60A,. f,.

BS 5400 contains general formulae for rectangular sections
in the form of a trial-and-error procedure, and two simplified
formulae for specific applications, details of which are given in
Table 3.32.

Column sizes. Columns in unbraced structures are likely to
be rectangular in cross section, due to the dominant effect of
bending moments in the plane of the structure. Columns in
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braced structures are typically square in cross section, with
sizes being determined mainly by the magnitude of the axial
loads. In multi-storey buildings, column sizes are often kept
constant over several storeys with the reinforcement changing
in relation to the axial load. For initial design purposes, typical
load capacities for short braced square columns in buildings are
given in the following table:

Concrete Column }_ Reinforcement percentage
class size 1% 2% 173% A%
- -

C25/30 300X 300 1370 1660 1950 2240
350X 330 1860 2260 2650 3030
400 X 400 2430 2950 3470 3980
450 X 450 3080 3730 4390 5040
500 X 500 3800 4610 5420 6230

C32/40 300 X 300 1720 2010 2300 2580
350 X 350 2350 2740 3130 3520
400 X 400 3070 3580 4090 4600
450 X 450 3880 4530 5170 5820
500 X 500 4790 5590 6390 7190

C490/50 300 % 300 2080 2360 2650 2930
350350 | - 2830 3220 3600 39590
400 X 400 3700 4200 4710 5210
450 % 450 4680 5320 5960 6600
500 X 500 5780 6570 7360 8150

Ultimate design loads (kN) for short braced columns

In the foregoing table, the loads were derived from the BS 8110
equation for columns that are not subjected to significant
moments, with f; = 500 N/mm?. In determining the column
loads, the ultimate load from the floor directly above the level
being considered should be multiplied by the following factors
to compensate for the effects of bending: internal column 1.25,
edge column 1.5, corner column 2.0. The total imposed loads
may be reduced according to the number of floors supported:
The reductions, for 2, 3, 4, 5-10 and over 10 floors, are 10%;
20%, 30%, 40% and 50% respectively.

5.3 RESISTANCE TO SHEAR

Much research by many investigators has been undertaken in an

effort to develop a better understanding of the behaviour of |

reinforced concrete subjected to shear. As a result of _th;i:S
research, various theories have been proposed to explain ﬂ__l'jﬁ
mechanism of shear transfer in cracked sections, and providea
satisfactory basis for designing shear reinforcement. In: th}e
event of overloading, sudden failure can occur at the onset:if

shear cracking in members without shear reinforcement.rASﬁfl_ :
consequence, a minimum amount of shear reinforcement inithe _

form of links is required in nearly all beams. Resistance to !
can be increased by adding more shear reinforcement bl'lt; ev
tually, the resistance is limited by the capacity of the'inc
struts that form within the web of the section.

5.3.1 Members without shear reinforcement

In an uncracked section, shear results in a system of mﬂWh
orthogonal diagonal tension and compression stresses.
the diagonal tension stress reaches the tensile strength:0

Deflection

concrete, a diagonal crack occurs. This simple concept rarely
applies to reinforced concrete, since members such as beams
and slabs are generally cracked in flexure. In current practice,
it is more useful to refer to the nominal shear stress v = Vibd,
where & is the breadth of the section in the tension zone. This
stress can then be related to empirical limiting values derived
from test data. The limiting value v, depends on the concrete
strength, the effective depth and the reinforcement percentage
at the section considered. To be effective, this reinforcement
should continue beyond the section for a specified minimum
distance as given in Codes of Practice. For values of v < V., N0
shear reinforcement is required in slabs but, for most beams, a
specified minimum amount in the form of links is required.

At sections close to supperts, the shear strength is enhanced
and, for members carrying generally uniform load, the critical
section may be taken at d from the face of the support. Where
concentrated loads are applied close to supports, in members
such as corbels and pile-caps, some of the load is transmitted
by direct sirut action. This effect is taken into account in the
Codes of Practice by either enhancing the shear strength of the
section, or reducing the design load. In members subjected to
bending and axial load, the shear strength is increased due to
compression and reduced due to tension.

Details of design procedures in Codes of Practice are given
in Table 3.33 for BS 8110, Table 3.36 for BS 5400 and
Table 4.17 for EC 2.

5.3.2 Members with shear reinforcement

The design of members with shear reinforcement is based on a
truss model, in which the tension and compression chords are
spaced apart by a system of inclined concrete struts and upright
or inclined shear reinforcement. Most reinforcement is in the
form of upright links, but bent-up bars may be used for up
to 50% of the total shear reinforcement in beams. The truss
model results in a force in the tension chord additional to that
due to bending. This can be taken into account directly in the
design of the tension reinforcement, or indirectly by shifting
the bending moment curve each side of any point of maximum
bending moment,

“In BS 8110, shear reinforcement is required to cater for the
difference between the shear force and the shear resistance of
the section without shear reinforcement. Equations are given
for upright links based on concrete struts inclined at about 459,
?ind-for bent-up bars where the inclination of the concrete struts
mf‘-‘)’-be varied between specified limits. In BS 5400, a specified
minimum amount of link reinforcement is required in addition
O_Fh_at needed to cater for the difference between the shear force
d the shear resistance of the section without shear reinforce-
F!.lt- The forces in the inclined concrete struts are restricted
directly by limiting the maximum value of the nominal shear
Uess o specified values.

EC 2, shear reinforcement is required to cater for the entire
force and the strength of the inclined concrete struts is
ed explicitly. The inclination of the struts may be varied
o0 specified limits for links as well as bent-up bars. In
:}’_Vh_ere uprighi links are combined with bent-up bars, the
nclination needs to be the same for both,

0 $:0f design procedures in Codes of Practice are given

¢ 3.33 for BS 8110, Table 3.36 for BS 5400 and
4.18 for EC 2.
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5.3.3 Shear under concentrated loads

Suspended slabs and foundations are often subjected to large
loads or reactions acting on small areas. Shear in solid slabs
under concentrated loads can result in punching failures on the
inclined faces of truncated cones or pyramids. For design
purposes, shear stresses are checked on given perimeters at
specified distances from the edges of the loaded area. Where a
load or reaction is eccentric with regard to a shear perimeter
{e.g. at the edges of a slab, and in cases of moment transfer
between a slab and a column), an allowance is made for the
effect of the eccentricity. In cases where v exceeds V¢, links,
bent-up bars or other proprietary products may be provided in
slabs not less than 200 mm deep.

Details of design procedures in Codes of Practice are given
in Table 3.34 for BS 8110, Zables 3.37 and 3.38 for BS 5400
and Table 4.19 for EC 2.

5.4 RESISTANCE TO TORSION

In normal beam-and-slab or framed construction, calculations
for torsion are not usually necessary, adequate control of any
torsional cracking in beams being provided by the required
minimum shear reinforcement. When it is judged necessary to
include torsional stiffness in the analysis of a structure, or
torsional resistance is vital for static equilibrinm, members
should be designed for the resulting torsional moment. The
torsional resistance of a section may be calculated on the basis
of a thin-walled closed section, in which equilibrium is satisfied
by a closed plastic shear fiow. Solid sections may be modelled as
equivalent thin-walled sections. Complex shapes may be divided
into a series of sub-sections, each of which is modelled as an
equivalent thin-walled section, and the total torsional resistance
taken as the sum of the resistances of the individual elements,
When torsion reinforcement is required, this should consist of
rectangular closed links together with longitudinal reinforce-
ment. Such reinforcement is additional to any requirements for
shear and bending.

Details of design procedures in Codes of Practice are given
in Table 3.35 for BS 8110, Tuble 3.39 for BS 5400 and
Table 4.20 for EC 2.

5.5 DEFLECTION

The deflections of members under service loading should not
impair the appearance or function of a structure. An accurate
prediction of deflections at different stages of construction may
also be necessary in bridges, for example. For buildings, the
final deflection of members below the support level, after
allowance for any pre-camber, is limited to span/250. In order
to minimise any damage to non-structural elements such as
finishes, cladding or partitions, that part of the deflection that
occurs after the construction stage is also limited to span/500.
In BS 8110, this limit is taken as 20 mm for spans = 10 m.
The behaviour of a reinforced concrete beam under service
loading can be divided into two basic phases: before and after
cracking. During the uncracked phase, the member behaves
elastically as a homogeneous material. This phase is ended by
the load at which the first flexural crack forms. The cracks result
in a gradual reduction in stiffness with increasing load during
the cracked phase. The concrete between the cracks continues
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to provide some tensile resistance though less, on average, than
the tensile strength of the concrete. Thus, the member is stiffer
than the value calculated on the assumption that the concrete
carries no tension. This additional stiffness, known as ‘tension
stiffening’, is highly significant in lightly reinforced members
such as slabs, but has only a relatively minor effect on the
deflection of heavily reinforced members. These concepts are
illustrated in the following figure.

Load ! Deflection assuming a
/- maximum tensile stress
/ equal to tensile strength
! of the concrete
/ L
-
/ Deflection assurning y.2 -
; ahomogencous P
/ - uncracked section - -
w - -
/ - -
/ - -
- -
/ Py P
! P
Cracking | — 4 %
Actaal - " Deflection assuming
load response . -
P o concrete has no
- tensile strength
~ - -
-
-~
Deflection

Schematic load-deflection response

In BS 8110, for the purpose of analysis, ‘tension stiffening’ is
represented by a triangular stress distribution in the concrete,
increasing from zero at the neutral axis to a maximum value at
the tension face. At the level of the tension reinforcement, the
concrete stress is taken as 1 N/mm? for short-term loads, and
(.55 N/mm? for long-term loads, irrespective of the strain in the
tension reinforcement. In EC 2, a more general approach is
adopted in which the deformation of a section, which could be
a curvature or, in the case of pure tension, an extension, or a
combination of these, is calculated first for a homogeneous
uncracked section, 8,, and second for a cracked section ignor-
ing tension in the concrete, 8,. The deformation of the section
under the design loading is then obtained as:

§={8+01-08

where { is a distribution coefficient that takes account of the
degree of cracking according to the pature and duration of
the loading, and the stress in the tension reinforcement under
the load causing first cracking in relation to the stress under the
design service load.

When assessing long-term deflections, allowances need to be
made for the effect of concrete creep and shrinkage. Creep can
be taken into account by using an effective modulus of elasticity
E.op = EJ(1 + @), where E; is the short-term value and ¢ is a
creep coefficient. Shrinkage deformations can be calculated
separately and added to those due to loading.

Generally, explicit calculation of deflections is unnecessary
to satisfy code requirements, and simple rules in the form of
limiting span/effective depth ratios are provided in BS 8110 and
EC 2. These are considered adequate for avoiding deflection
problems in normal circumstances and, subject to the particular
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assumptions made in their derivation, provide a useful basis
for estimating long-term deflections of members in buildings,
as follows:

actnal span/effective depih ratio
limiting span/effective depth ratio

Deflection = X gpan/250

Details of span/effective depth ratios and explicit calculation
procedures are given in Tables 3.40 to 3.42 for BS 8110, and
Tables 4.21 and 4.22 for BEC 2.

5.6 CRACKING

Cracks in members under service loading should not impair
the appearance, durability or water-tightness of a structure. In
BS 8110, for buildings, the design crack width is generally
timited to 0.3 mm. In BS 5400, for bridges, the limit varies
between 0.25 mm and 0.10 mm depending on the exposure
conditions. In BS 8007, for structures to retain liquids, a limit
of 0.2 mm usually applies. Under liquid pressure, continuous
cracks that extend through the full thickness of a slab or wall
are likely to result in some initial seepage, but such cracks are
expected to self-heal within a few weeks. If the appearance of
a liquid-retaining structure is considered aesthetically critical, a
crack width limit of 0.1 mum applies.

In EC 2, for most buildings, the design crack width is generally
limited to 0.3 mm, but for internal dry surfaces, a limit
of 0.4 mm is considered sufficient. For liquid-retaining
structures, a classification system according to the degree of
protection required against leakage is introduced. Where a
small amount of leakage is acceptable, for cracks that pass
through the full thickness of the section, the crack width limit
varies according to the hydraulic gradient (i.e. head of liquid
divided by thickness of section). The limits are 0.2 mm for
hydraulic gradients <35, reducing uniformly to 0.05 mm
for hydraulic gradients = 35. g

In order to control cracking in the regions where tension is
expected, it is necessary to ensure that the tensile capacity (?f
the reinforcement at yielding is not less than the tensile force 10
the concrete just before cracking. Thus a minimum amount of
reinforcement is required, according to the strength of the
reinforcing steel and the tensile strength of the concrete - at
the time when cracks may first be expected to occur. Cracks due.
to restrained early thermal effects in continuous walls and some
slabs may occur within a few days of the concrete being placed:.
In other members, it may be several weeks before the applied.
load reaches a level at which cracking occurs. HE

Crack widths are infiuenced by several faciors including the

cover, bar size, bar spacing and stress in the reinforcement. '.Th,g:
stress may need to be reduced in order to meet the crack wu.iﬂ?‘f
limit. Design formulae are given in Codes of Practice in which.

strain, calculated on the basis of no tension in the concret
reduced by a value that decreases with increasing amounts.
tension reinforcement. For cracks that are caused by applie
foading, the same formulae are used in BS 8110, BS.5400.an
BS 8007. For cracks that are caused by restraint to temperatur
effects and shrinkage, fundamentally different formulae
included in BS 8007. Here, it is assumed that bond slip occtt
at each crack, and the crack width increases in direct prdpom
to the contraction of the concrete. o

Reinforcement considerations

Generally, for design to BS 8110 and EC 2, there is no need
to calculate crack widths explicitly, and simple rules that limit
either bar size or bar spacing according to the stress in the
reinforcement are provided. Details of both rules and crack
width formulae are given in Tuble 3.43 for BS 8110 and BS 5400,
Tables 3.44 and 3.45 for BS 8007 and Tables 4.23—4.25 for
EC 2. Additional design aids, derived from the crack width
formulae, are provided in Tables 3.46-3.52 for BS 8007, and
Tables 4.26 and 4.27 for EC 2.

5.7 REINFORCEMENT CONSIDERATIONS

Codes of Practice contain many requirements affecting the
reinforcement details such as minimum and maximum areas,
anchorage and lap lengths, bends in bars and curtailment. The
reinforcement may be curtailed in relation to the bending
moment diagram, provided there is always enough anchorage
to develop the necessary design force in each bar at every cross
section. Particular requirements apply at the positions where
bars are curtailed and at simple supports.

Bars may be set out individually, in pairs or in bundles of
three or four in contact. For the safe transmission of bond
forces, the cover provided to the bars should be not less than
the bar size or, for a group of bars in contact, the equivalent
diameter of a notional bar with the same cross-sectional area as
the group. Gaps between bars (or groups of bars) should be
not less than the greater of: (aggregate size plus 5 mm) or the
bar size {or equivalent bar diameter for a group). Details of
reinforcement limits, and requirements for containing bars in
compression, are given in Table 3.53 for BS 8110, Table 3.59
for BS 5400 and Table 4.28 for EC 2.

5.7.1 Anchorage lengihs

At both sides of any cross section, the reinforcement should be
provided with an appropriate embedment length or other form

»:. of end anchorage. In earlier codes, it was also necessary to con-

sider ‘local bond’ at sections where large changes of tensile
force occur over short lengths of reinforcement, and this
requirement remains in BS 5400.

- Assuming a uniform bond stress between concrete and the

surface of a bar, the required anchorage length is given by:

b req = (design force in bar)/(bond stress X perimeter of bar)

=S (D foa (1) = (falfoa) ($14)

here f,; is the design stress in the bar at the position from
_hICh- the anchorage is measured. The design bond stress fiq
©pends on the sirength of the concrete, the type of bar and, in
2, the location of the bar within the concrete section during
-om?l'ﬂ%ﬂg. For example, the bond condition is classified as
0d” in the bottom 250 mm of any section, and in the top
mm of a section > 600 mm deep. In other locations, the
d condition is classified as ‘poor’. Also in EC 2, the basic

rage length, in tension, can be multiplied by several
fficients that take account of factors such as the bar shape,
erand the effect of transverse reinforcement or pressure.
of diameter > 40 mm, and bars grouped in pairs or
-additional considerations apply. Details of design
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anchorage lengths, in tension and compression, are given in
Table 3.55 for BS 8110, Tuble 3.59 for BS 5400 and Tables 4.30
and 4.32 for EC 2.

5.7.2 Lap lengths

Forces can be transferred between reinforcement by lapping,
welding or joining bars with mechanical devices (couplers).
Connections should be placed, whenever possible, away from
positions of high stress, and should preferably be staggered.
In Codes of Practice, the necessary lap length is obtained by
multiplying the required anchorage length by a coefficient.

In BS 8110, for bars in compression, the coefficient is 1.25.
For bars in tension, the coefficient is 1.0, 1.4 or 2.0 according
to the cover, the gap between adjacent laps in the same layer
and the location of the bar in the section. In slabs, where the
cover is not less than twice the bar size, and the gap between
adjacent laps is not less than six times the bar size or 75 mm, a
factor of 1.0 applies. Larger factors are frequently necessary in
columns, typically 1.4; and beams, typically 1.4 for bottom bars
and 2.0 for top bars. The sum of all the reinforcement sizes in
a particular layer should not exceed 40% of the width of the
section at that level. When the size of both bars at a lap exceeds
20 mm, and the cover is less than 1.5 times the size of the
smaller bar, links at a maximum spacing of 200 mm are
required throughout the lap length.

In EC 2, for bars in tension or compression, the lap coefficient
varies from 1.0 to 1.5, according to the percentage of lapped bars
relative to the total area of bars at the section considered, and
transverse reinforcement is required at each end of the lap zone.
Details of lap lengths are given in Tuble 3.55 for BS 8110,
Table 3.59 for BS 5400 and Tables 4.31 and 4.32 for EC 2.

5.7.3 Bends in bars

The radius of any bend in a reinforcing bar should conform to
the minimum requirements of BS 8666, and should ensure that
failure of the concrete inside the bend is prevented. For bars
bent to the minimum radins according to BS 8666, it is not
necessary to check for concrete failure if the anchorage of the
bar does not require a length more than 5 ¢ beyond the end of
the bend (see Table 2.27). It is also not necessary to check for
concrete failure, where the plane of the bend is not close to a
concrete face, and there is a transverse bar not less than its own
size inside the bend. This applies in particular to a link, which
may be considered fully anchored, if it passes round another
bar not less than its own size, through an angle of 90°, and
continues beyond the end of the bend for a length not less than
8¢ in BS 8110, and 104 in EC 2,

In cases when a bend occurs at a position where the bar is
highly stressed, the bearing stress inside the bend needs to be
checked and the radius of bend will need to be more than the
minimum given in BS 8666. This situation occurs typically at
monolithic connections between members, for example, junc-
tion of beam and end column, and in short members such as
corbels and pile caps. The design bearing stress is limited
according to the concrete strength, and the confinement
perpendicular to the plane of the bend. Details of bends in bars
are given in Table 3.55 for BS 8110, Table 3.59 for BS 5400
and Table 4.31 for EC 2.
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5.7.4 Curtailment of reinforcement

Tn flexural members, it is generally advisable to stagger the
curtailment points of the tension reinforcement as allowed by
the bending moment envelope. Bars io be curtailed need to
extend beyond the points where in theory they are no longer
needed for flexural resistance for a number of reasons, but
mainly to ensure that the shear resistance of the section is not
reduced locally. Clearly, of course, no reinforcement should
be curtailed at a point less than a full anchorage length from a
section where it is required to be fully stressed.

In BS 8110 and BS 5400, except at end supports, every bar
should extend, beyond the point at which in theory it is no longer
required, for a distance not less than the greater of the effective
depth of the member or 12 times the bar size. In addition, bars
curtailed in a tension zone should satisfy at least one of three
alternative conditions: one requires a full anchorage length, one
requires the designer to determine the position where the shear
resistance is twice the shear force, and the other requires the
designer to determine the position where the bending resistance
is twice the bending moment. The simplest approach is to comply
with the first option, by providing a full anchorage length
beyond the point where in theory the bar is no longer required,
even if this requires a longer extension than is absolutely
necessary in some cases. Details of the requirements are given
in Table 3.56. '

In BS 8110, simplified rules are also given for beams and
s]abs where the loads are mainly uniformly distributed and, in
the case of continuous members, the spans are approximately
equal. Details of the rules are given in Tables 3.57 and 3.58.

At simple end supports, the tension bars should extend for
an effective anchorage length of 12 times the bar size beyond
the centre of the support, but no bend should begin before the
centre of the support. In cases where the width of the support
exceeds the effective depth of the member, the cenire of
the support may be assumed at half the effective depth from the
face of the support. In BS 8110, for slabs, in cases where the
design shear force is less than half the shear resistance, anchoi-
age can be obtained by extending the bars beyond the centre of
the support for a distance equal to one third of the support
width = 30 mm.

In EC 2, the extension g of a tension bar beyond the point
where in theory it is no longer required for flexural resistance is
directly related to the shear force at the section. For members
with upright shear links, &= 0.5zcotf where z is the lever arm,
and @ is the inclination of the concrete struts (see section 35.1.2).
Taking z=0.94, a,= 0.45dcotd, where cotf is selected by the
designer in the range 1.0 =cotd =2.5. If the value of cot 6 used
in the shear design calculations is unknown, &= 1.125d can be
assumed. For members with no shear reinforcement, ¢, = d i8
used. At simple end supports, bottom bars should extend for an
anchorage length beyond the face of the support. The tensile
force to be anchored is given by F= 05Veot @, and F=1.25V
can be conservatively taken in all cases. Details of the curtailment
requirements are given in Tuble 4,32,

5.8 DEEP BEAMS

In designing normal (shallow) beams of the proportions more
commonly used in construction, plane sections are assumed to
remain plane after loading. This assumption is not strictly true,
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but the errors resulting from it only become significant when
the depth of the beam becomes equal to, or more than, about
half the span. The beam is then classed as a deep beam, and
different methods of analysis and design need to be used.
These methods take into account, not only the overall applied
moments and shears, but also the stress patterns and internal
deformations within the beam.

For a single-span deep beam, after the concrete in tension
has cracked, the structural behaviour is similar to a tied arch.
The centre of the compression force in the arch rises from the
support to a height at the crown equal to about half the span of
the beam. The tension force in the tie is roughly constant along
its length, since the bending moment and the lever arm undergo
similar variations along the length of the beam. For a continuous
deep beam, the structural behaviour is analogous to a separate
tied arch system for each span, combined with a suspension
system cenired over each internal support.

In BS 8110, for the design of beams of clear span less thian
twice the effective depth, the designer is referred to specialist
literature. In EC 2, a deep beam is classified as a beam whose
effective span is less than three times its overall depth. Brief
details of suitable methods of design based on ihe result of
extensive experimental work by various investigators are given
in ref. 42, and a comprehensive well-produced design guide 18
contained in ref. 43.

5.9 WALLS

Information concerning the design of load-bearing walls in
accordance with BS 8110 is given in section 6.1.8. Retaining
walls, and other similar elements that are subjected mainly to
iransverse bending, where the design vertical load is less than
0.1f,, times the area of the cross section, are treated as slabs.

5.10 DETAILS

Tt has long been realised that the calculated strength of:a
reinforced concrete member cannot be attained if the details of
the required reinforcement are unsatisfactory. Research by the
former Cement and Concrete Association and others has shown
that this applies particularly at joints and intersections. The
details commonly used in wall-to-base and wall-to-wall
junctions in retaining structures and containment vessels, where:
the action of the applied load is to ‘open’ the corner, are not
always effective. :

On Tables 3.62 and 3.63 are shown recommended details that -

have emerged from the results of reported research. The design

information given in BS 8110 and BS 5400 for nibs, corbels and”
halving joints is included, and supplemented by information

given elsewhere. In general, however, details that are primarily
intended for precast concrete construction have not bee!
included, as they fall outside the scope of this book. - -~
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The geometrical properties of various figures, the shapes:O
which conform to the cross sections of common reinforce
concrete members, are given in Table 2.101. The data incl
expressions for the area, section modulus, second momeD
area and radius of gyration. The values that are derived fr
these expressions are applicable in cases when the amoul

Elastic analysis of concrete sections

reinforcement provided need not be taken into account in the
analysis of the structure (see section 14.1).

The data given in Tables 2.102 and 2.103 are applicable to
reinforced concrete members, with rectilinear and polygonal
cross sections, when the reinforcement provided is taken into
account on the basis of the modular ratio. Two conditions are
considered: (1) when the entire section is subjected to stress,
and (2) when, for members subjected to bending, the concrete
in tension is not taken into account. The data given for the
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former condition are the effective area, the centre and second
moment of area, the modulus and radius of gyration. For the
condition when a member is subjected to bending and the
concrete in tension is assumed to be ineffective, data given
include the position of the neutral axis, the lever-arm and the
resistance moment.

Design procedures for sections subjected to bending and
axial force, with design charts for rectangular and cylindrical
columns, are given in Tables 2.104-2.109.




The loads and consequent bending moments and forces on
the principal types of structural components, and the design
resistances of such components, have been dealt with in the
preceding chapters. In this chapter some complete structures,
comprising assemblies or special cases of such components,
and their foundations, are considered.

6.1 BUILDINGS

Buildings may be constructed entirely of reinforced concrete,
or one or more elements of the roof, floors, walls, stairs and
foundations may be of reinforced concrete in conjunction with
a steel frame. Alternatively, the building may consist of interior
and exterior walls of cast in situ reinforced concrete supporting
the floors and roof, with the columns and beams being formed
in the thickness of the walls. Again, the entire structure, or parts
thereof, may be built of precast concrete elements connected
together during construction.

The design of the various parts of a building is the subject
of Examples of the Design of Buildings. That book includes
illustrative calculations and drawings for a typical six-storey
multipurpose building. This section provides a brief guide to
component design.

6.1.1 Robusiness and provision of ties

The progressive collapse of one corner of a London tower block
in 1068, as a result of an explosion caused by a gas leak in a
domestic appliance on the eighteenth floor, led to recommen-
dations to consider such accidental actions in the design of all
buildings. Regulations require a building to be designed and
constructed so that, in the event of an accident, the building
will not collapse to an extent disproportionate to the cause.
Buildings are divided into classes depending on the type and
occupancy, including the likelihood of accidents, and the
number of occupants that may be affected, with a statement

* of the design measures (o be taken in each of the classes. The
BS 8110 normal requirements for ‘robustness’ automatically
satisfy the regulations for all buildings, except those where
specific account is to be taken of likely hazards.

The layout and form of the structure should be checked to
ensure that it is inherently stable and robust. In some cases, it
may be necessary to protect certain elements from vehicular
impact, by providing bollards or earth banks. All structures
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should be able to resist a notional ultimate horizontal force
equal to 1.5% of the characteristic dead load of the structure.
This force effectively replaces the design wind load in cases
where the exposed surface area of the building is small.
Wherever possible, continnous horizontal and vertical ties
should be provided throughout the building to resist specified
forces. The magnitude of the force increases with the number
of storeys for buildings of less than 10 storeys, buat remains
constant thereafter. The requirements may be met by using
reinforcement that is necessary for normal design purposes in
beams, slabs, columns and walls. Only the tying forces need
to be considered and the full characteristic strength of the
reinforcement may be taken into account. Horizontal ties are
required in fioors and roofs at the periphery, and internally in
two perpendicular directions. The internal ties, which may be
spread uniformly over the entire building, or concentrated at
beamn and column positions, are to be properly anchored at
ihe peripheral tie. Vertical ties are required in all columns and
load-bearing walls from top to bottom, and all external columns
and walls are to be tied into each floor and roof. For regulatory.

purposes, some buildings are exempt from the vertical tying:

reguirement. Details of the tying requirements are given in
Table 3.54. B

For in sifu construction, proper attention to reinforcemen__t_

detailing is all that is normally necessary to meet the tyi!J
requirements. Precast forms of construction generally re.qm_r
more care, and recommended details to obtain continuity:0
horizontal ties are given in the code of practice. If ties canno
be provided, other strategies should be adopted, as describeda

Part 2 of the code. These strategies are presented in the confext.

of residential buildings of five or more storeys, where. &

element that cannot be tied is to be considered as notionalk
removed, one at a time, in each storey in turn. The require
is that any resulting collapse should be limited in extent,.
the remaining structure being able to bridge the gap ¢al
by the removal of the element. If this requirement cannd
satisfied, then the element in guestion is considered as &
element. In this case, the element and its connections 11?6
be able to resist a design ultimate load of 34 kKN/m?, cons
to act from any direction. BS 8110 is vague with rega!_fd_‘
extent of collapse associated with this approach, but
clearly defined statement is given in the building regu!a
Here, a key element is any untied member whose 1€
would put at risk of collapse, within the storey in:qu_?

Buildings

and the immediately adjacent storeys, more than 15% of the
area of the storey (or 70 m? if less).

in EC 2, similar principles apply, in that structures not
specifically designed to withstand accidental actions, should be
provided with a suitable tying system, to prevent progressive
collapse by providing alternative load paths after local damage.
The UK National Annex specifies compliance with the BS §110
requirements, as given in Table 4.29.

6.1.2 Floors

Suspended concrete floors can be of monolithic construction,
in the form of beam-and-slab (solid or ribbed), or flat slab
{solid or waffle); or can consist of precast concrete slab units
supported on concrete or steel beams; or comprise one of
several other hybrid forms. Examples of monolithic forms of
construction are shown in the figure on Table 2.42.

Two-way beam and solid slab systems can involve a layout
of long span secondary beams supported by usually shorter
span main beams. The resulting slab panels may be designed as
two-way spanning if the longer side is less than twice the
shorter side. However, such two-way beam systems tend to
complicate both formwork and reinforcement details, with a
consequent delay in the construction programme. A one-way
beam and solid slab system is best suited to a rectangular grid
of columns with long span beams and shorter span slabs. If a
ribbed slab is vsed, a system of long span slabs supported by
shorter span beams is preferable. If wide beams are used, the
beam can be incorporated within the depth of the ribbed slab.

In BS 8110, ribbed slabs include construction in which ribs
are cast in sifu between rows of blocks that remain part of the
completed floor. This type of construction is no longer used in
the United Kingdom, although blocks are incorporated in some
precast and composite construction. The formers for ribbed
slabs can be of steel, glassfibre or polypropylene. Standard
moulds are available that provide tapered ribs, with a minimum
width of 125 mm, spaced at 600 mm (troughs) and 900 mm
(waffles). The ribs are connected by a structural concrete topping
with a minimum thickness of 50 mm for trough moulds, and
75 mm for waffle moulds. In most structures, to obtain the

Necessary fire-resistance, either the thickness of topping has to
5 €Xceed these minimum values, or a non-structural screed added
~ @talater stage of construction. The spacing of the ribs may be

Increased to a maximum of 1500 mm, by using purpose-made
formers. Comprehensive details of trough and waffle floors
e contained in ref. 44,
'BS.8110 and EC 2 contain recommendations for both solid
d ribbed siabs, spanning between beams or supported directly
S olamns (flat slabs). Ribs in waffle slabs, and ribs reinforced
tha single bar in trough slabs, do not require links unless
ded.for shear or fire-resistance. Ribs in trough slabs, which
ll?forced with more than one bar, should be provided with
links o help maintain the correct cover. The spacing of
S\_ may be in the range 1.0-1.5 m, according to the size
the. 1A’ bars. Structural toppings are normally reinforced
velded steel fabric,
dtion on the weight of conerete floor slabs is given in
nd details of imposed loads on floors are given
2.3. Detailed guidance on the analysis of slabs is
ft_;!apters 4 and 13. More general guidance, including
g suggestions, is given in section 5.2.3.
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6.1.3 Openings in floors

Large openings (e.g. stairwells) should generally be provided
with beams around the opening. Holes for pipes, ducts and
other services should generally be formed when the slab
is constructed, and the cutting of such holes should not be
permitied afterwards, unless done under the supervision of a
competent engineer. Small isolated holes may generally be
ignored structurally, with the reinforcement needed for a slab
without holes simply displaced locally to avoid the hole.

In other cases, the area of slab around an opening, or group
of closely spaced holes, needs to be strengthened with extra
reinforcement. The cross-sectional area of additional bars to be
placed parallel to the principal reinforcement should be at least
equal to the area of principal reinforcement interrupted by the
opening. Also, for openings of dimensions exceeding 500 mm,
additional bars should be placed diagonally across the corners
of the opening. Openings with dimensions greater than 1000 mm
should be regarded as structurally significant, and the area of
slab around the opening designed accordingly.

The effect of an opening in the proximity of a concentrated
load, or supporting column, on the shearing resistance of the
slab is shown in Tuble 3.37.

6.1.4 Stairs

Structural stairs may be tucked away out of sight within a fire
enclosure, or they may form a principal architectural feature. In
the former case the stairs can be designed and constructed as
simply and cheaply as possible, but in the latter case much more
time and trouble is likely to be expended on the design.

Several stair types are illustrated on Table 2.88. Various
procedures for analysing the more common types of stair
have been developed, and some of these are described on
Tables 2.88-2.91. These theoretical procedures are based on
the concept of an idealised line structure and, when detailing
the reinforcement for the resulting stairs, additional bars should
be included to Hmit the formation of cracks at the points of
high stress concentration that inevitably occur. The ‘three-
dimensional’ nature of the actual structure and the stiffening
effect of the triangular tread areas, both of which are usually
ignored when analysing the structure, will result in actual stress
distributions that differ from those calculated, and this must
be remembered when detailing. The stair types illustrated on
Table 2.88, and others, can also be investigated by finite-element
methods, and similar procedures suitable for computer analysis.
With such methods, it is often possible to take account of the
three-dimensional nature of the stair.

Simple straight flights of stairs can span either transversely
{i.e. across the flight) or longitudinally (i.e. along the flight).
‘When spanning transversely, supports must be provided on both
sides of the flight by either walls or stringer beams, In this case,
the waist or thinnest part of the stair construction need be no
more than 60 mm thick say, the effective lever arm for resisting
the bending moment being about half of the maximum
thickness from the nose to the soffit, measured at right angles
to the soffit. When the stair spans longitudinally, deflection
considerations can determine the waist thickness.

In principle, the design requirements for beams and slabs
apply also to staircases, but designers cannot be expected to
determine the deflections likely to occur in the more complex
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stair types. BS 8110 deals only with simple types, and allows a
modified span/effective depth ratio to be used. The bending
moments should be calculated from the ultimate load due to the
total weight of the stairs and imposed load, measured on plan,
combined with the horizontal span. Stresses produced by
the longitudinal thrust are small and generally neglected in the
design of simple systems. Unless circumstances otherwise
dictate, suitable step dimensions for a seri-public stairs are 165
mm rise and 275 mm going, which with a 25 mm nosing or
undercut gives a tread of 300 mm. Private stairs may be steeper,
and those in public buildings should be less steep. In each
case, optimum proportions are given by the relationship:
(2 X rise + going) = 600 mm. Different forms of construction
and further details on stair dimensions are given in BS 5395.

Finally, it should be remembered that the prime purpose of a
stair is to provide safe pedestrian access between the floors it
connects. As such it is of vital importance in the event of a fire,
and a principal design consideration must be to provide adequate
fire-resistance. '

6.1.5 Planar roofs

The design and construction of a flat reinforced concrete roof
are essentially the same as for a floor. A water-tight covering,
such as asphait or bituminous felt, is generally necessary and,
with a solid slab, some form of thermal insulation is normally
required. For ordinary buildings, the slab is generally built level
and a drainage slope of the order of 1 in 120 is formed, by
adding a mortar topping. The topping is laid directly onto the
concrete and below the water-tight covering, and can form
the thermal insulation if it is made of a sufficient thickness of
lightweight concrete, or other material having low thermal
conductivity.

Planar slabs with a continuous steep slope are not common
in reinforced concrete, except for mansard roofs. The roof
covering is generally of metal or asbestos-cement sheeting, or
some lightweight material. Such coverings and roof glazing
require purlins for their support and, although these are often of
steel, precast concrete purlins are also used, especially if the
roof structure is of reinforced concrete.

6.1.6 Non-planar roofs

Roofs that are not planar, other than the simple pitched roofs
considered in the foregoing, can be constructed as a series of
planar slabs (prismatic or hipped-plate construction), or as
single- or double-curved shells. Single-curved roofs, such as
segmental or cylindrical shells, are classified as developable
surfaces. Such surfaces are not as stiff as double-curved roofs
or their prismatic counterparts, which cannot be ‘opened up’
into plates without some shrinking or stretching taking place.
If the curvature of 2 double-curved shell is similar in all
directions, the surface is known as synclastic. A typical case is
a dome, where the curvature is identical in all directions. I
the shell curves in opposite directions over certain areas, the
surface is termed anticlastic (saddle shaped). The hyperbolic-
paraboloidal shell is a well-known example, and is the special
case where such a double-curved surface is generated by two
sets of straight lines. An elementary analysis of some of these
structural forms is dealt with in section 19.2 and Table 2.92,
but reference should be made to specialist publications for
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more comprehensive analyses and more complex structures.
Solutions for many particular shell types have been produced
and, in addition, general methods have been developed for
analysing shell forms of any shape by means of a computer.
Shells, like all statically indeterminate structures, are affected
by such secondary effects as shrinkage, temperature change and
settlement, and a designer must always bear in mind the fact
that the stresses arising from these effects can modify quite
considerably those due to normal dead and imposed load. In
Table 2.81, simple expressions are given for the forces in
domed slabs such as are used for the bottoms and roofs of some
cylindrical tanks. In a building, a domed roof generally has
a much larger rise to span ratio and, where the dome is part
of a spherical surface and has an approximately uniform thick-
ness overall, the analysis given in Table 2.92 applies. Shallow
segmental domes and truncated cones are also dealt with in
Table 2.92. '

Cylindrical shells. Segmental or cylindrical roofs are usually
designed as shell structures. Thin curved slabs that behave as
shells are assumed to offer no resistance io bending, nor to
deform under applied distributed loads. Except near edge and
end stiffeners, the shell is subjected only to membrane forces,
namely a direct force acting longitudinally in the plane of the
slab a direct force acting tangentially to the curve of the slab
and a shearing force. Formulae for these membrane forces are
given in section 19.2.3. In practice, the boundary conditions
due to either the presence or absence of edge or valley beams,
end diaphragms, continuity and so on affect the displacements
and forces that would otherwise occur as a resalt of mermbrane
action. Thus, as when analysing any indeterminate structure
(such as a continuous beam system)}, the effects due to these
boundary restraints need to be combined with the statically
determinate stresses arising from the membrane action.

Shell roofs can be arbitrarily subdivided into ‘short’ (where
the ratio of length I to radius r is less than about 0.3), ‘long®

(where I/r exceeds 2.5) and ‘intermediate’. For short shells;
the influence of the edge forces is slight in comparison with -

membrane action, and the stresses can be reasonably taken as

those due to the latter only. If the shell is long, the membrane . _.
action is relatively insignificant, and an approximate solution’

can be obtained by considering the shell to act as a beam with
curved flanges, as described in section 19.2.3.
For the initial analysis of intermediate shells, no equivalest
short-cut method has yet been devised. The standard method of
solution is described in various textbooks (e.g. refs 45 and 40):
Such methods involve the solution of eight simultaneous
equations if the shell or the loading is unsymmetrical, or four i
symmetry is present, by matrix inversion or other means. )
making certain simplifying assumptions and providing tables )
coefficients, Tottenham (ref. 47) developed a popular simplifi
design method, which is rapid and requires the solution of tht
simultaneous equations only. J D Bennett also developed
method of designing long and iniermediate shells, based on:
analysis of actual designs of more than 250 roofs. The metho
which involves the use of simple formulae incorporatt
empirical coefficients is summarised on Tables 2.93 and:
For further details see ref, 48. R

Buckling of shells. A major concern in the design ©
shell is the possibility of buckling, since the loads at W
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buckling occurs, as established by tests, often differ from the
values predicted by theory, Ref, 49 indicates that for domes
subtending angles of about 90°, the critical external pressure at
which buckling occurs, according to both theory and tests, is
given by p = 0.3E(h/r)*, where E is the elastic modulus of
concrete, and £ is the thickness and r the radius of the dome.
For a shallow dome with span/rise = 10, p=0.15E(h/r)%. A
factor of safety against buckling of 2 to 3 should be adopted.
Synclastic shells having a radius ranging from r; to r, may be
considered as an equivalent dome with a radius of r=V(r, r,).

For a cylindrical shell, buckling is unlikely if the shell is
short. In the case of long shells, p = 0.6E(h/r)*.

Anticlastic surfaces are more rigid than single-curved shells
and the buckling pressure for a saddle-shaped shell supported
on edge stiffeners safely exceeds that of a cylinder having a
curvature equal to that of the anticlastic shell at the stiffener.
For a hyperbolic-paraboloidal shell with straight boundaries,
the buckling load obtained from tests is slightly more than the
value given by n = E(ch)*/2ab, where a and b are the lengths
of the sides of the shell, ¢ is the rise and 4 the thickness: this is
only half of the value predicted theoretically.

6.1.7 Curved beams

When bow girders, and beams that are not rectilinear in plan,
are subjected to vertical loading, torsional moments occur in
addition to the normal bending moments and shearing forces.
Beams forming a circular arc in plan may comprise part of a
complete circular system with equally spaced supports, and
equal loads on each span: such systems occur in silos, towers
and similar cylindrical structures. Equivalent conditions can
also occur in beams where the circle is incomplete, provided the
appropriate negative bending and torsional moments can be
developed at the end supports. This type of circular beam can
occur in structures such as balconies.

On Tables 2.95-2.97, charts are given that enable a rapid
evaluation of the bending moments, torsional moments and
shear forces occurring in curved beams due to uniform and
concentrated loads. The formulae on which the charts are
based are given in section 19.3 and on the tables concerned.
Th‘e: expressions have been developed from those in ref. 50 for
_l'_lmform loads, and ref. 51 for concenirated loads. In both cases,
fhe tesults have been recalculated to take into account values of

G=04F and C=J/2.

L8 Load-bearing walls

b}lilding codes, for design purposes, a wall is defined as a
I_'t_llc.al load-bearing member whose length on plan exceeds
tlme.s its thickness. Otherwise, the member is treated as a
nn, m which case the effects of slenderness in relation to
major and minor axes of bending need to be considered
:70}1"’5-2.4). A reinforced wall is one in which not less
the recommended minimum amount of reinforcement is
ded, and taken into account in the design. Otherwise, the
£18 treated as a plain concrete wall, in which case the
cement is ignored for design purposes.

1}“’ planar wall, in general, can be subjected to vertical
: ontal in-plane forces, acting together with in-plane
Sverse moments, The in-plane forces and moment can
Olned to obtain, at any particular level, a longitudinal
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shear force, and a linear distribution of vertical force. If the
in-plane eccentricity of the vertical force exceeds one-sixth of
the length of the wall, reinforcement can be provided to resist
the tension that develops at one end of the wall. In a plain wall,
since the tensile strength of the concrete is ignored, the distrib-
ution of vertical load is similar to that for the bearing pressure
due to an eccentric load on a footing, Flanged walls and core
shapes can be treated in a similar way to obtain the resulting
distribution of vertical force. Any unit length of the wall can
now be designed as a column subjected to vertical lead,
combined with bending about the minor axis due to any
fransverse moment, ‘

In BS 8110, the effective height of a wall in relation to its
thickness depends upon the effect of any lateral supports, and
whether the wall is braced or unbraced. A braced wall is one
that is supported laterally by floors andfor other walls, able to
transmit lateral forces from the wall to the principal structural
bracing or to the foundations. The principal structural bracing
comprise strong points, shear walls or other suitable elements
giving lateral stability to a structure as a whole. An unbraced
wall provides its own lateral stability, and the overall stability
of multi-storey buildings should not, in any direction, depend
on such walls alone. The slenderness ratio of a wall is defined
as the effective height divided by the thickness, and the wall is
considered ‘stocky’ if the slenderness ratio does not exceed
15 for a braced wall, or 10 for an unbraced wall. Qtherwise, a
wall is considered slender, in which case it must be designed for
an additional transverse moment.

The design of plain concrete walls in BS 8110 is similar to
that of unreinforced masonry walls in BS 3328, Equations are
given for the maximum design ultimate axial load, taking into
account the transverse eccentricity of the load, including an
additional eccentricity in the case of slender walls. The basic
requirements for the design of reinforced and plain concrete
walls are summarised in Table 3.60.

6.2 BRIDGES

As stated in section 2.4.8, the analysis and design of bridges is
now so complex that it cannot be adequately covered in a book
of this type, and reference should be made to specialist publi-
cations. However, for the guidance of designers who may have
to deal with structures having features in common with bridges,
brief notes on some aspects of their design and construction
are provided. Most of the following information is taken from
ref. 52, which also contains other references for further reading.

6.2.1 Types of bridges

For short spans, the simplest and most cost-effective form of
deck construction is a cast in situ reinforced concrete solid slab.
Single span slabs are often connected monolithically to the
abutments to form a portal frame. A precast box-shaped rein-
forced concrete culvert can be used as a simple form of framed
bridge, and is particutarly economical for short span (up to
about 6 m) bridges that have to be built on relatively poor
ground, obviating the need for piled foundations.

As the span increases, the high self-weight of a solid slab
becomes a major disadvantage. The weight can be reduced, by
providing voids within the slab using polystyrene formers.
These are usually of circular section enabling the concrete to
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flow freely under them to the deck soffit. Reinforced concrete
voided slabs are economical for spans up to about 25 m. The
introduction of prestressing enables such construction to be
economical over longer spans, and prestressed voided slabs,
with internal bonded tendons, can be used for spans up to
about 50 m. If a bridge location does not suit cast in sifu slab
construction, precast concrete beams can be used. Several
different types of high quality, factory-made components that
can be rapidly erected on site are manufactured, Precast beam
construction is particularly useful for bridging over live roads,
railways and waterways, where any interruptions to traffic
must be minimised. Pre-tensioned inverted T-beams, placed
side-by-side and then infilled with concrete, provide a viable
alternative to a reinforced concrete solid slab for spans up
to about 18 m. Composite forms of construction consisting
typically of a 200 mm thick cast ir situ slab, supported on
pre-tensioned beams spaced at about 1.5 m centres, can be used
for spans in the range 12-40 m,

For very long spans, prestressed concrete box girders are the
usual form for bridge decks — the details of the design being
dictated by the method of construction. The span-by-span
method is used in multi-span viaducts with individual spans of
up to 60 m. A span plus a cantilever of about one quarter the
next span is first constructed. This is then prestressed and the
falsework moved forward, after which a full span length is
formed and stressed back to the previous cantilever. In situ con-
struction is used for smaller spans but as spans increase, so also
does the cost of the falsework. To minimise the cost, the weight
of the concrete to be supported at any one time is reduced, by
dividing each span into a series of transverse segments, These
segments, which can be cast in sity or precast, are normaily
erected on either side of each pier to form balanced cantilevers
and then stressed together. Further segments are then added
extending the cantilevers to mid-span, where an in situ concrete
closure is formed to make the spans continuous, During erection,
the leading segments are suppotted from gantries erected on the
piers or completed parts of the deck, and work can advance
simultaneously on several fronts. When the segments are precast,
each unit is match-cast against the previous one, and then
separated for transportation and erection. Finally, an epoxy
resin is applied to the matching faces before the units are
stressed together.

Straight or curved bridges of single radius, and of constant
cross section, can also be built in short lengths from one or
both ends. The bridge is then pushed out in stages from the
abutments, a system known as incremental launching. Arch
bridges, in spans up to 250 m and beyond, can be constructed
either in sifit or using precast segments, which are prestressed
together and held on stays until the whole arch is complete.

For spans in excess of 250 m, the decks of suspension
and cable-stayed bridges can be of in situ concrete — constructed
using travelling formwork — or of precast segments stressed
together. For a comprehensive freatment of the aesthetics
and design of bridges by one of the world’s most eminent
bridge engineers, see ref. 53. Brief information on typical
structural forms and span ranges is given in Table 2.98.

6.2.2 Substructures

A bridge is supported at the ends on abutments and may have
intermediate piers, where the positions of the supports and the

Buildings, bridges omd containment structures

lengths of the spans are determined by the topography of the
ground, and the need to ensure unimpeded traffic under the
bridge. The overall appearance of the bridge structure is very
dependent on the relative proporiions of the deck and its
supports. The abutments are usually constructed of reinforced
concrete but, in some circumstances, mass concrete without
reinforcement can provide a simple and durable solution.

Contiguous bored piles or diaphragm walling can be used to
form an abutment wali in cases where the wall is to be formed
before the main excavation is carried out. Although the cost of
this type of construction is high, it can be offset against savings
in the amount of land required, the cost of temporary works and
consiruction time. A facing of ir situ or precast concrete or
blockwork will normally be required afier excavation. Reinforced
earth construction can be used where there {s an embankment
behind the abutment, in which case a precast facing is often
applied. The selection of appropriate ties and fittings is partic-
ularly important since replacement of the ties during the life of
the structare is very difficult.

Where a bridge is constructed over a cutting, it is usually
possible to form a bank-seat abutment on firm undisturbed
ground. Alternatively, bank seats can be constructed on piled
foundations. However, where bridges over motorways are
designed to allow for future widening of the carriageway, the
abutment is likely to be taken down to full depth so that it can
be exposed at a later date when the widening is carried out.

The design of wing walls is determined by the topography of
the site, and can have a major effect on the appearance of the
bridge. Wing walls are often taken back:-at an. angle from the
face of the abutment for both economy and appearance. Cast
in situ concrete is normally used, but precast concrete retaining
wall units are also available from manufacturers. Concrete crib
walling is also used and its appearance makes it particularly
suitable for rural situations. Filling material must be carefully
selected to ensure that it does not flow out, and the fill must
be properly drained. It is important to limit the differential
settlement that could occur between an abutment and its wing -
walls. The problem can be avoided if the wing walls cantilever-
from the abutment, and the whole structure is supported on’
ong foundation. L

The simplest and most economic form of pier is a vertical’
member, or group of members, of uniform cross section. This*
might be square, rectangular, circular or elliptical. Shaping of :
piers can be aesthetically beneficial, but complex shapes will!
significantly increase the cost unless considerable reuse of thi
forms is possible. Raking piers and abutments can help
reduce spans for high bridges, but they also require expensiv
propping and support structures. This in furn complicates th
construction process and considerably increases costs. -

The choice of foundation to abutments and piers is usual
between spread footings and piling. Where ground conditic
permit, a spread footing will provide a simple and econo
solution. Piling will be needed where the ground conditi
are poor and cannot be improved, the bridge is over aTiver
estuary, the water table is high or site restrictions prevent
construction of a spread footing. It is sometimes possible:
improve the ground by consolidating, grouting or applyin;
surcharge by constructing the embankments well in advance
the bridge structure. Differential settlement of foundations
be affected by the construction sequence, and needs. 10
controlled. In the early stages of construction, the abutme
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are likely to settle more than the piers, but the piers will settle
later when the deck is constructed.

6.2.3 Integral bridges

For road bridges in the United Kingdom, experience has shown
that with all forms of construction, continious structures are
generally more durable than structures with discontinuous spans,
This is mainly because joints between spans have often allowed
salty water to leak through to piers and abutments. Highways
Agency standard BD 57/01 says that, in principle, ail bridges
should be designed as continuous over intermediate supports
unless special circumstances exist. The connections between
spans may be made to provide full structural continuity or, in
beamn and slab construction, continuity of the deck slab only.

Bridges with lengths up to 60 m and skews up to 30° should
also be designed as integral bridges, in which the abutments
are connected directly to the deck and no movement joints are
provided to allow for expansion or contraction. When the designer
considers that an integral bridge is inappropriate, the agreement
of the overseeing organisation must be obtained. Highways
Agency document BA 57/01 has figures indicating a variety of
continuity and abutment details.

6.2.4 Design considerations

Whether the bridge is carrying a road, railway, waterway ot just
pedestrians, it will be subject to various types of load:

. Sélf-weight, and loads from surfacing, parapets, and so on
» Environmental {e.g. wind, snow, temperature effecis)

» Traffic

* Accidenial loads (e.g. impact)

¢ Temporary loads (during construction and maintenance)

Bridges in the United Kingdom are generally designed to the
requirements of BS 5400 and several related Highways Agency
standards. Details of the traffic loads to be considered for
road, railway and footbridges are given in section 2.4.8 and
Tables 2.5 and 2.6. Details of structura] design requirements,
including the load combinations to be considered, are given in
section 21.2 and Tables 3.2 and 3.3.

‘The application of traffic load to any one area of a bridge

_quk causes the deck to bend transversely and twist, thereby
~Spreading load to either side. The assessment of how much of

the load is shared in this way, and the extent to which it is
Spread across the deck, depends on the bending, torsion and
Sh_ﬁar stiffness of the deck in the longitudinal and transverse
directions. Computer methods are generally used to analyse
& Structure for load effects, the most versatile method being
__l:lage analysis, which treats the deck as a two-dimensional
1esiof beam elements in both directions. This method can
d for solid slab, beamn and slab and voided slabs where
0ss-sectional area of the voids does not exceed 60% of
areaof the deck. Box girders are now generally formed as
: ‘_tWOI cells without any transverse diaphragms. These are
ally: quite stiff in torsion, but can distort under load giving
arping stresses in the walls and slabs of the box. It is
eSsary to use three-dimensional analytical methods
3D space frame, folded plate (for decks of uniform
Section), or the generalised 3D finite element method.
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An excellent treatment of the behaviour and analysis of bridge
decks is provided in ref. 54.

It is usual to assume that movement of abutments and wing
walls will occur, and to take these into account in the design
of the deck and the substructure, Normally the backfill used is
a free-draining material, and satisfactory drainage facilities are
provided. If these conditions do not apply, then higher design
pressures must be considered. Due allowance must be made
also for the compaction of the fill during construction, and the
subsequent effects of traffic loading. The Highways Agency
document BA 42/96 shows several forms of integral abutment,
with guidance on their behaviour. Abutments to frame bridges are
considered to rock bodily under the effect of deck movements.
Embedded abutments, such as piled and diaphragm walls,
are considered to flex, and pad foundations to bank seats are
considered to slide. Notional earth pressure distributions
resulting from deck expansion are also given for frame and
embedded abutments.

Creep, shrinkage and temperature movements in bridge
decks can all affect the forces applied to the abuiments. Piers
and to a lesser extent, abutments are vulnerable to impact loads
from vehicles or shipping, and must be designed to resist
impact or be protected from it. Substructures of bridges over
rivers and estoaries are also subjected to scouring and lateral
forces due to water flow, unless properly protected.

6.2.5 Waterproofing of bridge decks

Over the years, mastic asphalt has been extensively used for
waterproofing bridge decks, but good weather conditions are
required if it is to be laid satisfactorily. Preformed bitaminous
sheeting is less sensitive to laying conditions, but moisture
trapped below the sheeting can cause subsequent lifting. The
use of hot-bonded heavy-duty reinforced sheet membranes, if
properly laid, can provide a completely water-tight layer. The
sheets, which are 3-4 mm in thickness, have good puncture
resistance, and it is not necessary to protect the membrane from
asphalt laid on top. Sprayed acrylic and polyurethane water-
proofing membranes are also used. These bond well to the
concrete deck surface with little or no risk of blowing or lifting.
A tack coat must be applied over the membrane and a protec-
tive asphalt layer is placed before the final surfacing is carried
out. Some bridges have depended upon the use of a dense, high
quality concrete to resist the penetration of water without an
applied waterproofing layer. In such cases, it can be advanta-
geous to include silica fume or some similar very fine powdered
addition in the concrete.

6.3 CONTAINMENT STRUCTURES

Weights of stored materials are given in EC 1: Part 1.1, and the
calculation of horizontal pressures due to liquids and granular
materials contained in tanks, reservoirs, bunkers and silos
is explained in sections 9.2 and 9.3, in conjunction with
Tables 2.15 and 2.16. This section deals with the design of
containment structures, and the calculation of the forces and
bending moments produced by the pressure of the contained
materials. Where containers are required to be watertight, the
structural design should follow the recommendations given
in either BS 8007 or EC 2: Part 3, as indicated in sections 21.3
and 29.4 respectively. In the following notes, containers are




60

conveniently classified as either tanks containing liquids, or
bunkers and silos containing dry materials.

6.3.1 Underground tanks

Underground storage tanks are subjected to external pressures
due to the surrounding earth, in addition to internal water
pressure. The empty structure should also be investigated for
possible flotation, if the earth can become waterlogged. Earth
pressure at-resi conditions should generally be assumed for
design purposes, but for reservoirs where the earth is banked up
against the walls, it would be more reasonable to assume active
conditions. Storage tanks are normally filled to check for water-
tightness before any backfill material is placed, and there is
always a risk that such material could be excavated in the future.
Therefore, no reduction to the internal hydrostatic pressure by
reason of the external earth pressure should be made, when a
tank is full. .

The earth covering on the roof of a reservoir, in its final state,
acts uniformly over the entire area, but it is usually sensible to
treat it as an imposed load. This is to cater for non-uniform
conditions that can occur when the earth is being placed in
position, and if it becomes necessary to remove the earth for
maintenance purposes, Problems can arise in partially buried
reservoirs, due to solar radiation cansing thermal expansion of
the roof. The effect of such movement on a perimeter wall will
be minimised, if no connection is made between the roof and the
wall until reflective gravel, or some other protective material,
has been placed on the roof. Alternatively, restraint to the
defleciion of the wall can be minimised by providing a durable
compressible material between the wall and the soil. This
prevents the build-up of large passive earth pressures in the
upper portion of the soil, and allows the wall to deflect as along
flexible cantilever.

6.3.2 Cylindrical tanks

The wall of a cylindrical tank is primarily designed to resist ring
tensions due to the horizontal pressures of the contained liquid.
If the wall is free at the top and free-to-slide at the bottom then,
when the tank is full, the ring tension at depth z is given by
n = yzr, Where 7 is the unit weight of liquid, and 7 is the internal
radius of the tank. In this condition, when the tank is full, no
vertical bending or radial shear exists.

If the wall is connected to the floor in such a way that no
radial movement occurs at the base, the ring tension will be zero
at the bottom of the wall. The ring tensions are affected
throughout the lower part of the wall, and significant vertical
bending and radial shear occurs. Elastic analysis can be used
to derive equations involving trigonometric and hyperbolic
functions, and solutions expressed in the form of tables are
included in publications (e.g. refs 55 and 56). Coefficients to
determine values of circumferential tensions, vertical bending
moments and radial shears, for particular values of the term,
height?/(2 X mean radins X thickness) are given in Tables 2,75
and 2.76.

The tables apply to idealised boundary conditions in which
the bottom of the wall is either hinged or fixed. It is possible to
develop these conditions if an annular footing is provided at the
bottom of the wall. The footing should be tied into the floor of
the tank to prevent radial movement. If the footing is narrow,
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there will be litile resistance to rotation, and a hinged condition
could be reasonably assumed. It is also possible to form a hinge,
by providing horizontal grooves at each side of the wall, so that
the contact between the wall and the footing is reduced to a
narrow throat. The vertical bars are then bent to cross over at
the centre of the wall, but this detail is rarely used, At the other
extreme, if the wall footing is made wide enough, it is possible
to get a uniform distribution of bearing pressure. In this case,
there will be no rotation and a fixed condition can be assumed.
In many cases, the wall and the floor slab are made continuous,
and it is necessary 0 consider the interaction between the two
elements. Appropriate values for the stiffness of the member .
and the effect of edge loading can be obtained from Tables 2.76 .
and 2.77.

For slabs on an elastic foundation, the values depend on the
ratio #/r,, where ry is the radius of relative stiffness defined in
section 7.2.5. The value of r, is dependent on the modulus of
subgrade reaction, for which data is given in section 7.2.4,
Taking #/r, = 0, which corresponds to a ‘plastic’ soil state, is
appropriate for an empty tank liable to flotation.

6.3.3 Octagonal tanks

If the wall of a tank forms, in plan, a series of siraight sides
instead of being circular, the formwork may be less costly but
extra reinforcement, and possibly an inereased thickness of
concrete, is needed to resist the horizontal bending moments
that are produced in addition to the ring tension. If the tank
forms a regular octagon, the bending moments in each side are
g 112 at the corners and g [%24 at the centre, where ! is the
length of the side and g is the ‘effective’ lateral pressure at depth
z. If the wall is free at the top and free-to-slide at the bottomn,
g = vyz. In other cases, ¢ = n/r where » is the ring tension at
depth z, and » is the ‘effective’ radius (i.e. half the distance
between opposite sides). If the tank does not form a regular
octagon, but the length and thickness of the sides are alternately
I;, ky and L, h,, the horizontal bending moment at the junction
of any two sides is

a2 Y]

6.3.4 Rectangnlar tanks

The walls of large rectangular reservoirs are sometimes built:1n
discontinuous lengths in order to minimise restraints to the:
effects of early thermal contraction and shrinkage. If the wall
base is discontinuous with the main floor slab, each wall unitis’
designed to be independently stable, and no slip membraneis:
provided between the wall base and the blinding concrete
Alternatively, the base to each wall unit can be tied into £
adjacent panel of floor slab. Roof slabs can be connected to
perimeter walls, or simply supported with a sliding j
between the top of the wall and the underside of the slab
such forms of construction, except for the effect of any cO!
junctions, the walls span vertically, either as a cantilever:
with ends that are simply supported or restrained, depending
the particular details. g

A cantilever wall is statically determinate and, if supportl
a roof, is also isolated from the effect of roof movement:
deflection at the top of the wall is an important considerat!
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and the base needs to be carefully proportioned in order to
minimise the effect of base tilting. The problem of excessive
deflection can be overcome, and the wall thickness reduced, if
the wall is tied into the roof. If the wall is also provided with a
narrow footing tied into the floor, it can be designed as simply
supported, although considerable reliance is being put in the
ability of the joint to accept continual rotation. If the wall
footing is made wide enough, it is possible to obtain 2 uniform
distribution of bearing pressure, in which case there will be no
rotation and a fixed condition can be assumed. In cases where
the wall and floor slab are made continuous, the interaction
between the two elements should be considered.

Smaller rectangular tanks are generally constructed without
movement joints, so that structural continuity is obtained in
both horizontal and vertical planes. Bending moments and
shear forces in individual rectangular panels with idealised
edge conditions, when subjected to hydrostatic loading, are
given in Tuble 2.53. For a rectangular tank, distribution of the
unequal fixity moments obtained at the wall junctions is
needed, and moment coefficients for tanks of different span
ratios are given in Jables 2.78 and 2.79. The shearing forces
given in Table 2.53 for individual panels may still be used.

The tables give values for tanks where the top of the wall is
gither hinged or free, and the bottom is either hinged or fixed.
The edge conditions are generally uncertain, and tend to vary
with the Joading conditions, as discussed in section 17.2. For
the horizontal spans, the shear forces at the vertical edges of
one wall result in axial forces in the adjacent walls. Thus, for
internal loading, the shear force at the end of a long wall is
equal to the tensile force in the short wall, and vice versa. In
designing sections, the combined effects of bending moment,
axial force and shear force need to be considered.

6.3.5 Elevated tanks

The type of bottom provided to an elevated cylindrical tank
depends on the diameter of the tank and the depth of water, For
small tanks a flat beamless slab is satisfactory, but beams are
necessary for tanks exceeding about 3 m diameter. Some
appropriate examples, which include bottoms with beams and
domed bottoms, are included in section 17.4 and Table 2.81.

It is important that there should be no unequal setflement of
the foundations of columns supporting an elevated tank, and a
raft should be provided in cases where such problems could

_ oceur. In addition to the bending moments and shear forces due

ﬁg_me wind pressure on the tank, as described in sections 2.5
and 8.3, the wind force causes a thrust on the columns on the

: leeward side and tension in the columns on the windward side.
_ 'fhhe values of the thrusts and tensions can be calculated from

Xpressions given for columns supporting elevated tanks in
n 742,

6 Effects of temperature

> Walls of a tank are subjected to significant temperature
C_ES_, due to solar radiation or the storage of warm liguids, the
ltlng Mmoments and forces need to be determined by an
PrOpriate analysis. The structure can usually be analysed
f?ly for temperature change (expansion or contraction),
fMperature differential (gradient through section). For a

1th all of the edges notionally clamped, the temperature
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differential resuits in bending moments, causing compression
on the warm face and tension on the cold face, given by

M =* Elad/(1 —v)h

where: E is the modulus of elasticity of concrete, I is second
moment of area of the section, % is thickness of wall, « is the
coefficient of thermal expansion of concrete, # is temperature
difference between the two surfaces, v is Poisson’s ratio. For
cracked sections, » may be taken as zero, but the value of J should
allow for the tension stiffening effect of the concrete. The effect
of releasing the notional restraints at edges that are free or
hinged modifies the moment field and, in-cylindrical tanks,
causes additional ring tensions. For further information on
thermal effects in cylindrical tanks, reference can be made to
either the Australian or the New Zealand standard Code of
Practice for liquid-retaining concrete structures.

6.4 SILOS

Silos, which may also be referred to as bunkers or bins, are
deep containers used to store particulate materials. In a deep
container, the linear increase of pressure with depth, found in
shallow containers, is modified. Allowances are made for the
effects of filling and unloading, as described in section 2.7.7.
The properties of materials commonly stored in silos, and
expressions for the pressures set up in silos of different forms
and proportions are given in Tables 2.15 and 2.16.

6.4.1 Walls

Silo walls are designed to resist the bending moments and
tensions caused by the pressure of the contained material. If the
wall spans horizontally, it is designed for the combined effects.
If the wall spans vertically, horizontal reinforcement is needed
to resist the axial tension and vertical reinforcement to resist the
bending. In this case, the effeci of the horizontal bending
moments due to continuity at the corners should also be
considered. For walls spanning horizontally, the bending
moments and forces depend on the number and arrangement of
the compartments. Where there are several compartments,
the intermediate walls act as ties between the oufer walls. For
various arrangements of intermediate walls, expressions for
the negative bending moments on the outer walls of the silos
are given in Table 2.80. Corresponding expressions for the
reactions, which are a measure of the axial tensions in the
walls, are also given. The positive bending moments can be
readily calculated when the pegative bending moments at
the wall comners are known. An external wall is subjected to
the maximum combined effects when the adjacent compartment
is full. An internal cross-wall is subjected to the maximum
bending moments when the compartment on one side of the
wall is full, and to maximum axial tension (but zero bending)
when the compartments on both sides are full. In small silos,
the proportions of the wall panels may be such that they span
both horizontally and vertically, in which case Table 2.53 can
be used to calculate the bending moments.

In the case of an elevated silo, the whole load is generally
transferred to the columns by the walls and, when the clear span
is greater than twice the depth, the wall can be designed as a
shallow beam. Otherwise, the recommendations for deep beams
should be followed (see section 5.8 and ref. 43). The effect of




62

wind loads on large structures should be calculated. The effect
of both the tensile force in the windward walls of the empty silo
and the compressive force in the leeward walls of the full silo
are important. In the latter condition, the effect of the ecceniric
force on the inside face of the wall, due to the proportion of the
weight of the contenis supported by friction, must be combined
with the force due to the wind. At the base and the top of
the wall, there are additional bending effects due to continuity
of the wall with the bottom and the covers or roof over the
compartments.

6.4.2 Hoppex bottoms

The design of sloping hopper bottoms in the form of inverted
truncated pyramids consists of finding, for each sloping side,
the centre of pressure, the intensity of pressure normal to the
slope at this point and the mean span. The bending moments
at the centre and edge of each sloping side are calculated. The
horizontal tensile force is computed, and combined with the
bending moment, to determine the horizontal reinforcement
required. The tensile force acting along the slope at the centre
of pressure is combined with the bending mement at this point,
to find the inclined reinforcement needed in the bottom of the
slab. At the top of the slope, the bending moment and the
inclined component of the hanging-up force are combined to
determine the reinforcement needed in the top of the slab.

For cach sloping side, the centre of pressure and the mean span
can be obtained by inscribing on a normal plan, a circle that
touches three of the sides. The diameter of this circle is the mean
span, and its centre is the centre of pressure. The total intensity
of load normal to the slope at this point is the sum of the normal
components of the vertical and horizontal pressures, and the dead
weight of the slab. Expressions for determining the pressures on
the slab are given in Table 2.16. Expressions for determining
the bending moments and tensile forces acting along the slope
and horizontally are given in Table 2.81. When using this
method, it should be noted that, although the horizontal span of
the slab reduces considerably towards the outlet, the amount
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of reinforcement should not be reduced below that calculated
for the centre of pressure, This is because, in determining the
bending moment based on the mean span, adequate transverse
support from reinforcement towards the base is assumed.

The hanging-up force along the slope has both vertical and
horizontal components, the former being resisted by the walls
acting as beams. The horizontal component, acting inwards,
tends to produce horizontal bending moments on the beam at
the top of the slope, but this is opposed by a corresponding
outward force due to the pressure of the contained material. The
“hip-beam’ at the top of the slope needs to be designed both to
resist the inward pull from the hopper bottom when the hopper
is full and the silo above is only partly filled, and also for the
case when the arching of the fill concentrates the outward forces
due to the peak lateral pressure on the beam during unloading.
This is especially important in the case of mass-flow silos
(see section 2.7.7).

6.5 BEARINGS, HINGES AND JOINTS

In the construction of frames and arches, hinges are needed at
points where it is assumed that there is no bending moment. In
bridges, bearings are often required at abutments and piers to
transfer loads from the deck to the supports. Various types of
bearings and hinges for different purposes are illustrated in
Table 2.99, with associated notes in section 19.4.1.

Movement joints are often required in concrete structures to
allow free expansion and contraction. Fluctuating movements
occur due to diurnal solar effects, and seasonal changes of
humidity and temperature, Progressive movements occur due to
concrete creep, drying shrinkage and ground settlement.
Movement joints may also be provided in structures where,
because of abrupt changes of loading or ground conditions,
pronounced changes occur in the size or type of foundation.
Various types of joints for different purposes are Mlustrated in

Table 2.100, with associated notes on their construction and’

application in section 19.4.2.

7.1 FOUNDATIONS

The design of the foundations for a structure comprises three
stages. The first is to determine from an inspection of the site,
together with field data on soil profiles and laboratory testing of
soil samples, the nature of the ground. The second stage is to
select the stratum on which to impose the load, the bearing
capacity and the type of foundation. These decisions depend
net only on the nature of the ground, but also on the type of
structure, and different solutions may need to be considered.
Reference should be made to BS 8004: Code of Practice for
foundations. The third stage is to design the foundation to
transfer and distribute Ioad from the structure to the ground.

7.1.1 Site inspection

The objective of a site inspection is to determine the nature of
the top stratum and the underiying strata, in order to detect any
weak strata that may impair the bearing capacity of the stratum
selected for the foundation. Generally, the depth to which
knowledge of the strata is obtained should be not less than one
gnd a half times the width of an isolated foundation, or the
width of a structure with closely spaced footings.

"~ The nature of the ground can be determined by digging trial
Holes, by sinking bores or by driving piles. A trial hole can be
t_a_ken down to only moderate depths, but the undisturbed soil
an‘'be examined, and the difficulties of excavation with the

-n@ed or otherwise of timbering and groundwater pumping can

€ determined. Bores can be taken very much deeper than trial
holes; and stratum samples at different depths obtained for
bD%‘atory testing. A test pile does not indicate the type of
oil it has been driven through, but it is useful in showing the
kness of the top crust, and the depth below poorer soil at
ch a firm stratum is found. A sufficient number of any of
8¢ tests should be taken to enable the engineer to ascertain
ature of the ground under all parts of the foundations.
ence should be made to BS 5930: Code of practice for site
Egﬂff_ons, and BS 1377: Methods of test for soils for civil
CETING PUTPOSES.

'_B_,earing pressures

HEssure that can be safely imposed on a thick stratum of
Ommomy encountered is, in some districts, stipulated in
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local by-laws. The pressures recommended for preliminary
design purposes in BS 8004 are given in Table 2.82, but these
values should be used with caution, since several factors can
necessitate the use of lower values. Allowable pressures may
generally be exceeded by the weight of soil excavated down to
the foundation level but, if this increase is allowed, any fill
material applied on top of the foundation must be included in
the total load. If the resistance of the soil is uncertain, a study
of local records for existing buildings on the same soil can be
useful, as may the results of a ground-bearing test.

Failure of a foundation can occur due to consolidation of the
ground causing settlement, or rupture of the ground due to
shearing, The shape of the surface along which shear failure
occurs under a strip footing is an almost circular arc, starting
from one edge of the footing, passing under the footing, and
then continuing as a tangent to the arc, to intersect the ground
surface at an angle depending on the angle of internal friction
of the soil. Thus, the average shear resistance depends on
the angle of internal resistance of the soil, and on the depth
of the footing below the ground surface. In a cohesionless soil,
the bearing resistance not only increases as the depth increases,
but is proportional to the width of the footing. In a cohesive soil,
the bearing resistance also increases with the width of footing,
but the increase is less than for a non-cohesive soil.

Except when bearing directly on rock, foundations for all but
single-storey buildings, or other light structures, should be
taken down at least 1 m below the ground surface, in order to
obtain undisturbed soil that is sufficiently consolidated. In clay
soils, a depth of at least 1.5 m is needed in the United Kingdom
to ensure protection of the bearing stratum from weathering.

7.1.3 Eccentric loads

‘When a rigid foundation is subjected to concentric loading,
that is, when the centre of gravity of the loads coincides with
the centre of area of the foundation, the bearing pressure on the
ground is uniform and equal to the total applied load divided by
the total area. When a load is eccentrically placed on a base, or
a concentric load and a bending moment are applied to a base,
the bearing pressure is not uniform. For a load that is eccentric
about one axis of a rectangular base, the bearing pressure varies
from a maximum at the side nearer the centre of gravity of the
load to a minimum at the opposite side, or to zero at some inter-
mediate position. The pressure variation is usvally assumed to
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be linear, in which case the maximum and minimum pressures
are given by the formulae in Table 2.82. For large eccentricities,
there may be a part of the foundation where there is no bearing
pressure. Although this state may be satisfactory for transient
conditions (such as those due to wind), it is preferable for the
foundation to be designed so that contact with the ground exists
over the whole area under normal service conditions.

7.1.4 Blinding layer

For reinforced concrete footings, or other construction where
there is no underlying mass concrete forming an integral part of
the foundation, the bottom of the excavation should be covered
with a layer of lean concrete, to protect the soil and provide a
clean surface on which to place the reinforcement. The thickness
of this blinding layer is typically 50~75 mm depending on the
surface condition of the excavation,

7.1.5 Foundation fypes

The most suitable type of foundation depends primarily on the
depth at which the bearing stratum lies, and the allowable bearing
pressure, which determines the foundation area. Data relating
to some common types of separate and combined pad founda-
tions, suitable for sites where the bearing stratum is found close
to the surface, are given in Tables 2.82 and 2.83. Several types
of inter-connected bases and rafts are given in Table 2.84. In
choosing a foundation suitable for a particular purpose, the
nature of the structure should also be considered. Sometimes, it
may be decided to accept the risk of settlement in preference o
providing a more expensive foundation. For silos and fixed-end
arches, the risk of unequal settlement of the foundations must
be avoided at all costs, but for gantries and the bases of large
steel tanks, a simple foundation can be provided and probabie
seitlement allowed for in the design of the superstructure. In
mining districts, where it is reasonable to expect some subsidence,
a rigid raft foundation should be provided for small structures
to allow the structure to move as a whole. For large structures,
a raft may not be economical and the structure should be
designed, either to be flexible, or as several separate elements
on independent rafi foundations.

7.1.6 Separate bases

The simplest form of foundation for an individual column or
stanchion is a reinforced concrete pad. Such bases are widely
used on ground that is strong and, on weaker grounds, where
the structure and the cladding are light and flexible. For bases
that are small in area, or founded on rock, a block of plain or
nominally reinforced concrete can be used. The thickness of
the block is made sufficient for the load to be transferred to the
ground under the base at an angle of dispersion through the
block of not less than 45° to the horizontal.

To reduce the risk of unequal seitlement, the column base
sizes for a building founded on a compressible soil should be in
proportion to the dead load carried by each column. Bases for the
columns of a storage structure should be in proportion to the total
load, excluding the effects of wind. In all cases, the pressure on
the ground under any base due to combined dead and imposed
load, including wind load and any bending at the base of the
column, should not exceed the allowable bearing value.

In the design of a separate base, the area of a concentrically
loaded base is determined by dividing the maximum service
load by the allowable bearing pressure. The subsequent
structural design is then governed by the requirements of the
ultimate limit state. The base thickness is nsually determined by
shear considerations, governed by the more severe of two con-
ditions — either shear along a vertical section extending across
the full width of the base, or punching shear around the loaded
area — where the second condition is normally critical. The
critical section for the bending moment at a vertical section
extending across the full width of the base is taken at the face
of the column for a reinforced concrete column, and at the cen-
tre of the base for a steel stanchion. The tension reinforcement
is usually spread uniformly over the full width of the base but,
in some cases, it may need to be arranged so that there is a
concentration of reinforcement beneath the column, Outside
this central zone, the remaining reinforcement must still con-
form to minimum requirements. It is also necessary for tension
reinforcement to comply with the bar spacing limitations for
crack control.

If the base cannot be placed centrally under the column, the
bearing pressure varies linearly, The base is then preferably
rectangular, and modified formulae for bearing pressures and
bending moments are given in Tuble 2.82. A base supporting,
for example, a column of a portal frame may be subjected to an
applied moment and horizontal shear force in addition to a
vertical load. Such a base can be made equivalent to a base with
a concentric load, by placing the base under the column with an
eccentricity that offsets the effect of the moment and horizontal
force. This procedure is impractical if the direction of the
applied moment and horizontal force is reversible, for example,
due to wind. In this case, the base should be placed centrally
under the column and designed as eccentrically loaded for the
two different conditions. :

7.1.7 Combined bases

If the size of the bases required for adjacent columns is such

that independent bases would overlap, two or more columns -

can be provided with a common foundation. Suitabie types
for two columns are shown in Table 2.83, for concentrically and
eccentrically loaded cases. Reinforcement is required top and
bottom, and the critical condition for shear is along a vertical
section extending across the full width of the base. For some

conditions of loading on the columns, the total load on the baS,? :
may be concentric, while for other conditions the total load 18-

eccentric, and both cases have to be considered. Some notes 0]
combined bases are given in section 18.1.2. :

7.1.8 Balanced and coupled bases

When it is not possible to place an adequate base centr?lﬂ
under a column owing to restrictions of the site, and when’

such conditions the eccentricity would result in inadmissibl
ground pressures, a balanced foundation as shown in Tables 2
and 2.84, and described in section 18.1.3, is provided. A be
is introduced, and the effect of the cantilever moment cav;
by the offset column load is counterbalanced by load from
adjacent colummn. This situation occurs frequently for exter
columns of buildings on sites in built-up areas.

Foundations

Sometimes, as in the case of bases under the towers of a
trestle or gantry, pairs of bases are subjected to moments and
horizontal forces acting in the same direction on each base. Tn
such conditions, the bases can be connected by a stiff beam that
converts the effects of the moments and horizontal forces into
equal and opposite vertical reactions: then, each base can be
designed as concentrically loaded. Such a pair of coupled bases
is shown in Table 2.83, which also gives formulae for the
reactions and the bending momenis on the beam.

7.1.9 Strip bases and rafts

When the columns or other supports of a structure are closely
spaced in one direction, it is common to provide a continuous
base similar to a footing for a wall. Particulars of the design
of strip bases are given in Table 2.83. Some notes on these
bases in relation to the diagrams in Table 2.84, together with an
examplie, are given in section 18.1.2.

When the columns or other supports are closely spaced in
two directions, or when the column loads are so high and the
allowable bearing pressure is so low that a group of separate
bases would totally cover the space between the columns, a
single raft foundation of one of the types shown at (a)-(d) in
Table 2.84 should be provided. Notes on these designs are given
in section 18.1.4.

The analysis of a raft foundation supporting a set of equal
loads that are symmetrically arranged is usually based on the
assumption of uniformly distributed pressure on the ground.
"The design is similar to that for an inverted foor, upon which
the load is that portion of the ground pressure that is due to the
concentrated loads only. Notes on the design of a raft, for which
the columns are not symmetrically disposed, are also included
in section 18.1.4. An example of the design of a raft foundation
is given in Examples of the Design of Buildings.

7.1.10 Basements

The floor of a basement, for which a typical cross section is
shown at (e) in the lower part of Table 2.84, is typically a raft,

- since the weights of the ground floor over the basement,
- the walls and other structure above the ground floor, and the

basement itself, are carried on the ground under the floor of
the basement. For water-tightness, it is common to construct the
Wz}li-and the floor of the basement monolithically. In most
cases, although the average ground pressure is low, the spans
are large resulting in high bending moments and a thick floor,
i ?he total load is taken as uniform over the whole area. Since
the greater part of the load is transmitted through the walls,
agd any internal columns, it is more rational and economical
to transfer the load on strips and pads placed immediately
under the walls and columns. The resulting cantilever action
d _ter_fmnes the required thickness of these portions, and the
famder of the floor can generally be made thinner.

_Where basements are in water-bearing soils, the effect of
»dfofstatic pressure must be taken into account. The upward
aler pressure is uniform below the whole area of the floor,
Ch'_n'mst be capable of resisting the total pressure less
Weight of the floor. The walls must be designed to resist the
Zontal pressures due to the waterlogged ground, and the
ment Must be prevented from floating. Two conditions need
‘_301151dered. Upon completion, the total weight of the
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basement and superimposed dead load must exceed the worst
credible upward force due to the water by a substantial margin.
During construction, there must always be an excess of
downward load. If these conditions cannot be satisfied, one
of the following steps should be taken:

1. The level of the groundwater near the basement should be
controlled by pumping or other means.

2. Temporary vents should be formed in the basement fioor, or
at the base of the walls, to enable water to freely enter the
basement, thereby equalising the external and internal
pressures, The vents should be sealed when sufficient dead
load from the superstructure has been obtained.

3. The basement should be temporarily flooded to a depth such
that the weight of water in the basement, together with the
dead load, exceeds the total upward force on the structure.

While the basement is under construction, method 1 normally
has to be used, but once the basement is complete, method 3 has
the merit of simplicity. Basements are generally designed
and constructed in accordance with the recommendations of
BS 8102, supplemented by the guidance provided in reports
produced by CIRIA (ref. 57). BS 8102 defines four grades
of internal environment, each grade requiring a different level
of protection against water and moisture ingress. Three types of
construction are described to provide either A: tanked, or B:
integral or C: drained protection.

Type A refers to concrete or masonry construction whére
added protection is provided by a continuous barrier system/. An
external tanking is generally preferred so that any external
water pressure will force the membrane against the structure.
This is normally only practicable where the construction is by
conventional methods in excavation that is open, or supported
by temporary sheet piling. The structure should be monolithic
throughout, and special care should be taken when a structure
is supported on piles to avoid rupture of the membrane, due to
settlement of the fill supported by the basement wall.

Type B refers to concrete construction where the structure
itself is expected to be sufficient without added protection. A
structure designed to the requirements of BS 8007 is expected
to inhibit the ingress of water to the level required for a utility
grade basement. Tt is considered that this standard can also be
achieved in basements constructed by using diaphragm walls,
secant pile walls and permanent sheet piling. If necessary, the
performance can be improved by internal ventilation and the
addition of a vapour-proof barrier.

Type C refers to concrete or masonry construction where
added protection is provided by an internal ventilated drained
cavity. This method is applicable to all types of constructon
and can provide a high level of protection. It is particularly
useful for deep basements using diaphragm walls, secant pile
walls, contiguous piles or steel sheet piling.

7.1.11 Foundation piers

When a satisfactory bearing stratum is found at a depth of
1.5-5m below the natural ground level, piers can be formed
from the bearing stratum up to ground level. The construction
of columns or other supporting members can then begin on the
top of the piers at ground level. Such piers are generally square
in cross section and most economically constructed in plain
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concrete. When piexs are impractical by reason of the depth at
which a firm stratum occurs, or due to the nature of the ground,
short bored piles can be used.

7.1.12 Wall footings

When the load on a strip footing is distributed uniformly over
the whole length, as in the general case of a wall footing, the
principal effects are due to the transverse cantilever action of
the projecting portion of the footing. If the wall is of concrete
and built monolithically with the footing, the critical bending
moment is at the face of the wall. If the wall is of masonry, the
maximum bending moment is at the centre of the footing.
Expressions for these moments are given in Table 2.83. If the
projection is less than the thickness of the base, the transverse
bending moment may be ignored but the thickness should be
such that the shear strength is not exceeded. Whether or not a
wall footing is designed for transverse bending, longitudinal
reinforcement is generally included, fo give some resistance to
moments due to unequal settlement and non-uniformity of
bearing. In cases where a deep narrow trench is excavated down
to a firm stratum, plain concrete fill is normally used.

7.1.13 Foundations for machines

The area of a concrete base supporting a machine or engine
must be sufficient to spread the load onto the ground without
exceeding the allowable bearing value. It is advantageous, if the
centre of area of the base coincides with the centre of gravity
of the loads when the machine is working, as this reduces
the risk of unequal settlement, If vibration from the machine is
transmitted to the ground, the bearing pressure should be
considerably lower than normally taken, especially if the ground
is clay or contains a large proportion of clay. It is often important
that the vibration of a machine shonld not be transmitted o
adjacent structures, either direcily or via the ground. In such
cases a layer of insulating material should be placed between
the concrete base carrying the machine and the ground.
Sometimes the base is enclosed in a pit lined with insulating
material. In exceptional cases, a machine base may stand on
springs, or more elaborate damping devices may be installed. in
all cases, the base should be separated from any surrounding
arca of concrete ground floot.

With light machines the ground bearing pressure may not be
the factor that determines the size of the concrete base, as the
area occupied by the machine and its frame may require a base
of larger area. The position of the holding-down bolts generally
determines the length and width of the base, which should
extend 150 mm or more beyond the outer edges of the holes left
for the bolts. The depth of the base must be such that the bottom
is on a satisfactory bearing siratum, and there is enough thick-
ness io accommodate the holding-down bolts. If the machine
exerts an uplift force on any part of the base, the dimensions of
the base must be such that the part that is subjected to uplift has
enough weight to resist the uplift force with a suitable margin
of safety. All the supports of any one machine should be carried
on a single base, and any sudden changes in the depth and width
of the base should be avoided. This reduces the risk of fractures
that might result in unequal settlements, which could throw the
machine out of alignment. Reinforcement should be provided
to resist all tensile forces.

Advice on the design of reinforced concrete foundations to
support vibrating machinery is given in ref. 58, which gives
practical solutions for the design of raft, piled and massive
foundations. Comprehensive information on the dynamics of
machine foundations is included in ref. 59.

7.1.14 Piled foundations

Where the upper soil strata is compressible, or too weak to
support the loads transmitted by a structure, piles can be used
to transmit the load to underlying bedrock, or a stronger soil
layer, using end-bearing piles. Where bedrock is not located at
a reasonable depth, piles can be used to gradually transmit the
structural loads to the soil using friction piles.

Horizontal forces due to wind loading on tall structures, or
earth pressure on retaining structures, can be resisted by piles
acting in bending or by using raking piles. Foundations for
some structures, such as transmission towers and the roofs to
sports stadiums, are subjected to upward forces that can be
resisted by tension piles. Bridge abutments and piers adjacent
to waiter can be constructed with piled foundations to counter
the possible detrimental effects of erosion.

There are two basic categories of piles. Displacement piles
are driven into the gréund in the form of, either a preformed
solid concrete pile or a hollow tube. Alternatively, a void can
be formed in the ground, by driving a closed-ended tube, the
bottom of which is plugged with concrete or aggregate. This
allows the tube to be withdrawn and the void to be filled with
concrete. It also allows the base of the pile to be enlarged in
order to increase the bearing capacity. Non-displacement or
‘cast-in-place’ piles are formed by boring or excavating the
ground to create a void, into which steel reinforcement and
concrete can be placed. In some soils, the excavation needs to
be supported to stop the sides from falling in: this is achieved
either with casings or by the use of drilling mud (bentonite}.
For further information on piles, including aspects such as
pile driving, load tesiing and assessment of bearing capacity,
reference should be made to specialist textbooks (ref. 60).

7.1.15 Pile-caps

Rarely does a foundation element consist of a single pile. In
most cases, piles are arranged in groups or rows with the tops
of the piles connecied by caps or beams. Generally, concrete is
poured directly onto the ground and encases the tops of the piles
to a depth of about 75 mm. The thickness of the cap must be
sufficient to ensure that the imposed load is spread equally
between the piles. For typical arrangements of two to five piles
forming a compact group, load can be transmitted by dispersion

through the cap. Inclined struts, extending from the load to-the

top of each pile, are held together by tension reinforcemen&i{l
the bottom of the cap to form a space frame. The struts at®

usually taken to intersect at the top of the cap at the centr®
of the loaded area, but expressions have also been devclopf%d ;

that take into account the dimensions of the loaded aret
Information regarding the design of such pile-caps, ai
standardised arrangements and dimensions for groups of tw
to five piles, are given in Table 3.61. '
The thickness of a pile-cap designed by dispersion theory-
usually determined by shear considerations along a vertic
section extending across the full width of the cap. If the P1_1
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spacing exceeds three pile diameters, it is also necessary to
design for punching shear. In all cases, the shear stress at the
perimeter of the loaded area should not exceed the maximum
design value related to the compressive strength of the struts.
The reinforcement in the bottom of the pile-cap should be
provided, at each end, with a full tension anchorage measured
from the centre of the pile. Pile-caps can also be designed by
bending theory, but this is generally more appropriate where a
large number of piles are involved. In such cases, punching
shear is likely to be a critical consideration,

7.1.16 Loads on piles in a group

If a group of n piles is connected by a rigid pile-cap, and the
centres of gravity of the load F, and the piles are coincident, each
pile will be equally loaded, and will be subjected to a load F /n,
If the centre of gravity of the load is displaced a distance e from
the centre of gravity of the piles, the load on any one pile is

1. ¢4

where >.q*is the sum of the squares of the distance of each pile,
measured from an axis that passes through the centre of gravity
of the group of piles and is at right angles to the line joining this
centre of gravity and the centre of gravity of the load, and g, is
the distance of the pile considered from this axis (positive if on
the same side of the axis as the centre of gravity of the load, and
negative if on the opposite side). If the structure supported on
the group of piles is subjected to a bending moment M, which
is transmitted to the foundations, the expression given for the
load on any pile can be used by substituting e = M/F,.

The total load that can be carried on & group of piles is not
necessarily the safe load calculated for one pile multiplied
by the number of piles. Some allowance has to be made for the
overlapping of the zones of stress in the soil supporting the
piles. The reduction due to this effect is greatest for piles that
are supported mainly by friction. For piles supporied entirely or
almost entirely by end bearing, the maximum safe load on a
group cannot greatly exceed the safe bearing load on the area
of bearing stratum covered by the group.

7.;1.17 Loads on open-piled structures

The loads and forces to which wharves, jetties and similar

- aritime structures are subjected are dealt with in section 2.6.

Such structures can be solid walls made of plain or reinforced
concrete, as are most dock walls. A quay or similar waterside

- wall is more often a sheet pile-wall, as described in section 7.3.3,

LAt can be an open-piled structure similar to a jetty. The loads
,8roups of inclined and vertical piles for such structures are
nsidered in Table 2.85.

ror each probable condition of load, the external forces are
OI}jc?d into horizontal and vertical components, F, and F,,
Onts of application of which are also determined. If the
fion of action and position are opposite to those shown in
diagrams, the signs in the formulae must be changed. It is
med that the piles are surmounted by a rigid pile-cap or
IStructure. The effects on each pile when all the piles are
alcal are based on a simple, but approximate, method of
alysis. Since a pile offers very little resistance to bending,
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structures with vertical piles only are not suitable when F is
dominant. In a group containing inclined piles, F, can be
resisted by a system of axial forces, and the bending moments
and shear forces in the piles are negligible. The analysis used in
Table 2.85 is based on the assumption that each pile is hinged
at the head and toe. Although this assumption is not accurate,
the analysis predicts the behaviour reasonably well. Three designs
of the same typical jetty, using different pile arrangements, are
given in section 18.2.

7.2 INDUSTRIAL GROUND FLOORS

Most forms of activity in buildings — from manufacturing,
storage and distribution to retail and recreation — need a firm
platform on which to operate. Concrete ground floors are
almost invariably used for such purposes. Although in many
parts of the world conventional manufacturing activity has
declined in recent years, there has been a steady growth in
distribution, warehousing and retail operations, to serve the
needs of industry and society. The scale of such facilities, and
the speed with which they are constructed, has also increased,
with higher and heavier racking and storage equipment being
used. These all make greater demands on concrete floors. The
following information is taken mainly from ref. 61, where a
comprehensive treatment of the subject will be found.

7.2.1 Floor uses

In warehouses, materials handling eqguipment is used in two
distinct areas, according to whether the movement of traffic is
free or defined. In free-movement areas, vehicles can travel
randomly in any direction. This typically oceurs in factories,
retail gutlets, low-level storage and food distribution centres.
In defined-movement areas, vehicles use fixed paths in very
narrow aisles. This usually occurs where high-level storage
racking is being employed, and distribution and warehouse
facilities often combine areas of free movement for low-level
activities, sach as unloading and packing, alongside areas of
defined movement for high-level storage. The two floor uses
require different tolerances on surface regularity.

7.2.2 Construction methods

A ground-supported industrial floor slab is made up of layers
of materials comprising a sub-base, a slip membrane/methane
barrier, and & concrete slab of appropriate thickness providing
a suitable wearing surface. Various construction methods can be
used to form the concrete slab.

Large areas of floor up to several thousand square metres in
extent can be laid in a continuous operation. Fixed forms are
used up to 50 m apart at the edges of the area only. Concrete is
discharged into the area and spread either manually, or by
machine. Surface levels are controlled either manually, using a
target staff in conjunction with a laser level transmitter, or by
direct control of a laser-guided spreading machine. After the
fioor has been laid and finished, the area is sub-divided into
panels, typically on a6 m grid in both directions. This is achieved
by making saw cuts in the top surface for a depth of at least
one-quarter of the depth of the slab, creating a line of weakness
in the slab that induces a crack below the saw cut. As a result of
concrete shrinkage, each sawn joint will open by a small amount.
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‘With such large-area construction, there are limitations on the
accuracy of level and surface regularity that can be achieved,
and the construction is most commonly used for {free-movement
floor areas.

The large-area construction method can also be employed
without sub-dividing the area into small panels. In this case, no
sawn joints are made, but steel fibres are incorporated in the
concrete mix to control the distribution and width of the cracks
that occur as a result of shrinkage. The formed joints at the
edges of the area will typically open by about 20 mm.

Floors can also be formed as a series of long strips typically
4-6 m wide, with forms along each side. Strips can be laid
alternately, with infill strips laid later, or consecutively, or
between ‘leave-in-place’ screed rails. Concrete is poured in a
continuous operation in each strip, after which transverse saw
cufs are made about 6 m apart to accommodate longitudinal
shrinkage. As formwork can be set to tight tolerances, and the
distance between the forms is relatively small, the long-strip
method lends itself to the construction of very flat floors, and is
particularly suitable for defined-movement floor areas.

7.2.3 Reinforcement

Steel fibres, usually manufactured from cold-drawn wire, are
commonly used in ground-supported slabs. The fibres vary in
length up to about 60 mm, with aspect ratios (length/nominal
diameter) from 20 to 100, and a variety of cross sections. In
order to increase pull-out resistance the fibres have enlarged,
flattened or hooked ends, roughened surface textures or wavy
profiles. The composite concrete slab can have considerable
ductility dependent on fibre type, dosage, tensile strength and
anchorage mechanism. The ductility is commonly measured
using the Japanese Standard test method, which uses beams in
a third-point loading arrangement. Load-deflection curves ate
plotted as the load increases until the first crack and then
decreases with increasing deflection. The duectility value is
expressed as the average load to a deflection of 3 mm divided
by the load to first crack. This measure is commonly known as
the equivalent flexural strength ratio. In large-area floors with
shrinkage joints at the edges only, fibre dosages in the order of
35-45 kg/m® are used to control the distribution and width of
cracks. In floors with additional sawn joints, fibre dosages in the
range 20-30 kg/m?® are typically used.

In large area floors with additional sawn joints, steel fabric
reinforcement (type A) can be placed in the bottom of the slab
with typically 50 mm of cover, The proportion of reinforcement
used is typically 0.1-0.125% of the effective cross section bd,
which is small enough to ensure that the reinforcement will
vield at the sawn joints as the concrete shrinks, and also
sufficient to provide the slab with adequate rotational capacity
after cracking,

7.2.4 Modulus of subgrade reaction

For design purposes, the subgrade is assumed to be an elastic
medium characterised by a modulus of subgrade reaction k,,
defined as the load per unit area causing unit deflection. It can
be shown that errors of up to 30% in the value of k; have only
a small effect on the slab thickness required for flexural design.
However, deflections are more sensitive to k, values, and long-
term settiement due to soil consolidation under load can be
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much larger than the elastic deflections calculated as part of the
slab design.

In principle, the value of %, used in design should be related
to the range of influence of the load, but it is normal practice to
base k, on a loaded area of diameter 750 mm. To this end,
it is strongly recommended that the value of k; is determined
from a BS plate-loading test, using a 750 mm diameter plate
and a fixed settlement of 1.25 ram. If a smaller plate is used, or
a value of k, appropriate to a particular area is required, the
following approximate relationship may be assumed:

k,=0.5(1 + 0.3/Dky5

where D is the diameter of the loaded area, and &, 75 is a value
for D = 0.75 m. This gives values of k/k;;; as follows:

045 0.75 1.2 oo

0.5

D (m) 0.3

2.0

kkozs 14 1.0 0.8

In the absence of more accurate information, typical values of
k; according to the soil type are given in the following table,

Values of k, (MN/m®)
Soil type

Lower Upper
Fine or slightly compacted sand 15 30
Well compacted sand 56 100
Very well compacted sand 100 150
Loam or clay (moist} o . 60
Loam or clay (dry) 80 100
Clay with sand 80 100
Crushed stone with sand 100 150
Coarse crushed stone 200 250
Well-compacted crushed stone 200 300

7.2.5 Methods of analysis

Traditionally, ground-supported slabs have been designed_.'iinir; '
elastic methods using equations developed by Westergaard in -

the 1920s. Such slabs are relatively thick and an assessment o
deflections and other in-service requirements has generally

been unnecessary. Using plastic methods of analysis, thinner -

slabs can be designed, and the need to investigate in-servic
requirements and load-transfer across joints has become m
important. The use of plastic analysis assumes that the slab
adequate ductility after cracking, that is, it contains suffi
fibres or reinforcement, as described in section 7.2.3, to give
equivalent flexural strength ratio in the range 0.3-0.5. Pl
concrete slabs, and slabs with less than the minimum reco
mended amounts of fibres or reinforcement, should still.
designed by elastic methods, '
Westergaard assumed that a ground-supported concrete sl
is a homogeneous, isotropic elastic solid in equilibrinm,
the subgrade reactions being vertical only and proportional
the deflections of the skab. He also introduced the concept of
radius of relative stiffness ry, given by the relationship:

r = [ER/12(1=v)k )%

where E, is the short-term modulus of elasticity of concre
h is the slab thickness k, is the modulus of subgrade reactt

Retaining walls

and v is Poisson’s ratio. The physical significance of r, is
illustrated in the following figure showing the approximate
distribution of elastic bending moments for a single internal
concentrated load. The bending moment is positive (tension
at the bottom of the slab) with a maximum valee at the load
position. Along radial lines, it remains positive reducing to zero at
¥ from the load. It then becomes negative reaching a maximum
at 2r, from the load, with the maximum negative moment (tension
at the top of the slab) significantly less than the maximum
positive moment. The moment approaches zero at 3, from
the load.

FAS] LAy

Approximate distribution of elastic bending moments for
an internal concentrated load on a ground-supported stab

As the load is increased, the tensile stresses at the bottom of
the slab under the load will reach the flexural strength of the
concrete. Radial tension cracks will form at the bottom of
the slab and, provided there is sufficient duciility, the slab will
yield. Redistribution of moments will occur, with a reduction in
the positive moment at the load position and a substantial
increase in the negative moments some distance away. With
further increases in load, the positive moment at the load
position will remain constant, and the negative momenis will
increase until the tensile stresses at the top of the slab reach the
flexural strength of the concrete, at which stage failure is
assumed. For further information on the analysis and design
method with fully worked examples, see ref, 61.

~ 7.3 RETAINING WALLS

. Information on soil properties and the pressures exerted by
soils on retaining structures is given in section 9.1 and
Tables 2.10-2.14. This section deals with the design of walls
o retain soils and materials with similar engineering properties.
L designing to British Codes of Practice, the geotechnical
ispects of the design, which govern the size and proportions of
€ structure, are considered in accordance with BS 8002.
obilisation factors are introduced into the calculation of the
1L strengths, and the resulting pressures are used for both
Tviceability and ultimate requirements. For the subsequent
gn of the structure to BS 8110, the earth loads obtained
BS 8002 are taken as characteristic values. In designing to
EC, partial safety factors are applied to the soil properties
the geotechnical aspects of the design, and to the carth
for the structural design.

_:"Trypes of retaining wall

-Tetention systems can be categorised into one of two
8, according to whether the earth is stabilised externally
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or internally, as shown in Table 2.86. An externally stabilised
systemn uses an external structural wall to mobilise stabilising
forces. An internally stabilised system utilises reinforcements
instalted within the soil, and extending beyond the potential
failure zone.

Traditional retaining walls can be considered as externally
stabilised systems, one of the most common forms being the
reinforced concrete cantilever wall. Retaining walls on spread
foundations, together with gravity structures, support the soil
by weight and stitfness to resist forward sliding, overturning
and excessive soil movements. The equilibrium of cantilever
walls can also be obtained by embedment of the lower part of
the wall. Anchored or propped walls obtain their equilibrium
partly by embedment of the lower part of the wall, and partly
from an anchorage or prop system that provides support to the
upper part of the wall.

Internally stabilised walls built above ground are known as
reinforced soil structures. By placing reinforcement within the
soil, a composite material can be produced that is strong in
tension as well as compression. A key aspect of reinforced soil
walls is its incremental form of construction, being built up a
layer at a time, starting from a small plain concrete strip footing.
In this way, construction is always at ground level, the structure
is always stable, and progress can be very rapid. The result of
the incremental construction is that the soil is partitioned with
each layer receiving support from a locally inserted reinforcing
element. The process is the opposite of what occurs in a
conventional wall, where pressures exerted by the backfill are
integrated to produce an overall force to be resisted by the struc-
ture. The materials used in a reinforced soil structure comprise
a facing (usuaily reinforced concrete), soil reinforcement (in
the form of flat strips, anchors or grids, made from either
galvanised steel or synthetic material) and soil {usnally a well-
graded cohesionless material). Reinforced soil structures
are more economic than equivalent structures using externally
stabilised methods.

Internal soil stabilisation used in the formation of cuttings
or excavations is known as soil nailing. The process is again
incremental, with each stage of excavation limited in depth so
that the soil is able to support itself. The exposed soil face is
protected, usually by a covering of light mesh reinforcement
and spray applied concrete. Holes are drilled into the soil, and
reinforcement in the form of steel bars instailed and grouted.
With both reinforced soil and soil nailing, great care is taken
to make sure that the reinforcing members do not corrode or
deteriorate. Hybrid systems combining elements of internally
and externally stabilised soils are also used.

7.3.2 Walls on spread bases

Various walls on spread bases are shown in Table 2.86. A
cantilever wall is suitable for walls of moderate height. If the -
soil to be retained can be excavated during construction of
the wall, or the wall is required to retain an embankment, the
base can project backwards. This is always advantageous, as
the earth supported on the base assists in counterbalancing the
overturning effect due to the horizontal pressures exerted by
the soil. However, a base that projects mainly backwards but
partly forwards is usually necessary, in order to limit the bearing
pressure at the toe to an allowable value. Sometimes, due to
the proximity of adjacent property, it may be impossible to
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project a base backwards. Under such conditions, where the
base projection is entirely forwards, the provision of a key
below the base is necessary o prevent sliding, by mobilising the
passive resistance of the soil in front of the base.

For wall heights greater than about 8 m, the stem thickness
of a cantilever wall becomes excessive. In such cases, a wall
with vertical counterforts can be used, in which the slab
spans horizontally between the counterforts, For very high
walls, in which the scil loading is considerable towards
the bottom of the wall, horizontal beams spanning between
the counterforts can be used. By graduating the spacing of the
beams to suit the loading, the vertical bending moments in
cach span of the slab can be equalised, and the slab thickness
kept the same.

The factors affecting the design of a cantilever slab wall are
usually considered per unit length of wall, when the wall is of
constant height but, if the height varies, a length of say 3 m
could be treated as a single unit. For a wall with counterforts,
the length of a unit is taken as the distance between adjacent
counterforts, The main factors to be considered in the design of
walls on spread bases are stability against overturning, ground
bearing pressure, resistance to sliding and internal resistance to
bending moments and shearing forces. Suitable dimensions for
the base to a cantilever wall can be estimaied wiih the aid of the
graph given in Tuble 2.56.

In BS 8002, for design purposes, soil parameters are based
on representative shear strengths that have been reduced by
applying mobilisation factors. Also, for friction or adhesion at
a soil-structure interface, values not greater than 75% of the
design shear strengih are taken. Allowance is made for a minimum
surcharge of 10 kN/m? applied 1o the surface of the retained
soil, and for a minimum depth of unplanned earth removal in
front of the wall equal to 10% of the wall height, but not less
than 0.5 m.

For overall equilibrium, the effects of the disturbing forces
acting on the structure should not exceed the effects that can
be mobilised by the resisting forces, No additional factors of
safety are required with regard to overturiting or sliding forwards.
For bases founded on clay soils, both the short-term (using
undrained shear strength) and long-term (using drained shear
strength) conditions should be considered. Checks on ground
bearing are required for both the service and ultimate conditions,
where the design loading is the same for each, but the bearing
pressure distribution is different, For the ultimate condition, a
uniform distribuiion is considered with the centre of pressure
coincident with the centre of the applied force at the underside
of the base. In general, therefore, the pressure diagram does
not extend over the entire base. In cases where resistance to
sliding depends on base adhesion, it is unclear as to whether
the contact surface length should be based on the service or the
ultimate condition.

The foregoing wall movements, due to either overturning or
sliding, are independent of the general tendency of a bank or a
cutting to slip and carry the retaining wall along with it. The
strength and stability of the retaining wall have no bearing
on such failures. The precantions that must be taken to prevent
such failures are outside the scope of the design of a wall that
is constructed to retain the toe of the bank, and are a problem
in soil ‘mechanics.

Adequate drainage behind a retaining wall is important to
reduce the water pressure on the wall. For granular backfills of

T
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high permeability, no special drainage layer is needed, but some
means of draining away any water that has percolated through
the backfill should be provided, particularly where a wall is
founded on an impermeable material. For cohesionless backdills
of medium to low permeability, and for cohesive soils, it is usual
to provide a drainage layer behind the wall. Various methods
can be used, for instance: (a) a blanket of rubble or coarse
aggregate, clean gravel or crushed stone; (b) hand-placed
pervious blocks as dry walling; (c) graded filter drain, where
the back-filling consists of fine-grain material; (d) a geotestile
filter used in combination with a permeable granular material.
Water entering the drainage layer should drain into a drainage
system, which allows free exit of the water either by the provision
of weep-holes, or by porous land drains and pipes laid at the
bottom of the drainage layer, and led to sumps or sewers via
catchpits, Where weep-holes are being used, they shouid be at
least 75 mm in diameter, and at a spacing not more than 1 m
horizontally and 1-2 m veriically. Puddled clay or concrete
should be placed directly below the weep-holes or pipes, and
in contact with the back of the wall, to prevent water from
reaching the foundations.

Vertical movement joints should be provided at intervals
dependent upon the expected temperature range, the type of
the structure and changes in the wall height or the nature of the
foundations. Guidance on design options to accommodate
movement due to temperature and moisture change are given in
BS 8007 and Highways Agency BD 28/87.

7.3.3 Embedded (or sheet) walls

Embedded walls are built of contiguous or interlocking piles,
or diaphragm wall panels, to form a continuous structure. The
piles may be of timber, or concrete or steel, and have lapped or
V-shaped, or tongued and grooved, or interlocking joints
between adjacent piles. Diaphragm wall panels are formed of
reinforced concrete, using a bentonite or polymer suspension as
part of the construction process. Excavation is carried out in the
suspension to a width equal to the thickness of the wall
required. The suspension is designed to maintain the stability of
the slit trench during digging and unti] the diaphragm wall has
‘been concreted. Wall panels are formed in predetermined
lengths with prefabricated reinforcement cages lowered into the
trench. Concrete is cast in sifu and placed by tremie: it is vital

that the wet concrete flows freely without segregation so as to _

surround the reinforcement and displace the bentonite. »

Cantilever walls are suitable for only moderate height, and it
is preferable not to use cantilever walls when services or
foundations are located wholly or parily within the active soil

zove, since horizontal and vertical movement in the retained -

material can cause damage. Anchored or propped walls can
have one or more levels of anchor or prop in the upper part
of the wall. They can be designed to have fixed or free ea_J@
support at the bottom, as stability is derived mainly from th
anchorages or props.

Traditional methods of design, although widely used,
have recognised shortcomings. These methods are outlined
annex B of BS 8002, where comments are included on
applicability and limitations of each method. The design.
embedded walls is beyond the scope of this Handbook, and fo
further information the reader should refer to BS 80(_)2
Highways Agency BD 42/94 and ref. 62.

Culverts and subways

7.4 CULVERTS AND SUBWAYS

Concrete culverts, which can be either cast in sifu or precast,
are wsually of circular or rectangular cross section. Box type
structures can also be used to form subways, cattle creeps or
bridges over minor roads.

7.4.1 Pipe culverts

For conducting small streams or drains under embankments,
culverts can be built with precast reinforced concrete pipes,
which must be strong enough to resist vertical and horizontal
pressures from the earth, and other superimposed loads. The
pipes should be laid on a bed of concrete and, where passing
under a road, should be surrounded with reinforced concrete at
least 150 mm thick. The culvert should also be reinforced to
resistlongitudinal bending resulting from unequal vertical earth
pressure and unequal settlement. Due to the uncertainty
associated with the magnitude and disposition of the earth pres-
sures, an accurate analysis of the bending moments is imprac-
ticable. A basic guide is to take the positive moments at the top
and bottom of the pipe, and the negative moments at the ends
of a horizontal diameter, as 0.0625¢d 2, where d is the diameter
of the circular pipe, and g is the intensity of both the downward
pressure on the top and the upward pressure at the bottom,
assuming the pressure to be distributed uniformly on a
horizontal plane.

7.4.2 Box culverts

The load on the top of a box culvert includes the weights of the
carth covering and the top slab, and the imposed load (if any).
The weights of the walls and top slab (and any load that is on
them) produce an upward reaction from the ground. The
weights of the bottom slab and water in the culvert are carried
directly on the ground below the slab, and thus have no effect
other than their contribution to the total bearing pressure. The
horizontal pressure due to the water in the culvert produces an
mternal triangular load on the walls, or a trapezoidal load if the
surface of the water outside the culvert is above the top, when
there will also be an upward pressure on the underside of the
top slab. The magnitude and distribution of the earth pressure
: against the sides of the culvert can be calculated in accordance
with the information in section 9.1, consideration being given
: FO the risk of the ground becoming waterlogged resulting in
Increased pressure and the possibility of flotation. Generally,
there are only two load conditions to consider:

1. Culvert empty: maximum Ioad on top slab, weight of the
walls and maximum earth pressure on walls.

2, Ct_ll'\.fen full: minimum load on top slab, weight of the walls,
minimum earth pressure and maximum internal hydrostatic
Pressure on walls (with possible upward pressure on top slab).

11111 SOme circumstances, these conditions may not produce the
Damum load effects at any particular section, and the effect
ft-‘i’ery probable combination should be considered. The cross
-liong Shc_)uld be designed for the combined effects of axial
¢, bending and shear as appropriate. A simplistic analysis
o?it]]l-ﬁed to determine the bending moments produced in a
1¢ rectangular box, by considering the four slabs as

tnuous beam of four spans with equal moments at the end
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supports. However, if the bending of the bottom slab tends to
produce a downward deflection, the compressibility of the
ground and the consequent effect on the bending moments must
be taken into account. The loads can be conveniently divided
into the following cases:

1. A uniformly distributed load on the top slab, and a uniform
reaction from the ground under the bottom slab.

2. A concenirated imposed load on the top slab and a uniform
reaction from the ground under the bottom slab.

3. Concentrated loads due (o the weight of each wall and a
uniform reaction from the ground under the bottom slab.

4. A triangular distributed horizontal pressure on each wall due
to the increase in earth pressure in the height of the wall.

5. A uniformly distributed horizontal pressure on each wall
due to pressure from the earth and any surcharge above the
level of the top slab.

6. Internal horizontal and possibly vertical pressures due to
water in the culvert.

Formulae for the bending moments at the corners of the
box due to each load case, when the top and bottom slabs
are the same thickness, are given in 7able 2.87. The limiting
ground conditions associated with the formulae should be
noted.

7.4.3 Subways

The design and construction of buried box type structures,
which could be complete boxes, portal frames or structures
where the walls are propped by the top slab, are covered by
recommendations in Highways Agency standard BD 31/87.
These recommendations do not apply to structures that are
installed by methods such as thrust boring or pipe jacking.

The nominal superimposed dead load consists of the weight
of any road construction materials and the soil cover above
the structure. Due to negative arching of the fill material, the
structure can be subjected to loads greater than the weight of
fill directly above it. An allowance for this effect is made, by
considering a minimum load based on the weight of material
directly above the structure, and a maximum Joad egnal to the
minimum load muitiplied by 1.15. The nominal horizontal
earth pressures on the walls of the box structure are based on
a triangular distribution, with the value of the earth pressure
coefficient taken as a maximum of 0.6 and a minimum of 0.2,
It is to be assumed that either the maximum or the minimum
value can be applied to one wall, irtespective of the value that
is applied to the other wall.

Where the depth of cover measured from the finished road
surface to the top of the structure is greater than 600 mm, the
nominal vertical live loads to be considered are the HA wheel
load and the HB vehicle. To determine the nominal vertical live
load pressure, dispersion of the wheel loads may be taken to
occur from the contact area on the carriageway to the top of
the structure at a slope of 2 vertically to 1 horizontally. For
structures where the depth of cover is in the range 200-600 mm,
full highway loading is to be considered. For HA load, the KEL
may be dispersed below the depth of 200 mm from the finished
road surface. Details of the nominal vertical live loads are given
in sections 2.4.8 and 2.4.9, and Table 2.5.
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In this chapter, unless otherwise stated, all loads are given as
characteristic, or nominal (i.e. unfactored) values. For design
purposes, each value must be multiplied by the appropriate
partial safety factor for the particular load, load combination
and limit-state being considered.

Although unit weights of materials should be given strictly
in terms of mass per unit volume {e.g. kg/m?), the designer is
usually only concerned with the resulting gravitational forces.
To avoid the need for repetitive conversion, unit weights are
more conveniently expressed in terms of force (e.g. kN/m®),
whete 1 kN may be taken as 102 kilograms.

8.1 BEAD LOAD

The data for the weights of construction materials given in the
following tables has been taken mainly from BEC 1: Part 1.1, but
also from other sources such as BS 648,

8.1.1 Concrete

The primary dead load is usually the weight of the concrete

structure. The weight of reinforced concrete varies with the

density of the aggregate and the percentage of reinforcement.

In UK practice, a value of 24 kN/m® has traditionally been
“used for normal weight concrete with normal percentages of
“ reinforcement, but a value of 25 kN/m? is recommended in
- BC 1. Several typical weights for normal, lightweight and
heavyweight (as used for kentledge and nuclear-radiation
shielding) concretes are given in Table 2.1. Weights are also
given for various forms and depths of concrete slabs.

.1.2 Other construction materials and finishes

Dead loads include such permanent weights as those of the
nishes and linings on walls, floors, stairs, ceilings and roofs;
halt and other applied waterproofing layers; partitions;
rs, windows, roof and pavement lights; superstructures of
Iwork, masonry or timber; concrete bases for machinery
anks; fillings of earth, sand, plain concrete or hardcore;
and other insulating materials; rail tracks and ballasting;
ctory linings and road surfacing. In Table 2.1, the basic
hts of various structural and other materials including
tone, timber and rail tracks are given.

average equivalent weights of various cladding types, as
n Table 2.2, are useful in estimating the loads imposed
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on a concrete substructure. The weights of walls of various
constructions are also given in Table 2.2, Where a concrete
lintel supports a brick wall, it is generally not necessary o
consider the lintel as supporting the entire wall above; it is
sufficient to allow only for the triangular areas indicated in the
diagrams in Table 2.2.

8.1.3 Partitions

The weight of a partition is determined by the material of which
it is made and the storey height. When the position of the
partition is not known, or the use of demountable partitions is

envisaged, the equivalent uniformly distributed load given in

Table 2.2 should be considered as an imposed load in the design
of the supporting floor slabs.

Weights of permanent partitions, whose position is known,
should be included in the dead load. Where the length of the par-
tition is in the direction of span of the slab, an equivalent UDL
may be used as given in Table 2.2. In the case of brick or similarly
bonded partitions continuous over the slab supports, some relief
of loading on the slab will occur due to the arching action of the
partition, unless this is invalidated by the presence of doorways or
other openings. Where the partition is at right angles to the span
of the slab, a concentrated line load should be applied at the appro-
priate position. The slab should then be designed for the combined
effect of the distributed floor load and the concentrated load.

8.2 IMPOSED LOADS

Imposed loads on structures include the weights of stored
materials and the loads resulting from occupancy and traffic.
Comprehensive data regarding the weights of stored materials
associated with building, industry and agriculture are given in
EC 1: Part 1.1. Data for loads on floors due to livestock and
agricultural vehicles are given in BS 5502: Part 22.

8.2.1 Imposed loads on buildings

Data for the vertical loads on floors, and horizontal loads on
parapets, barriers and balustrades are given in BS 6399: Part 1.
Loads are given in relation to the type of activity/occupancy for
which the floor area will be used in service, as follows:

A Domestic and residential activities
B Office and work areas not covered elsewhere




Weights of construction materials and concrete floor slabs

2.1

Type Material Weight Material Weight
Normal weight KN/m® | Lightweight (density <2000 kg/m”) kN/m’
£ | (2000 kg/m® < density < 2800 kg/m’) low strength (insulating) 4-8
S plain or lightly reinforced 24 medium strengih (blockwork) 8-16
3 reinforced: 2% reinforcement 25 high strength (structural) 16-20
4% reinforcement 26 Heavyweight (density > 2800 kg/m*) 30-50
" Aluminium 27 Iron: wrought 76
= Brass, bronze 83-85 Lead 112-114
< | Copper 87-8% Steel 77-79
iron: cast 71-73 Zinc 71-72
Basalt 2731 Ali-in aggregate 20
© Granite 27-30 Hardcore (consolidated) 19
§ Limestone: dense 20-29 Quarry waste 14
“ Sandstone 21-27 Stone rubble (packed) 22
Slate 28 Soils and similar fill materials Table 2.10
Baltic pine, spruce 5-6 Particleboard:
Douglas fir, hemiock 67 chipboard 7-8
. Larch, oak (imported), pitch pine, teak 7-8 cement-bonded particle board 12
2 Oak (English) -9 flake board, strand board, wafer board 7
-E Fibre building board: Plywood:
hardboard (standard and tempered) 10 birch plywood 7
medium density fibreboard 8 blockboard, laminboard, softwood 3
softboard 4 Wood-wool 6
Asphalt: mastic 18-22 per unit area KN/m?
5 hot-rolled 23 Asphalt, 20 mm thick 0.4
e Asphaltic concrete 24-25 Brickwork and blockwork Table 2.2
k| Ballast (normal, ¢.g. granite) 20 Concrete paving, S0 mm thick 1.2
B Cork (compressed) 4 Granolithic screed, 40 mm thick 1.0
e Glass (in sheets) 25 Lead sheet, 2.5 mm thick 03
2 Plastics: acrylic sheet 12 Roof cladding and wall sheeting Table 2.2
Terra cotta (solid) 21 Terrazzo flooring, 25 mm thick 0.6
Tracks with ballasted bed: per unit bed length kN/m
% 2 rails UIC 60 with prestressed concrete sleepers and track fastenings 6.0
£ 2 rails ULC 60 with timber sleepers and track fastenings 3.1
= Tracks without ballasted bed:
/e 2 rails UIC 60 with track fastenings 1.7
2 rails UIC 60 with track fastenings, bridge beam and guard rails 4.9
WEIGHTS OF IN-SITU AND PRECAST CONCRETE FLOORS
Solid slabs
Depth mm 100 125 150 200 250 300
Weight kN/m* _ 2.4 3.0 3.6 4.3 6.0 7.2
Ribbed slabs (rib spacing 600 mm, rib width 125 mm minimum, rib draw each side 10°, flange thickness 75 mm)
Note. For thicker (or thinner) flanges, add (or deduct) 0.6 kN/m’ per 25 mm concrete ak
Depth mm 250 325 400 475 - |
Weight kN/m™ 100% ribbed 3.0 3.6 43 5.0
: 75% ribbed, 25% solid 38 4.7 5.6 6.6
,§ Waffle slabs (rib spacing 900 mm, rib width 125 mm minimum, tib draw each side 1/5, flange thickness 75 mm).
K Note. For thicker flanges, add 0.6 kN/m’ per 25 mm concrete i
£ [ Depth mm 300 400 500
S | Weight kN/m*: 100% waffle 3.6 438 60 |
S . 75% waffle, 25% solid 4.5 6.0 75
Precast hollow-core units (nominal width 1200 mm) '
Note. For slabs with structural topping, add 0.6 ¥N/m? per 25 mm concrete {minimum thickness 50 min)
Depth mm 110 150 200 250 300 400
Weight kN/m’ 2.2 24 2.9 3.7 4.1 4.7
Precast double-tee units (nominal width 2400 mm) ' '
Note. For slabs with structural topping, add 0.6 kN/m per 25 mm concrete (minimum thickness 50 mm)} ;
Depth mm 325 425 525 625 725 825 -
Weight kN/m’” 2.6 29 33 3.7 4.1 4.5

Weights of roofs and walls

2.2

be supported by lintel

I = opening

{ = opening 1

wnitarea | KkN/m°
. Steel roof trusses in spans up to 25 m = 1.0 —'; 0
‘*g Corrugated.asbestos-cement or steel sheeting, steel purlins ete. 0.4—0:5
o Patent glazing (with lead-covered astragals), steel purlins etc. 0.4
Slates or tiles, battens, steel purlins etc. 0.7-0.9
ditto with boarding, felt etc. 0.8— 1.1
perunitarea | kN/m’ per unit area N/
Blockwork: 200 mm thick Brickwork: 125 mm thick
clay: common 38 calcium-silicate 23
5 : hollow 23 clay: engineering 2.6
2 concrete (autoc_:laved aerated) 1.2-1.5 concrete 2.7
2 ditto (light-weight aggregate): solid 2.6 refractory 1.3
i ] ) : ho]lc_)w 2.2 Gypsum panels, 75 mm thick 4.4
£ ditto {(normal-weight aggregate): solid 43 Plaster: 2 coats gypsum, 13 mm thick 2.2
o : hollow 29 Plasterboard: 13 mm thick 1.1
=] . ]
& o . per unit area kN/m*
= Corrugated asbestos-cement or steel sheeting (including bolts, sheeting rails etc.) 43 -
= Ste‘el wall framing (for sheeting or brick panels) 24-34
ditto with brick panels and windows ' 24 '
ditto with asbestos-cement or steel sheeting 7.2
Doors (ordinary industrial type: wooden) 3-8
Windows (industrial type: metal or wooden frames) 2:4
The following symbols are used in the expressions given below:
e effective width of strip supporting partition in m
5 distance from face of partition to free edge of slab in m
h, thickness of partition in m
I effective span of slabin m
w, equivalent uniformly distributed load in kN/m?
w, weight of partition in kIN/m
£ . .
= Position of partition unknown — consider as imposed load with w, = w/3
=
o - .
z Muymum allowance for demountable partitions (offices): w, = 1.0 kN/m®
8 Typical altowance for 150 mm solid blockwork with 13 mm gypsum plaster both sides: w, = 2.5 kN/m?
g
;_'é Position of partition known — consider as dead load as follows:
- Partition parallel to span: w, = wye Free edge
=R+ h+031<h+0.6l prost
I ‘
[
Note. For ribbed siabs, smaller values of e may 0.3
be appropriate but not less than #,+ 1.0 m 1A4¢A_ ——
Partition normal to span: treat as concentrated load - l
“Lintels supporting brickwork
{or similarly bonded walls) Area = 043312 | AT 043Edil
, | T
< |0 h\
§ - h=0.87(1-1) -k
Shading denotes area 60° i < - M =/
of wall considered to } ]h\ e /(fﬂ TT}\
[ f
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C  Areas where people may congregate
D Shopping areas
E Areas susceptible to the accumulation of goods
F/G Vehicle and traffic areas

Details of the imposed loads for categories A and B are given
in Table 2.3. Values are given for uniformly distributed and
concentrated loads. These are not to be taken together, but
considered as two separate load cases. The concentrated loads
normally do not need to be considered for selid or other slabs
that are capable of effective lateral distribution. When used for
calculating local effects, such as bearing or the punching of thin
flanges, a square contact area of 50 mm side should be assumed
in the absence of any other specific information.

With certain exceptions, the imposed loads on beams may be
reduced according to the area of floor supported. Loads on
colurns and foundations may be reduced according to either
the area of floor or the number of storeys supported. Details of
the reductions and the exceptions are given in Table 2.3.

Data given in Table 2.4 for the load on flat or mono-pitch
roofs has been taken from BS 6399: Part 3. The loads, which
are additional to all surfacing materials, include for snow and
other incidental loads but exclude wind pressure. For other roof
shapes and the effects of local drifting of snow behind parapets,
reference should be made to BS 6399: Part 3.

For building structures designed to meet the requirements
of EC 2: Part 1, details of imposed and snow loads are given in
EC 1: Parts 1.1 and 1.3 respectively.

8.2.2 Imposed loads on highway bridges

The data given in Tuble 2.5 for the imposed load on highway
bridges have been taken from the Highways Agency document
BD 37/01. Type HA loading consists of two parts: a uniform
1oad whose value varies with the ‘loaded length’, and a single

KEL that is positioned so as to have the most severe effect.

The Ioaded length is the length over which the application of the
load increases the effect to be determined. Influence lines may
be needed to determine critical loaded lengths for continuous
spans and arches. Loading is applied to one or more notional
lanes and multiplied by appropriate lane factors. The alternative
of a single wheel load also needs to be considered in certain
circumstances. :

Type HB is a unit loading represented by a 16-wheel vehicle
of variable bogie spacing, where one unit of loading is equivalent
to 40 kN. The number of units considered for a public highway
is normally between 30 and 45, according to the appropriate
authority. The vehicle can be placed in any transverse position
on the carriageway, displacing HA loading over a specified area
surrounding the vehicle.

For further information on the application of combined HA
and 1B loading, and details of other loads to be considered on

Loads

highway bridges, reference should be made to BD 37/01 and
BD 60/94, For information on loads to be considered for the
assessment of existing highway bridges, reference should be
made to BD 21/01.

8.2.3 Imposed loads on footbridges

The data given in Table 2.6 for the imposed load on bridges due
to pedestrian traffic have been taken from the Highways Agency
document BD 37/01. For further information on the pedestrian
loading to be considered on elements of highway or railway
bridges that also support footways or cycle tracks, and the ser-
viceability vibration requirements of footbridges, reference
should be made to BD 37/01.

$.2.4 Imposed loads on railway bridges

The data given in Table 2.6 for the imposed load on railway
bridges has been taken from the Highways Agency document
BD 37/01. Types RU and SW/0 apply to main line railways,
type SW/0 being considered as an additional and separate load
case for continuous bridges. For bridges with one or two tracks,
loads are to be applied to each track. In other cases, loads are
to be applied as specified by the relevant authority.

Type RL applies to passenger rapid transit railway systems,
where main line locomotives and rolling stock do not operate.
The loading consists of a uniform load (or loads, dependent on
loaded length), combined with a single concentrated load posi-
tioned so as to have the most severe effect. The loading is to be
applied to each and every track. An arrangement of two con-
centrated loads is also to be considered for deck elements,
where this would have a more severe effect.

For information on other loads to be considered on railway
bridges, reference should be made BD 37/01.

8.3 WIND LOADS

The data given in Tables 2.7-2.9 for the wind loading on
buildings has been taken from the information given for the
standard method of design in BS 6399; Part 2. The effective
wind speed is determined from Table 2.7. Wind pressures and
forces on tectangular buildings, as defined in Table 2.8, ate
determined by using standard pressure coefficients given in
Table 2.9. For data on other building shapes and different roof
forms, and details of the directional method of design, reference
should be made to BS 6399: Part 2. :

Details of the method used o assess wind loads on bridge .
structures, and the data to be used for effective wind speeds and .

drag coefficients, are given in BD 37/01. For designs to EC 2,
wind loads are given in EC 1: Part 1.2,

Imposed loads on floors of buildings

2.3

Type of us;/o_ccupancy for Examples of specific use Uniformly distributed Concentrated
part of building/structure load kN/m® load kN
A Domestic and tesidential All usages within gelf-co_ntain;d dwelling units. 1.5 1.4
use (also see category C) Communa.xl areas (including kitchens) in blocks
of flats with limited use (see note 1); for such
areas in other blocks of flats, see category C3
Bedrooms and dormitories except for those in 1.5 1.8
hotels and motels
Bedrooms in hotels and motels. Hospital wards. 2.0 1.8
Toilet areas
Billiard rooms 2.0 2.7
Communal kitchens (except in blocks of flats as 3.0 4.5
govered by note 1)
Balconies | Single dwelling units and communal 15 14
areas in blocks of flats with limited
use (see note 1)
Guest houses, residential clubs and | Same as rooms to which 1.5/m run
communal areas in blocks of flats they give access but not | concentrated
{except as covered by note 1) less than 3.0 at outer edge
Hotels and motels Same as rooms to which 1.5/m run
they give access but not | concentrated
‘ less than 4.0 at outer edge
B Offices and work areas Operating thea?res,.X-ray rooms, utility rooms 2.0 4.5
not covered clsewhere Work rooms (light industrial) without storage 2.5 1.8
Offices for general use 2.5 2.7
Banking halls 3.0 2.7
Kitchens, laundries, laboratories 3.0 4.5
Rooms with mainframe computers or similar 35 4.5
Machinery halls, circulation spaces therein 4.0 4.5
Projection rooms 5.0 Determine for
. specific use
Factories, workshops and similar buildings 5.0 4.5
{(general industrial)
Foundries 20.0 Determine for
specific use
Catwal!(s — 1.(I)) at 1m ctrs.
Balconies Same as rooms to which 1.5/m run
they give access but not | concentrated
‘ less than 4.0 at outer edge
Fly galleries 4.5 kN/m run uniformly —
distributed over width
Ladders — 1.5 rung load

_.‘:lz:k:ite 1. Communal areas in blocks of flats with limited use refers to blocks of flats not more than three storeys in height,
and with not more than four self-contained dwelling units per floor accessible from one staircase. For further details of

“imposed floor loads applicable to activity/occupancy categori i i i
; gories C to G, and details of horizontal 1 d 1
:barners and balustrades, reference should be made to BS 6399: Part 1. - mposcd loads on. parapets,

Note 2. For details of imposed floor loads to be used when designing to Eurocode 2, see BS EN 1991-1-1.

Reduction in total distributed imposed floor load according to area of floor or number of floors supported

eam Area of floor supported m” 0 50 100 150 200 > 250
Reduction in imposed load on member % 0 5 10 15 20 25
PR Note. Reductions for intermediate areas may be calculated by linear interpolation
ors Wails Numbe}' of.ﬂ(.)ors supported by member 1 2 3 4 5-10 > 10
Oun(’lations Reduction in 1mposed load on member % 0 10 20 30 40 50
Note. Alternatively, the reductions may be based on the floor area supported

e, i :
ds_(fi{;gu%t‘lons do not ?Pply to lpads due to plant or machinery, or to storage. Otherwise, reductions apply to all imposed
\nchuding any additional uniformiy distributed imposed partition load) for activities deseribed in categories A to D.
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Imposed loads on roofs of buildings 2 ° 4 Imposed loads on bridges — 1 2 ® 5
g T Type HA loading consists of a uniformly distributed load (UDL) and a knife-edge load (KEL) combined, or of a
Type of roof Type of access Umformlykr;l&?g;buted load Concengited foad sig]e wheel loa&gi. The carriageway wid)tfh is divided into Elotional lanes and theg UDL and KEL values given for
- - d maintenance) 0.0 one notional lane are multiplied by appropriate lane factors. Loadings are interchangeable between lanes and a
Flat or monopitch | No access (except for cleaning and maintenance) ___ %44 . : k lane or lanes may be left unloaded if this causes a more severe effect. The UDL varies with the loaded length and
Note. Above loads assume that spreader boards will be used while any cleaning or maintenance wor the KEL extends over 4 length equal to the width of the notional lane. The alternative single wheel load is placed
is in progress on fragile roofs at any point on the carriageway and applied over a circular (340 mm diameter) or square {300 mm side) contact
Access L sy # 1.5 L 18 _ area (1.1 N/mm? pressure). Dispersal may be taken at spread-to-depth ratios of | horizontally to 2 vertically
Note. Where access is required for specific usage, above loads shoulj«} ';‘13 regl?cag 1;3’ the appropriate through asphalt or similar, and 1 horizontaliy to 1 vertically down to the neutral axis of structural concrete slabs.
i i i ions, as given in Tables 2.5 -2.7.
values for floors, mcludmg any appropriate reductions, &5 & Number and width b, | Carriageway width Notional lanes Carriageway width Notional lanes
. - e ——yr of notional lanes 5<500 | 1lane, b =2.5m | 1095<b<14.60 | 4 lanes, b =~ b/
______ Sitesnowload ———no load shepe soeient = accordingtowidth of | 500<b<7.50 | 2lanes b =H2 | 14.60<b<1825 | S lanes, b, = b5
Site a:‘*“de N ( fa;u‘;eg‘g’m;hf)‘;‘i’zomag = = carriageway b (m) 7.50<b<10.95 | 3lanes, b =3 | 18.25<b<21.90 | 6 lanes, b = b/6
<100m | sp (see isoplet]:rsl on map) ST:ape coefficient | 08 0.8(2 - 2/30) 0 i it Lane factors f; for first, second, third, and other notional lanes respectively
>T00m |50+ (0.15¢+ 0.09XAN00-T)| [ Minimum load KN/’ g1 06 060030 | 0 T o : 52 e
Note. For 4 > 500 m, seek specialist advice. Note. Where parapets occur, local snow drifting should be considered. 20<Z <40 a; a; 0.6 0: 6a;
40<L<50 1.0 1.0 0.6 0.6
50<L<1i2andN<6 1.0 7. UVE 0.6 0.6
: - = e i oo y 50<L<112Zand Nz 6 1.0 1.0 0.6 0.6
AR i it e - L>112and N<6 1.0 0.67 0.6 0.6
o ey = L>112and N=6 1.0 1.0 0.6 0.6
‘\fﬁ,' -g Note 1. N is the total number of notional lanes on the bridge (this includes all the lanes for dual carriageway
) " < | roads), except for bridges carrving one-way traffic only, where N is taken as twice the number of notional lanes.
HY [ HX RY HZ N W
: ST | Note 2. a; = 0.274 by and g, = 0.0137[5(40 — L) + 3.65(L — 20)].
a Qggj Note 3. Where there is only one notional lane, the loading on the rest of the carriageway is taken as 5 kN/m’.
10- - T 33" —— ~ " Loaded length L (m) UDL per notional lane KEL per notional lane
o5 ‘f’_ﬁ 2 L<50 w=336 (VL) kN/m 120 kN arranged in any direction and at
D ¢ 2 50 < 1 < 1600 w =36 (1/1)""° kN/m any position within the loaded length
L4 e g - - e 9 E Single wheel load A 100 kN load applied at any position on the carriageway
— -
P T 05 ) £ Loadedlength m | Load KN/m | Loaded lengthm | Load kN/m | Loaded lengthm | Load kN/m
FIW=LY /. o 2 2 2112 25 389 100 237
77 [ e ™ 4 132.7 30 34.4 200 21.2
' 6 101.2 35 310 300 204
S\ , 8 83.4 40 28.4 400 19.8
VR o OR 10 718 45 26.2 500 19.3
I 12 63.6 50 244 600 19.0
3 sl 14 57.3 60 23.9 700 18.7
7 r Hu 8 16 524 70 235 800 18.5
ﬁ%&;”ﬁ ( el > 18 48.5 80 232 900 18.2
%7\. AN 20 35.1 90 23.0 1000 18.1
; N i s 25 389 | 100 2.7 1600 17.2
ST ) HA uniformly distributed load
0.4
} (\F’Es“!’“\- Leius s, ‘astomipa il A single HB vehicle is taken to occupy any transverse position on the carriageway, either wholly within one
- vl "‘*‘U:: "‘al' o X e 4 notional lane or straddling two or more notional lanes. No other live loading is taken for a length extending from
> e thjfﬁek’ 04 25 m in front of the leading axle to 25 m behind the rear axle and a width extending each side of the vehicle to
j%i gfﬁ\sm;e\ ) / the edge of the notional lane occupied wholly or partially by the vehicle (but not more than 2.3 m either side).
—h 50“,‘? Bimigan - ( atosien Outside this area, HA loading is applied. For further details of the loading arrangements, refer to BD37/01.
{ M .5
Ao 0; 1 J 0.4/ N-!nrﬁpltﬁ . o5 [ " Mote. One unit of loading is equivalent to
03 1P ols |7 Bedord e £ +Limit of vehicle F025m 10 KN per axle (i.e. 2.5 kN per wheel). A
0 - 5% %E})\ A Frpa i =t 4 g E I % circular or square contact area, assuming
o Swansea ) S~ AW c_49Q% % ! { 1.1 N/mm~ pressure, and load dispersal at
[ ' 75% 2 nes Bﬂghw":ﬁ_ bunit  funit Lot Tunit ltm spread-to-depth ratios of 1 herizontally to
Clometres 04— Sap L im 2 vertically through asphalt or similar, and
z - 4:05{, 1:2 11?:; & o Pigrou )'Wﬁ} ™ JII : 025m 1 horizontally to 1 vertically down to the
o %Fpﬁ N I_ - 0.2m ﬁl'smﬂ(‘wﬁ S,vg.hlzg Ii és?rc?iétilsaﬁ;: 5—1.8111—»— «0.2m nentral axis of structural concrete slabs
0 : . ox 3 omeom L3 o may be considered. For public roads in the
O oral grd antizaton ' Guernsey 0.31 HB vehicle — plan and axle arrangement for one unit of loading | UK, between 30 and 45 units of loading
. : » are normally specified according to vse.
Basic snow load on the ground s, kN/m




Imposed loads on bridges — 2

2.6

Foot/cycle
track bridges

Horizontal load on pedestrian parapets

Loaded length L (m) | Uniformly distributed load (kN/m®)
L<36 ' 5.0

36 <L <50 SOWI(L + 270) where W =336 (1/L)*

50 <L < 1600 S0W/(L + 270) where W = 36 (1/L)*"°

1.4 kN/m length applied at top of parapet

with the movement of users or by deliberate excitation

the effect of an accidental wheel loading should alse be considered.

Note 1. Where exceptional crowds are expected and L > 36 m, loading is to be agreed with appropriate authority.
Note 2. Consideration to be given to both vertical and horizontal vibration, that could be induced by resonance

Note 3. For elements of highway or railway bridges supporting footways/cycle tracks, the uniformly distributed
loads shown above apply for loaded widths not exceeding 2 m. Where the width of the foorway/cycle track
exceeds 2 m, or the element supports a traffic lane or railway track, the pedestrian load intensity may be reduced.
Where a footway/cycle track on a highway bridge is not protected from vehicular traffic by an effective barrier,

RU loading

Type RU loading applies to all main line railways of Dynamic factors for bending moment and shear

1.4 m gauge and above. The loading shown belowis | L (m)

3.6=>1L

3.6<L<67 L>67

to be multiplied by the dynamic factors given in the
table, where L is the length of the influence line for | Moment
deflection of the element under consideration. For | Shear

further information, refer to BD37/01.

2.60
1.67

0.73 + 2.16/(NL — 0.2) 1.00

0.82 + 1.44/(NL - 0.2) 1.00

[ 80kN/m

250 250 250 250 KN

80kN/m )

ﬁ&

_ NOLIMITATION |0.8m ; 1.6m 1.6m 1.6m

| 0.8m

NO LIMITATION

T T T — it T

Railway bridges

SW/0 {oading

133kN/m

Type SW/0 loading applies to continuous bridges on main line raitways, as an additional and separate load case
to type RU. The loading shown below, which is to be applied without curtailment or repetition along the length
of the track, is to be multiplied by the dynamic factors given above for type RU loading.

133kN/m

15.0m 5.3m L

15.0m

RL loading

this gives a more severe condition.

200 kN

Type RL loading applies only to passenger rapid fransit railway systems on lines where main line locomotives
and rolling stock do not operate. The loading shown below is to be multiplied by a dynamic factor of 1.2, except
for tracks without baliast where, for rail bearers and single-track cross girders, the factor is 1.4. The distributed
ioad may be applied in any number of lengths, but the total length of 50 KN/m intensity should not exceed 100 m
on any one track. The concentrated load may be applied at any but only one position. Alternatively for deck
elements, two concentrated loads of 300 kN and 150 kN respectively, spaced 2.4 m apart, should be used where

15 kN/m

ii 25 kN/m }

100m

| 25 kN/m N
No limitation _’
-

' No limitation

Wind speeds (standard method of design) _ 2 ] 7

Symbols: Relationship between
(I E @N z ¢ [H]B T JL ¢ JM? efgegtive Wind Speed
W is basicl u{ir}d speed in m/s WA | ¥ | T °%" I J@ " AR il pressuzr :
(see adjoining map) /30,/ - V, m/s g, N/m
/ - k)
G | W 20 245
V, is site wind speed o’ 28 m??#d‘ﬁz 22 207
= Vi S,SeSsS, mfs i ’ 5 24 3
p 9 e % W%@m NE 0B 24 4?2
7, is effective wind speed % @'2“ D | oF | oe 28 481
= VS, mis \ B 30 552
where oL | oM 32 628
7 34 709
S, is altitnde factor R 36 794
: 38 885
Sy is direction factor OV | oW 40 981
| R & [ 2 1080
S, is seasonal factor : 4 R T BA 44 1190
A “ 46 1300
S, is probability factor - S e 48 1410
37 50 1530
O T 52 1660
. 23,
Dynamic pressure >w" 54 1790
4= 0.6137.2 Njm? W N f=aVia 56 1920
vEERE | ey .l ol e ﬁ 58 2060
—— 24 2| 2 3| [crammel 1sisnds 24 s s W/S . 60 2210

Values of wind speed factors

In tm.-rain with upwinfi slopeg exceeding 0.05, the effects of topography can be significant in the determination of 5,
er sites located within certain zones {see BS 6399: Part 2). For sites where the topography is not considered to be
significant, S; =1+ 0.001 4, where 4, is the site altitude in metres above sea level.

Yalues of §, are given in the table below according to the effective height, the site terrain and proximity of the site
to the sed. For buildings with height A greater than the crosswind breadth B for the wind direction considered, a
reduction in the lateral load can be obtained by dividing the building into a number of parts (see BS 6399: Part 2).

V\_fhen‘ the orientation of the building is known, the basic wind speed can be adjusted in accordance with the wind
direction (see BS 6399: Part 2). If the orientation is unknown or ignored, Sy should be taken as 1.0 in all directions,

For specific sub-annual periods, e.g. for temporary works and buildings during construction, the basic wind speed
may_be reduced (see BS 6399: Part 2, Annex D). For permanent buildings and buildings exposed to the wind for a
continuous period of more than 6 months, S; should be taken as 1.0.

The risk of the basic wind speed being exceeded from the standard value of @ = (.02 annually can be changed (see

BS 6399: Part 2, Annex D). For all normal design situations, 8, should be taken as 1.0.

Values of factor S,

Site in country Site in town, extending 2 2 km from the site

m

Effective Effective
height H,

Closest distance to sea (km) Closest distance to sea (km)

height £,

0 2 10 = 100 m 2 10 2100

<2
3
10
15
- 20
30

148 1.40 1.35 1.26 ) 1.18 115 1.07
1.65 1.62 157 1.45 5 1.50 1.45 1.36
1.78 1.78 1.73 1.62 10 1.73 1.69 1.58
1.85 1.85 1.82 1.71 I5 1.85 1.82 1.71
1.90 1.50 1.89 1.77 20 1.90 1.89 1.77
1.96 1.96 1.96 1.85 30 1.96 1.96 1.85
2.04 . 2.04 2.04 1.95 30 2.04 2.04 1.95
212 2.12 2.12 2.07 100 2.12 212 2.07

Ote 1. For buildings in country terrain, and conservatively for buildings in town terrain, the effective height /7, is taken as
¢ maximum height of the building, or particular part of the building, above ground level. Alternatively, for buildings in
4§ terrain, the effective heigh_t can be reduced as a result of the shelter afforded by structures located upwind of the site
ce BS 6399: Part 2). Interpolation may be used within each table.

ote 2. If H. > 100 m, the directional method of design should be used (see BS 6399: Part 2),



Wind pressures and forces (standard method of design)

2.8

The following symbols are used to define the dimensions
of the building and specific surface zones:
Fixed dims. H is height, L is length, W is width

Variable dims. B is crosswind breadth, D is inwind depth
b= B, or b =2H, whichever is the smaller

External surface pressure Do = 4sCpeCa
Internal pressure i = q:ChiCa

gs is dynamic pressure (see Table 2.7)

C, is external pressure coefficient (see Table 2.9)

C,: is internal pressure coefficient (see Table 2.9)

C, is asize effect factor (see Table 2.9)
Net surface pressure for enclosed building P=Pe—pi
Net surface load (normal to surface) P=pA

A 1s loaded area (see figure below for diagonal dimension)

Overall horizontal force on enclosed building
P = O-SS(ZPﬁont'zPrear)G +C)

¥ Pjon 18 horizontal component of surface load summed
over windward-facing walls and roofs

> P 18 horizontal component of surface load summed
over leeward-facing walls and roofs

G is dypamic augmentation factor (see below)

As the effect of the internal pressure on the front and rear
faces is equal and opposite when they are of equal size, p;
can be ignored in calculating Py, for enclosed buildings
on level ground. Frictional drag forces on walls parallel to
the wind direction where D > b, and roofs where D > b/2,
should be combined with the normal forces in Py

Frictional drag force on each surface Pe=gCeACy

Asis area of surface swept by wind as follows:
A, =(D - by for wall Ay ={D - bi2)B forroof

Ciis frictional drag coefficient (see below)

<>

L
S e

(b) Diagonat for total load on
combined faces

(a) Diagonals for load on
individual faces

For shear at base of shaded part

o

For clédding panel

() Diagomal for load on elements of faces

S, ==

(d) Diagonal for total load on gable

(e} Diagonal for total load on pitch roof
Definition of diagonal of loaded arca
Note, For external pressures, the diagonal dimension a is

taken as the largest diagonal of the area over which load
sharing takes place. For internal pressures in enclosed

buildings, a = 10x § internal velume of storey is taken. For

individual structural components, cladding units and their
fixings, @ = 5 m should be taken, unless there is adequate
load sharing capacity to justify the use of a diagonal length
longer than 5 m.

The dynamic augmentation factor depends on the building
type factor K and the building height H, as follows;

Type Description Ky

1 Welded steel unclad frames 8

2 Bolted steel and reinforced concrete unclad 4
frames

3 Portal sheds and similar light structures

4 Framed buildings with structural walls around 1
lifis and stairs (e.g. partitioned office building)

5 Framed buildings with structural walls around 0.5
lifts and stairs and masonry subdivision walls

Values of C; for building height H (m

Type ™57 10T 20 | 40 | 100 | 200 | 300

0.120 | 0172 1 0250 | — —- — —
0.060 | 0.086 | 0.125 | 0.184 | — —
0.030 | 0.043 | 0.063 | 0.092 | 0.160 | 0.246 | — -
0.015 | 0.022 { 0.032 | 0.046 | 0.080 | 0.123 | 0.158
0.008 | 0.011 | 0.016 | 0.023 | 0.040 | 0062 | 0.079

[ UL e

Values of C, are given by the approximate equation:

Kb(l 0H )87

i A\ Sl M << -
"~ 33010 (108 for0<C.,<0.25and H<300m

Note. In BS 6399: Part 2 (Annex C), equation (C2) has in |

the denominator, 800 rather than 320. This seems to be an
error, and the equation shown above gives good agreement
with the values obtain from Figure 3 of BS 6399 Part2.

The frictional drag coefficient depends on the type of
surface, as follows:

Surface type

Smooth with no variations across wind direction
Surfaces with corrugations across wind direction

Surfaces with ribs across wind direction

Pressure coefficients and size effect factoyrs for
rectangular buildings

2.9

Values of external pressure coefficient Cp. for vertical walls

Wind normal to face Building span ratio D/H Wind parallel to face Exposure case

{front and rear walls) <1 >4 (side wall) Isolated Funnelling
Windward face (front) +0.8 +0.6 Zone (see A -13 - 16
Leeward face (rear) -0.3 -0.1 key below) B - 03 - 09
Note 1. Interpolation may be used in the range 1 < D/ < 4. C - 0.4 - 0.9

should be used. For gaps between /4 and b/2, and between 5/2 and b, linear interpolation may be used.

Note 2. The loaded zones on the side faces are divided into vertical strips from the upwind edge of the face in terms of the
scaling length = B or 2H, whichever is the smaller. Where the walls of two buildings face each other and the gap between
them is less than /4 or greater than b, the isolated coefficient should be used. When the gap is 5/2, the funnélling coefficient

Plan W=D D
1 Elevation of side face _ﬁ 0.2k
Wind o . 3
qu | D Wind
| b
— o
. A B
Wind on long face — ]4_0.219 é
L=D Al B c & |
= ¥
Wind R 7 000 7
g Building with D=5 Building with D<#k
Wind on short face Key to pressure coefficient zones on side face
Values of internal pressure coefficient Gy for vertical walls
Enclosed buildings (containing external doors and windows that may be kept closed and where any internal
doors are generally open, or are at least three times more permeable than the external doors and windows).
Two opposite walls equally permeable with other faces impermeable;  wind normal to permeable face +0.2
: wind normal to impermeable face —-03
Four walls equally permeable with roof impermeable: -03
Buildings with dominant opening (area of opening = twice sum of openings in other faces).
Ratio of area of dominant opening to sum of areas of remaining openings = 2 0.75C,
| Ratio of area of dominant opening to sum of areas of remaining openings = 3 0.90C

Values of size effect factor C, for the standard method of design

Site Site in country; closest distance to sea (km)

Site in town: closest distance to sea (km)

exposure | <2 | 2to<10 | 10to<100 [2100| 2t0<10 |  10to<100 | =100
Diagonai Effective height H, (m) Effective height H, {m)

a (m) >0 | €5 { >5 | €20 | >20 | >0 | <5 | >5 | <10 | €20 | »>20 | €10 | >10
<5 10 V10 | 10 | 10 | 10 | 1.0 | 10 | 1.0 | 10 } 10 10 | 10 | 10
10 0.96 | 095 | 096 | 095 | 096 | 095 | 094 { 096 | 094 | 095 | 096 | 0.94 | 095
25 090 | 088 | 090 | 088 | 090 | 0.88 | 0.85 | 090 | 085 | 0.88 | 090 | 0.85 | 0.88
50 0.86 | 083 | 0.86 | 0.83 | 0.86 | 0.83 | 079 | 0.86 | 0.79 | 0.83 | 086 | 0.79 | 0.83
100 0.81 | 078 | 081 | 078 | 081 | 078 | 073 | 081 | 073 ¢ 078 | 081 | 073 | 0.78
250 075 | 070 { 075 | 070 { 075 | 070 | 064 | 075 | 0.64 | 0.70 | 075 | 0.64 | 0.70
500 071 | 065 | 071 | 065 | 071 | 065 | 058 | 071 | 058 | 0.65 | 0.71 | 058 | 0.65
1000 | 0.67 [ 060 { 067 | 0.60 | 067 | 060 | 052 | 0.67 | 0.52 | 0.60 | 0.67 | 0.52 | 0.60

R —
Note. For external pressures, the diagonal dimension a is the largest diagonal of the area over which load sharing takes place

hown in the figure in Table 2.8. For internal pressures in enclosed buildings, ¢ = 10 x 3 internal volume of storey ; for

uﬂdings with dominant openings, ¢ = 0.2 x ﬁtemal volume of storey or room containing dominant opening or diagonal

men_sion of dominant opening, whichever is greater; for open-sided buildings, a = diagonal dimension of the open face.




In this chapter, unless otherwise stated, all unit weights and
other properties of materials are given as characteristic or rep-
resentative (i.e. unfactored) values. For design purposes, each
value must be modified by appropriate partial safety or mobili-
sation factors, according to the basis of design and the code of
practice employed.

9.1 EARTH PRESSURES

The data given in Table 2.10 for the properties of soils has been
taken from BS 8002. Design values of earth pressure coeffi-
cients are based on the design soil strength, which is taken as
the lower of the peak soil strengih reduced by a mobilisation
factor, or the critical state strength.

9.1.1 Pressures imposed by cohesionless soils

For the walls shown in Table 2.11, with a uniform normally
consolidated soil, a uniformly distributed surcharge and no
water pressure, the pressure imposed on the wall increases
linearly with depth and is given by:

o=K(yz+q)

where v is unit weight of soil, z is depth below surface, g is
surcharge pressure (kN/m?), K is at-rest, active or passive
coefficient of earth pressure according to design conditions.

A minimum live load surcharge of 10 kN/m? is specified in
BS 8002. This may be reasonable for walls 5 m high and above,
but appears to be oo large for low walls. In this case, values
such as 4 kN/m? for walls up to 2 m high, 6 kN/m? for walls 3 m
high and 8 kN/m? for walls 4 m high could be used. In
BD 37/01, surcharge loads are given of 5 kN/m? for footpaths,
10 kN/m? for HIA loading, 12 kN/m? for 30 units of HB loading,
20 kN/m? for 45 units of HB loading and, on areas occupied
by rail tracks, 30 kN/m? for RL loading and 50 kN/m? for
RU loading.

If static ground water occurs at depth z,, below the surface,
the total pressure imposed at z > z, is given by:

=K [VYuZ T (Vs V)2 ) T gl + vz — 2,)

where 7, is moist bulk weight of soil, vy, is saturated bulk
weight of soil, 7y, is unit weight of water (9.81 kN/m?).

Chapter 9

Pressures due to
retained materials

9.1.2 At-rest pressures

For a level ground surface and a normally consolidated soil
that has not been subjected to removal of overburden, the
horizontal earth pressure coefficient is given by:

K,=1—sing'

where ¢’ is effective angle of shearing resistance of soil.

Compaction of the soil will result in earth pressures in the
upper layers of the soil mass that are higher than those given
by the above equation. The diagram and equations given in
Table 2.11 can be used to calculate the maximum horizental
pressure induced by the compaction of successive layers of
backfill, and determine the resultant earth pressure diagram.
The effective line load for dead weight compaction rollers is the
weight of the roller divided by its widh. For vibratory rollers,
the dead weight of the roller plus the centrifugal force caused
by the vibrating mechanism should be used. The DOE
Specification limits the mass of the roller to be used within 2 m
of a wall to 1300 kg/m.

For a vertical wall retaining backfill with a ground surface
that slopes upwards, the horizontal earth pressure coefficient
may be taken as

K, = (1 —sing")(1 +sing)

where $ is slope angle. The resultant pressure, which acts in 2
direction parallel to the ground surface, is given by: :

o,=K,yzlcos

9.1.3 Active pressures

Rankine’s theory may be used to calculate the pressure on a Qe{-
tical plane, referred to as the ‘viriual back’ of the wall. For a

vertical wall and a level ground surface, the Rankine horizonti_igi

earth pressure coefficient is given by: ‘
1— sin ¢’

K, = -
2 1+ sin ¢’

The solution applies particularly to the case of a smooth wal :
a wall with no relative movement between the soil mas's-.fa_'lg
the back of the wall. The charts given in Table 2.12, which,

based on the work of Caquot and Kerisel, may be used genera!l :
for vertical walls with sloping ground or inclined walls with

Properties of soils

2.10

Unit weights of soils (and similar materials)

Moist bulk weight Saturated bulk weight Weight
Granular materials % kN/m® % kN/m* Cohesive soils

Loose Dense Loose Dense kN/m’
Gravel 16.0 18.0 20.0 21.0 Peat (very variable) 12.0
Well graded sand and gravel 19.0 21.0 215 23.0 Organic clay 15.0
Coarse or medium sand 16.5 i8.5 20.0 215 Soft clay 17.0
Well graded sand 18.0 21.0 205 225 Firm clay 18.0
Fine or silty sand 17.0 19.0 20.0 215 Stiff clay 19.0
Rock fill 15.0 17.5 19.5 21.0 Hard clay 20.0
Brick hardcore 13.0 17.5 16.5 19.0 Stiff or hard glacial
Slag fill 12.0 15.0 18.0 20.0 clay 21.0
Ash fill 6.5 10.0 13.0 15.0

Note. Unit weights of fill materials may be determined from standard laboratory compaction tests on representative samples
or estimated from records of field compaction tests on similar fills. The values given above are considered to be reasonable,

in the absence of reliable test results.

Angle of shearing resistance for siliceous sands and gravels

Angularity Rounded Sub-angular Angular
Grading Uniform | Moderate | Well Uniform | Moderate Well Uniform { Moderate Well
grading | graded grading graded grading graded
Uniformity
cocfficient <2 2-6 >6 <2 26 >6 <2 2-6 >6
@’ it 30° 32° 34° 32° 34 36° 34° 36° 38°
Overburden pressure SPT value
kN/m? {number of blows/300 mm)
< 10 <3 7 13 20
40 <5 10 20 30
80 < 7 13 27 40
=120 <10 20 40 60
50’ max 99' Ccrit w’ crit + 20 (P’ crit + 60 (0’ orit + 90

Note. The strength and stiffness of cohesionless soils may be determined indirectly by in-situ static or dynamic penetration
tests, in accordance with BS 1377: Part 9. Estimated values of the critical state angle of shearing resistance @ o are given
above, according to the angularity of the particles and grading of the soil. Estimated values of the peak effective angle of
@aﬂng resistance @’ .. are given, according to the standard penetration test value in relation to the overburden pressure.

Angle of shearing resistance for clay soils

Angle of shearing resistance for rock

Plasticity index % @' eri Stratum ¢
Chalk 35°

15 30° Clayey marl 28°

30 25° Sandy marl 33°

50 20° Weak sandstone 42°

80 15° Weak silistone 35°

‘Weak mudstone 28°

:_Note: :l"he shear strengths of clay soils, for both undrained and drained
conditions, may be determined from laboratory tests on representative

mples, in accordance with BS 1377: Parts 7 and 8. The undrained shear
rength may also be determined from in-situ pressuremeter tests. For
fl}_rther_mformation, refer to soil mechanics publications and BS 8002, For
¢ drained condition, the conservative values given above for the critical
ate angle of shear resistance, according to the plasticity index of the
3y, may be used with the effective cohesion ¢'= 0.

Note. The indicative values given above for
the effective angle of friction relate to rocks
that can be treated as composed of granular
fragments, i.
jointed or otherwise fractured, having a rock
quality designation value close to zero. Chalk
is defined here as an un-weathered, medium
to hard, rubbly to blocky chalk, grade III.

e. they are closely and randomly




Earth pressure distributions on rigid walls
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level ground. The horizontal and vertical components of resultant
pressure are given by:

o =K,yzcos(a@+8) and o, =K,yzsin(e + 8)

where a is wall inclination to vertical (positive or negative), 8 is
selected angle of wall friction (taken as positive).

9.1.4 Passive pressures

For a vertical wall and a level ground surface, the Rankine
horizontal earth pressure coefficient is given by:

1+ sin ¢’
g, = Lisine
1 —sineg

The solution applies particularly to the case of a smooth wall or
a wall with no relative movement between the soil mass and the
back of the wall. The charts given in Tuble 2.13, for vertical
walls with sloping ground, and in Table 2.14, for inclined walls
with level ground, are based on the work of Caquot and Kerisel.
The horizontal and vertical components of resultant pressure
are given by:

Oon = Kyyzeos(a +8) and oy, = Kyyzsin(e + &

where « is wall inclination to vertical (positive or negative), 8 is
selected angle of wall friction (taken as negative).

9.1.5 Cohesive soils

If a secant ¢’ value (¢’ = 0) is selected, the procedures given for
cohesionless soils apply. Tf tangent parameters (¢, ¢') are to be
used, the Rankine—Bell equations may be used as follows:

K(yz+q — 2K,

O, =

o, =Kfyz+q+ ZC’NfKP

where ¢’ is effective cohesion. The active earth pressure is
theoretically negative to a depth given by:

7, = (ZC’NKa — gty

‘Where cracks, which may form in the tension zomne, can become
filled with water, full hydrostatic pressure should be considered
over the depth z,. If the surface is protected so that no surface
water can accumulate in the tension cracks, the earth pressure
should be taken as zero over the depth z,.

9.1.6 Further considerations

For considerations such as earth pressures on embedded walls
(with or without props), the effects of vertical concentrated
loads and line loads and the effects of groundwater seepage,
reference should be made to BS 8002. For the pressures to be
considered in the design of integral bridge abutments, as a
result of thermal movements of the deck, reference should be
made to Highways Agency document BA 42/96.

9.2 TANKS
The pressure imposed by a contained liquid is given by:

= Yul

Pressures due to retained materials

where 7,, is unit weight of liquid (see EC 1: Part 1.1}, and z is
depth below surface. For a fully submerged granular material,
the total horizontal pressure on the wallg is:

o=K(y— vz~ 2) + YuZ

where v is unit weight of the material (including voids), z,, is
depth to top of material, K is material pressure coefficient. If v,
is unit weight of material (excluding voids), y= /(1 +é&)
where ¢ is ratio of volume of voids to volume of solids.

The preceding equation applies to materials such as coal or
broken stone, with an effective angle of shearing resistance
when submerged of approximately 35°. For submerged sand, K
should be taken as unity. If the material floats (y,<<+,), the
simple hydrostatic pressure applies.

9.3 SILOS

The data given in Tables 2.15 and 2.16 has been taken from
Eurocode 1: Part 4. The pressures apply to silos of the forms
shown in Table 2.15, subject to the following limitations:

e dimensions 4, <50 m, & < 100 m, hfd. < 10.

« eccentricities ¢; << 0.25d., e, < 0.25d, with no part of outlet at
a distance greater than 0.3d, from centreline of silo.

« filling involves negligible inertia effects and impact loads.

+ stored material is free-flowing (cohesion is less than 4 kPa for
a sample pre-consolidated to 100 kPa), with a maximum
particle size not greater than 0.3d;.

» transition between vertical walled section and hopper is on a
single horizontal plane,

Dimensions A, h,, h;, and z are measured from the equivalent

surface, which is a level surface giving the same volume of

stored material as the actal surface at the maximum filling.
Loads acting on a hopper are shown in Table 2.15, where the

tensile force at the top of the hopper is required for the design’

of silo supports or aring beam at the transition level. The vertical

component of the force can be determined from force equilib- -~ -
rium incorporating the vertical surcharge Cypy, at the transition

level and the weight of the hopper contents. The discharge load

on the hopper wall is affected by the flow pattern of the stored

material, which may be mass flow or funnel flow according to.

the characteristics of the hopper and the matexial. The normal
load due to p, is supplemented, for mass flow silos only, by a:

kick load due to p,.

Values of material properties and expressions to detenmne"'
resulting pressures in the vertical walled and bottom sections of |

a silo are given in Tuble 2.16. For squat silos (h/d, < 1.5), th
horizontal pressure p, may be reduced to zero at the level whert
the upper surface of the stored material meets the silo wall
Below this level, a linear pressure variation may be aSSUme;
taking K = 1.0, until this pressure reaches the value appropna’i
to the depth z below the equivalent surface.

Homogenizing silos, and silos containing powders in whic
the speed of the rising surface of the material exceeds 10
should be designed for both the fluidised and non-fluidised c
ditions. For the fiuidised condition, the bulk unit weight of
material may be taken as 0.8v. For information on test meth
to determine the properties of particulate materials, referé
should be made to EC |; Part 4. :
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Passive earth pressure coefficents — 2 2 ® 1 4 Silos-1 ®
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[~ Sy gt ™ | Y PP
g 07 - =] \\ﬂ ] mh_:xgﬁ_:q 0.7 1’11 P,, vertical 1oad per unit perimeter of vertical wall
E 0.6 ™ I .._,_____‘_\ T~ ~05-T 06 U internal perimeter of vertical walled section '
5 05 T k - P _% 0.5 Py d, diameter of inscribed circular cross-section
§ Y TR . // Ity Y 203 T~ 0.4 vertical P, ,l ¢; eccentricity due to filling
E . 45°- = s ™ = ._3'2 ™ 0' walled ko P £, eccentricity of centre of outiet
- 3 v
03 /4— Failure surface 0 L] 3 section ‘T l ‘ L * * l k overall depth measured from equivalent surface
0.2 7 ~i] 0.2 i at maximum filling to outlet ]
0.1 d | | | I 0.1 t, depth from equivalent surface to transition
s Logarithmic spiral hy depth from equivalent surface to lowest point
15 o . / / / 7 15 ! of wall not in contact with stored materjal
14 L iy 14 h, height of stored material above level &,
&
13 T &03 Lg t& § / 13 transition \f: I, inclined length of hopper wall
12 — fp / ! 7 / * o Q“/ Py, Py, Pp. Py, P, P, P, pressutes of stored material
P=K, $H®, Bpp=Pyros &; P =Pysiné 4 S#12 J
2 S Z / / A H hopper x length along hopper wall measured from outlet
i 11 o 4 z depth below equivalent surface
10 Curves shown are for 0 =1 / / / 10 ‘ |-— %, parameter (A/UKg) used 1o calculate loads
¢ / fo o angle of inclination of hopper wall to horizontal
9 /) 9 Dimensions Pressures ¥ bulk unit weight of stored material
Example: p coefficient of wall friction (tan ¢}
g $=35%a=—10° & =—0.6 J : 3 o effective angle of internal friction of material
/ F / centre plane
|
K. i f—1=13. / 2 .
7 pfor¢o 1=13.6 y / 5_7 % =
Reduction Factor, Ry—g 75 A / / . ; /\\
6 5 ; / / / 7 / 6 o —aic—- —y —|— centre plane .
for 2 of 0.6=Ryx K, (for 2 of -1} 7 /T ra \ ! /
% ¢ % & 7 / /] /| { |~
=075 % 13.6 / / /' / // .
M5 =102 7 5 Qs
‘ /LN Y /1| /
2 7 ‘
4 / / S :
QE 4 Y / / 2 4 - — centre plane
£ AV any ( .
Z .
£ / A 1/ )
o i
; 7 / / / ! . .
.g / / ) Typical cross-sections Hopper loads and tensile force at top of hopper
2 3 3
& 7 7T A V4
© / / / CONICAL HOPPER TROUGH-SHAPED HOPPER
|/ / /
/ / / / 0p 60 [ —— g 60— ——— ~
o
/ A A / / g 50 i 5 OL Mass N Funnel flow
2 / / 4 / 2 g a0 L | Funnel flow 8 40 L flowor \
A p g W | & funnet N
P = = flow
4% pd 2 2 RN s E ol |
B AN ass tlow or =] L ~
A AN Vd ; 20 S~ funnel flow 2 0 ~ |
V V / / 2 Mass P 2 10l Mass flow S j
A / / 5 10 -flow NS -] ~
17 / / [§] | | | N sl H ~. I 4] 1 | 1 1 | [}
/ / // / %0 80 70 60 30 40 30 90 80 70 60 50 40 30
/ / A pl / Angle of inclination of wall &® Angle of inclination of wall &°
A L~
/ . ] / / Limits of mass flow and funnel flow for conical erough-shaped hoppers
/ L]
1 ~— ( 1.
0.8 0.8
0 10 20 30 40 45
Angle of Shearing Resistance, ¢ {degrees)




Silos -2

2.16

Values of loads at depth z below equivalent surface of contained material at maximum filling

Vertical pressure (kN/m*?)

Py(2) = 72,C, (2) where z,= (4/UK), C,(z) = (1-¢€ -zlz, )

Note. Loads are composed of fixed loads, due to p; (2) and p,, (z), and a free load, due to p, (z). The patch pressure is
taken to act on any part of the wall, on two opposite square areas of side length s = 0.24, (see figure below). As a
simplification, the most unfavourable load arrangement can be taken by applying the patch at the mid-height of the
silo, and using the percentage increase in the wail stresses at that level to increase the wall stresses throughout the silo.

g _ ) Filling oads Discharge loads
B Horizontal pressure (kzN/m ) D) =K p,{(2) . Chpn(2)

2 | Patch pressure (kN/m™) Pp(2) = 0.2(1 + deld)C, pi{z) with e = ¢; Gupp(z) withe=g or g,
_'q"é Wall friction pressure (kN/m®) P(Z) =t pn(2) Cy pw (@)

§ Vertical wall load (kN/m) P, (2) = ¥{AlU)z—z,C, (D)) C, Py (2

3

=

Q

-

For silos, where d; is less than 5 m, the patch loads may be allowed for by multiplying py (z) by [1.0 + 0.2(1 +4e/d)1

— | Vertical pressure (kN/m°) hid.21.5 | Cypu
E S hid. <15 | Colpu + (P2 —pu)X1.5d. ~ 1.5d,— h)]  (see Table 2.15)
[z \t/sl where
z e - _pa=p @ withz=h py=yh, pa=p.(Z)withz=h,
g - Wall normal pressure (kN/mz)_ Pn=Ps + P2+ (Pa) — pr)(x/ 1) (see Table 2.15)
8 g j?x where
o | &% Pa1 = Puo (Coeos?ar + sin’0h), pry = Cy puac0870, ps = 3Y(AK/ Ui )sin’ e,
w | Dy Do = P (2) with z= h,, and x is a length between 0 and },
Wall friction pressure (k\N/m?) | pi= (4pa
Note. For mass flow discharge silos only, an additional normal fixed kick load is considered. A pressure p, = 2py, (z),
with z = A, is applied over a distance of 0.2d; along the inclined wall and around the perimeter. (see Table 2.15)
Material Unit weight Pressure Wall friction Load z/z, C. (z)
¥ (kKN/m®) coefficient Ki, | coefficient g, | magnifier G, 0 0
Barley 8.5 0.55 045 1.35 0.1 0.095
Cement 16.0 0.50 0.50 1.40 02 0.181
Clinker 18.0 0.45 0.35 1.40 03 0.259
Dry sand 16.0 045 0.50 1.40 0.4 0.330
Flour 7.0 040 0.40 145 0.5 0.394
Fly ash 14.0 045 0.55 1.45 0.6 0.451
Maize 8.5 0.50 0.40 1.40 0.7 0.504
Sugar 9.5 0.50 0.55 1.40 0.8 0.551
Wheat 9.0 0.55 040 1.30 0.9 0.594
Coal 10.0 0.50 0.55 1.45 1.0 0.632
Note. To obtain maximum loads, extreme values of K and u are taken as follows: 1.1 0.667
o (K = 1,15K g, 2£=0.92m), p (K = 0.9Kp, 2= 0.921), po (K = 115K, 2= 1.1547) l-g 3-392
1. 12
Load Squat silo Slender %;;‘ 832‘7‘
magnifiers hd. <1.0 1.0<hid <15 hid. 2 1.5 1.6 0:798
Gy 12 1.2 1.2 1.7 0.817
Ch 1.0 1.0+ 2(C, - 1.0) (Wd.— 1.0) Co 1.8 0.835
Gy 0 2(hid,— 1.0 1.0 1.9 0.851
Cy 1.0 1.0+ 0.2(h/d.— 1.0) 1.1 2.0 0.865
Note. For silos with no discharge flow (i.e. unloaded from top), Gy, = C,, = 1.0. 2.1 0.878
2.2 (.889
_ _ 2.3 0.900
e - 24 0.909
i 2.5 0.918
2.6 0.926
- . - 0.933
rimls |0 P 7o Y 0939
29 - 0945
3.0 0.950
\i/ 4.0 0.982
5.0 0.993
Patch load on circular silo co 1.0

10.1 CONSTITUENTS OF CONCRETE

10.1.1 Cemenis and combinations

Manufactured cements are those made in a cement factory.
Where a mineral material is included, it is generally added to
the cement clinker at the grinding stage. The notation used for
these manufactured cements contains the prefix letters CEM.
When a concrete producer adds an addition such as pfa or ggbs
to CEM I Portland cement in the mixer, the resuliing cement is
known as a mixer combination, and is denoted by the prefix
letter C. Cements and combinations in general use are listed in
Table 2.17. Further information on the different types and use
of cements is given in section 3.1.1.

10.1.2 Aggregates

Overall grading limits for coarse and fine aggregates from
natural scurces, in accordance with BS EN 12620, are given in
Table 2.17. Further information is given in section 3.1.2.

10.2 FARIY-AGE TEMPERATURES OF CONCRETE

The calculation of early thermal crack widths in a restrained
concrete elerment requires knowledge of the temperature rise due
to the cement hydration, Some typical eatly temperature histo-
ties of various concrete walls, and predicted temperature rises
for different cements are given in Table 2.18.
¢ The predicted temperature rise values for Portland cement
concretes in walls and slabs are taken from BS 8007. These are
maximum values, selected from a range of values for Portland
cements obtained from different works (ref. 11). The tempera-
ture rises given for the other cements, in concrete sections with
m_im'mum dimension of 1 m, should be taken as indicative
nly, but could be used where other specific information is
10t available.

103 REINFORCEMENT

emforcement for concrete generally consists of steel bars, or
Ided steel mesh fabric, that depend upon the provision of a
?}bl_e concrete cover for protection against corrosion. The
ential properties of bars to BS 4449 and wires (o BS 4482,
thof which are in general conformity with BS EN 10080,
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are given in Table 2.19. For additional information on the
manufacture and properties of siee! reinforcement, including
stainless steel, refer to section 3.2.

10.3.1 Bars

Bars for normal use produced in the United Kingdom are
hot-rolled to a characteristic strength of 500 MPa, and achieve |
Class B or C ductility. The bars are round in cross section, with i ‘
sets of parallel transverse ribs separated by longitndinal ribs. b
The nominal size is the diameter of a circle with an area equal : J
to the effective cross-sectional area of the bar. The maximum
overall size is approximately 15% greater than the nominal size.
Values of the total cross-sectional area provided in a concrete
section, according to the number or spacing of the bars, for
different bar sizes, are given in Table 2.20.

The type and grade of reinforcement is designated as follows:

Type of steel reinforcement Notation

Grade B500A, B500B or B500C to BS 4449

Grade B300A. to BS 4449

Grade B300B or B300C to BS 4449

Grade B300C to BS 4449

A specified grade and type of ribbed
stainless steel to BS 6744

Reinforcement of a type not included above but
with material properties defined in the design
or contract specification.

2 N R--Ns -

>4

Note. In the description B500A and so on, B indicates reinforcing steel.

10.3.2 Fabric

In the United Kingdom, steel fabric reinforcement is generally
produced to the requirements of BS 4483, using ribbed bar in
accordance with BS 4449. The exception is wrapping fabric,
where wire in accordance with BS 4482 may be used. Fabric is
produced in a range of standard types, or can be purpose-made
to the client’s requirements, Full details of the standard fabric
types are given in Table 2.20.

Type A is a square mesh with identical longimdinal bars
and cross bars, commonly used in ground slabs to provide a
minimum amount of reinforcement in two directions. Type B is
a rectangular (structural) mesh that is particularly suitable for
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Cements and combinations in general use
Cement/combination Manufactured Mixer combination Notation () Section 1 m, CC 360 kefm {b) Section 2 m, CC 350 kgfm> (€) Section | m, CC 225 kgfm®
type cement conforming conforming to 80 80 80
to BS EN 197-1 BS 8500: Part 2 o ES o o
1 60 L g;’;::;fum § 60 Concrete 113 5 60 FS
Portland cement CEM1 — Cement type CEM 1 is almost entirely of | % temperature % Concrete
Portland cement clinker and gypsum set g r g g 40 {empetaiure
Sulfate-resisting SRPC conforms to — regulator. CEM II (and CII) include up & 20 [Ambient temperature k: qp L Ambient temperature E 50 |_Ambient temperatare
Portland cement BS 4027 to 35% of mineral addition. CEM II (and
CIiI) include > 35% of blastfurnace slag. @ ! IS T T S | ! A R L I S T S A
Portland-fly ash cement CEM I/B-V CIIB-V CEM IV (and CIV), not in general usc, £ 0 12 34 9 1635 o 1 2 34 9 16 25 0 12 34 9 16 25
" (With 21-35% pfa) include > 35% of pozzolana (e' g. pfa) *5—2' Time after placing — days (log) Time after ptacing — days (log} Time after placing — days (log)
% In the notation for CEM Il and CEM IIi, o
= | Portland-slag cement CEM T/A-S CIIA-S the relative proportions of cement clinker E: \ ,
g (Wlth 6_20% ggbs) are Tepresented by the letters A for high: g {d) Section 0.4 m, CC 430 kgfm3 (e) Section 0.45 m, CC 370 kg/m’ {f) Section 0.5 m, CC 223 kg/m
5 B for moderate, C for low. In CEM Ti, g ® 80 | 50
© Portland-slag cement CEM 1I/B-S CIIB-S the additions are identified by the letters & Y wl P o )_ C sl
{with 21-35% ggbs) V for siliceous fly ash {e.g. pfa), S for : - s Conerete : :
blastfurnace slag, D for silica fume, L or .§ wl ¥ conoe § ol temperature % wl i?:;;:::ure
Blastfornace cement CEM /A CIIIA LL for limestone, M for more than one. & temperature & Fs g Fs _
(with 36-65% ggbs) May also conform to Strength class and strength development € 20 Ambient & o0 & 20 ¥ gﬂ;ﬁ‘;:m
BIA of BS 146 identifiers are added to this notation. The temperatuse Ambient temperature
full tifle, for exampte, of a manufactured s 1 —L A
¢ with a relatively Jow proportion 0 i 2 34 9 16 25 0 I 2 34 9 16 25 0 1234 9 16 25
Blastfurnace cement CEM III/B CIIB cemen p Time after placing — days (log) Time after placing —days (log) Time after placing — days (log)
(with 66-80% ggbs) May also conform to of ggbs would be Portland-slag cement:
BIII/B of BS 146 BS EN 197-1 CEM I/A-S 42 5N
The strength class is 42.5 (N/mm?), and Early temperature history of various concrete walls showing section thickness and cement content
Portland-limestone cement CEM II/A-L CEM IIA-L the letters L, N, R represent low, normal
. P .
(with 6-20% limestone) CEM IVA-LL CEMIIA-LL or rapid early strength development. Temperature rise (°C) for Poriland cement concretes in walls and slabs
Overall grading limiis for coarse aggregates Section Walls Ground slabs and slabs
Sieve size Percentage by mass passing ISO 565 sieve for aggregate size (d/D) thickness cast on plywood formwork
- - Steel formwork 18 mm plywood formwork
Graded aggregates (category Gc90/15) Single sized aggregates (category Ge85/20) Portland cement content (kg/m”) | Portland cement content (kg/m®) | Portland cement content (kg/m’)
(mm) 4/40 4/20 2/14 20/40 1020 6.3/14 4/10 mm 325 350 400 325 350 400 325 350 400
80 100 — — 100 = - - 300 11 13 15 23 25 31 15 17 21
40 90-99 100 - 85-99 100 — — 500 20 22 27 32 35 43 25 28 34
20 25-70 90-99 98-100 0-20 85-99 98-100 100 2 700 28 12 39 38 47 49 32 16 43
14 — — 90-99 — — 85-99 98-100 & 1000 38 42 49 42 48 56 39 44 52
@ 10 — 25-70 — 0-5 0-20 — 5-99 2
= =
;E 6.3 - - 25-70 — — 0-20 _ # | Note. The table assumes the following; (a) the formwork is left in position until the peak temperature has passed, (b)
50 4 0-15 0-15 - — 0-5 - 0-20 2. | the concrete placing temperature is 20°C, (¢) the mean daily temperature is 15°C, (d) no allowance has been made for
g 2 0-5 0-5 0-15 — - - 0-5 E solar heat gain in slabs. For slabs cast on steel formwork, the data for walls and steel formwork may be used.
N " — E
g Overall grading limits for fine aggregates (category Gr85) ::; Temperature rise (°C) for different cements in concrete sections with a minimum dimension of 1m
=T
© | Sievesize Percentage b ing ISO 565 sieve te size (d/D £
g ove St STERITage oy wav panle sieve for aggregate size (d/D) & Cement/combination type Temperature tise for cement/combination content (kg/m’)
< {(mm) 0/4 (CP) 0/4 (MP) 0/2 (MP) 02 (FP) 0/1 (FP) Notes
. - 350 400 450 300
! 100 100 — — -— CP, MP, FP classification | Portland ; 43 56
6.3 95-100 95-100 — — — compares with the former | cemel - —
g Sulfate-resisting Portland cement 39 46 — —
4 85-99 8599 100 100 — C, M, F classes in BS 882. p
N ortland-fly ash (35% pfa) cement 32 38 44 50
2.8 — — 95-100 95-100 — Typical grading for sieve |
. : Portland-slag (50% ggbs) cement 28 32 36 40
2 — — 85-99 85-99 100 sizes 1, 0.25 and 0.063 .10, Portland-slag (70% ab o1 by o 30
1 * * * * 85-99 be recorded by aggregate and-slag (70% ggbs) cement
0.5 5-45 30-70 30-70 55-100 55— . . . .. .
100 producer. Note. The table assumes the following; (a) the formwork is left in position until the peak temperature has passed, (b)
_ R . e . o
Note. The aggregate size, e.g. (4/40), shows (lower limiting sieve size d / upper limiting sieve size D). The gradmgs‘ he concrete placing temperature is 20°C, (c) the mean daily temperature is 15°C.
category, e.g. Gc90/15, shows for coarse aggregate, the minimum % passing D / the maximum % passing 4.




o Reinforcement: general properties ° 1 ) Reinforcement: cross-sectional areas of bars and fabric (]
- 2 .
Steel reinforcement to BS 4449 (in general conformity with BS EN 10080) Number Cross-sectional area of number of bars (mm’) for size of bars (mm)
of bars
Description (seeNote 1) | Ribbed weldable reinforcing steel in the 6 8 10 12 16 20 25 32 40
form of bars, coils or decoiled products. g 1 28 50 78 113 201 314 491 804 1257
Characteristic viel MP = 2 57 101 157 226 402 628 982 1608 2513
arfil‘f cristic yield strength (MPa) 200 g 3 85 151 236 339 603 o2 | 1473 | 2413 | 3770
Ductility class A B ¢ 9 4 113 201 314 452 804 1257 1963 3217 5027
Grade designation B500A B500B B500C = 5 141 251 393 565 1005 1571 2454 4021 6283
Characteristic tensile/yield strength ratio (see Note 2) 1.05 1.08 1.15 B 6 170 302 471 679 1206 1885 2945 4825 7540
Characteristic total elongation at maximum force (%) 2.5 5.0 7.5 B 7 198 352 550 792 1407 2199 3436 5630 8796
3 . 7 226 402 628 903 1608 2513 27 6434 10050
E | Preferred sizes (mm) (see Note 3) 8,10,12, 16, 20, 25,32, 40 & 8 3
,E Fati - 9 254 452 707 1018 1810 2827 4418 7238 11310
g atllg%e test S“"'Sf range (MPa) Bar size < 16 200 10 283 503 785 1131 2011 3142 4909 8042 | 12570
g | (Sx107stross cycles) 20 185 11 3N 553 864 1244 2212 3456 5400 8847 | 13820
S 3332 %Zg 12 339 603 942 1357 2413 3770 5890 9651 15080
=] .
8 >32 150 Sl;al;:mg Cross-sectional area of bars per unit width (mm?/m) for size of bars (mm)
£ - . - . of bars
% Note 1. 1_"he :surfage geometry of the bars, as characterised by the dimensions, number, and configuration of transverse (mm) 6 8 10 12 16 20 25 32 40
=S and longitudinal ribs, meets the bond requirements of BS EN 1992-1-1, Annex C.
— | Note 2. For sizes below 8 mm, the values are 1.02 for the strength ratio, and 1% for the total elongation. " 75 377 670 1047 1508 2681 4189 6545 10720 —
-2 | Note 3. For bars smatler than 8 mm or larger than 40 mm, the recommended sizes are 6 mm and 50 mm respectively. g 100 283 503 785 1131 2011 3142 4909 8042 12570
£ | For the manufacture of welded fabric to BS 4483, the preferred sizes also include 6, 7 and 9 mm. é 125 226 402 628 905 1608 2513 3927 6434 10053
< | Note 4. Absolute maximum permissible values are 650 MPa for yield strength, and 1.35 for tensile/yield strength ratio. - 150 188 335 524 754 1340 2094 3272 5362 8378
E Note 5. Where plain round.bar of grade 250 MPa is required for dowel bar applications, reference should be made to { 1.% 175 162 287 449 646 1149 1795 2805 4506 7181
3 BS EN 10025-1 or, for use in concrete pavements, BS EN 13877-3. é 200 141 251 393 565 1005 1571 2454 4021 6283
g ) X . 3 225 — 223 349 503 894 1396 2182 3574 5585
1 . . . .
2 Description of wire Plain, indented or ribbed Plain & 300 - 168 262 377 670 1047 1636 2681 4189
Grade: characteristic yield strength (MPa) 500 250 400 _ - 196 283 503 785 1227 2011 3142
o 500 — — 226 402 628 982 1608 2513
‘ Wire size <8 =8 <12 : 600 T — — — 335 524 818 1340 2094
y Characteﬂsﬁc tensile/yield strength ratio (see Note 1) 1.02 1.05 1.15 * 6 mm is a non-preferred size.
Characteristic total elongation at maximum force (%) 1.0 2.5 5.0 ;
. ; _ Standard fabric types to BS 4483
; Preferred sizes {(mm} 2.5,5,6,7,8,9,10,12
Note 1. Grade 500 ribbed wire in sizes = 8 mm meets the bond, and class A ductility requirements of BS EN 1992-1-1. Iliab“" Longitudinal bars Cross bars Ma‘:fsarp:;
‘ Even s0, to avoid confusion, BS 4482 should not be used to specify wire for applications covered by BS EN 1992-1-1, relerence Nominal Piich of Area of bars Nominal Pitch of Area of bars unt
or for the manufacture of structural welded fabric to BS 4483, In such cases, material should be specified to BS 4449, bar size bars per unit width bar size bars per unit width
. mm mm mm?/m mim mm mm*m kg/m?
Minimum bend dimensions to BS 8666
A393 10 200 393 10 200 393 6.16
Nominal Minimum Minimum end projection P A252 8 200 252 8 200 252 3.95
size of bar radius for General and links Normal links a A193 7 200 193 7 200 193 3.02
d schecllfuhng where bend = 150° | where bend < 150° . E Al42 6 200 t42 6 200 142 222
{min 5d siraight) (min 104 straight) = B1131 12 100 1131 3 200 252 10.90 3
mm mim mm mm ':; B785 10 100 785 8 200 252 8.14
. =
gg 5] B503 8 100 503 8 200 252 5.93
g ¢ " ne no "B | B38s 7 100 383 7 200 193 4.53
g ' 1] B283 6 100 283 200 193 3.73
2l 10 20 120% 130 ” 0 ’ 7
£ 12 24 125% 160 C785 10 100 785 6 400 71 6.72
sl 16 32 130 210 /r C636 9 100 636 6 400 71 5.55
20 70 150 200 L C503 8 100 503 6 400 71 4.51
25 27 ' 240 365 C385 7 100 385 6 400 71 3.58
22 112 305 465 254 C283 6 100 283 6 400 7 2.78
40 | 140 380 580 £ D98 5 200 98 5 200 98 1.54
50 175 475 725 D49 2.5 100 49 2.5 100 49 0.77
Note. Due to “spring back” the actual radius of bend will be slightly greater than shown. Values shown * are governed. Notes. Bars used for fabric are in accordance with BS 4449 except for D98 and D49, where wire to BS 4442 may be
by the practicalities of bending bars. g used. Stock sheet size is 4.8 m (longitudinal bars) x 2.4 m (cross bars). For further information, see section 10.3.2.
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thin one-way spanning slabs, where the longitudinal bars
provide the main reinforcement, with the cross bars being
sufficient to meet the minimum requirements for secondary
reinforcement. Type C is a rectangular (Jong) mesh where the
cT088 bars are minimal, which can be used in any solid slab
including column bases, by providing a separate sheet in each
direction. Type D is a rectangular (wrapping) mesh that is used
in the concrete encasement of structural steel sections.

Standard fabric is normally supplied in stock sheet sizes of
4.8 m (longitudinal bars) X 2.4 m (cross bars), with end over-
hangs equal to 0.5 X the pitch of the perpendicular bar. To
facilitate fixing, and to avoid a build-up of bar layers at the laps,
sheets with increased overhangs (flying ends) can be supplied
to order. Sheets can also be supplied cut to size, in lengths up
t0 12 m, and prebent, For guidance on the use of purpose-made
fabrics, reference should be made to BS 8666.

10.3.3 Cutting and bending tolerances

Bars are produced in stock lengths of 12 m, and lengths up to
18 m can be supplied to special order. In most structures, bars
are required in shorter lengths and often need to be bent. The
cutting and bending of reinforcement is generally specified to
the requirements of BS 8666, The tolerances on cutting and
bending dimensions are as follows:

Cutting and bending processes Tolerance {mm)

Cutting of straight lengths +25

Bending dimension (mm) = 1000 x5
> 1000 and = 2000 +5,—-10
> 2000 + 5, —25

Length of wires in fabric L =5000 +25
L >5000 * L1200

10.3.4 Shape codes and bending dimensions

BS 8666 contains details of bar shapes, designated by shape
codes as given in Tubles 2.21 and 2.22. The information needed
to cut and bend the bars to the required dimensicns is entered
into a bar schedule, an example of which is shown in Table 2.23.
The standard shapes should be used wherever possible, with the
relevant dimensions entered into columns A to E of the bar
schedule. All other shapes should be given a shape code 99, with
a dimensioned sketch drawn over the columns A to E using two
parallel lines to indicate the bar thickness. One of the bar dimen-
sions should be indicated in parenthesis as a free dimension.
Dimensions should be given as a multiple of 5 mm, and the
total length, determined in accordance with the equation given
in the table, rounded up to a multiple of 25 mm. To facilitate
transportation, each bent bar should fit within an imaginary
rectangle, the shorter side of which is not longer than 2750 mm.

Most of the shape codes cater for bars bent to the minimum
radius taken as 2d for d = 16, and 3.5d for d =20, where d is
the bar size. The minimum straight length needed beyond the
end of the curved portion of a bend is 54 for a bob and 10d for
most links. For each bar size, values of the minimum radius 7,
and the minimum end projection P needed to form a bend, are
given in Tuble 2.19.

Bars needing larger radius bends, denoted by R, except for
shape codes 12 and 67, should be treated as a shape code 99.

Concrete and reinforcement

For shape code 67, when the radius exceeds the value in the
following table, straight bars will be supplied as the required
curvature can be obtained during fixing.

Maximum limit for which a preformed radius is required

Bar size (mm) 8 10 12 16
Radius (m) 275 35 4.25 7.3
Bar size (mm) 20 25 32 40
Radius (m) 14 30 43 38

For shape codes 12, 13, 22 and 33, the largest practical radius
for producing & continuous curve is 200 mm and, for a larger
radins, a series of short straight sections may be formed.

10.3.5 Deductions for variations

Cover to reinforcement is liable to variation due to the effect of
inevitable errors in the dimensions of formwork, and in the
cutting, bending and fixing of the bars. In cases where a bar is
detailed to fit between two conerete faces, with no more than
the nominal cover on each face (e.g. link in a beam), an appro-
priate allowance for deviations should be applied. The relevant
dimension on the schedule should be determined as the nominal
dimension of the concrete less the nominal cover on each face
less an allowance for deviations as follows:

Total deductions to allow for permissible deviations on
member size and in catting and bending of bars

Type of bar Distance between faces of Deduction
conerete member mm
Links and other Not more than 1 m 10
bent bars Between 1 m and 2 m 15
Over 2 m 20
Straight bars Any length 40

The deductions recommended in the forgoing table are taken from

BS 8110, and allow for deviations on the member size of 5 mm for
dimensions up to 2 m and 10 mm for dimensions over 2 m. Wher_ff;
the permissible deviations on member size exceed these values,
larger deductions should be made or the cover increased.

Example, Determine the relevant bending dimensions for: 'thtfa
bars shown in the following beam detail. The completed bar
schedule, for 6 bearas thus, is given in Table 2.23.

300
fe—

04 04

7

Ng Cover to,
"1 finks: 20
LS R 01
02 02

Section A-A

500

, 101
Reinforcement
150 2000 150
XH '[T
]

225  14HB-05-125 200

14H8 - 05 - 300 {links)

14H8 - 05 - 125 225

—

2H12 - 04
04 r

A I
03 04

B
[~ ~ - - ~
@_‘_ 2H25 - 03 (U bars) 2H25-03 (U bars)
01 03 02 02 03 01 l l
2H25 - 01 A I
' 1239 2H25 - 02 Cover to U bars: end 50, side 75
Elgvation of beam
Bar Shape Dimensions (mm)} Length (mm) — see Tables 2.29 and 2.30
mark code
01 00 L= 8000 — 2 % 200 = 7600
02 00 L=28000—2x1250=5500
03 13 Bar requires tadius of bend R = 6d as a design
requirement. This necessitates the use of shape
code 13, as dimension B would not provide 4d
Iength of siraight between two bends. L= 1800+ 0.57 X 420+ 1300 — 1.6 X 25 =3300
A = 1800, C = 1300 (design requirements)
B =450 — (2 X 10y — 10 = 420
Note. Dimension B is derived from dimension A
of bar mark 03, and includes a further deduction
of 10 mm for tolerances on cutting and bending.
04 00 L =8000 — 2 X 200= 7600
05 51 A =500 — (2 X 20) — 10 = 430 L=2 (4504250 + 115) — (2.5 X 16) — {3 X 8) = 1550
B =300 — (2 X 20) — 10 = 250
C=D=115(Pin Table 2.19)
r = 16 (Table 2.19)
Note. Dimensions A and B include deductions
of 10 mm for permissible deviations.




Reinforcement: standard bar shapes and method

of measurement — 1

2.21

Totat length of bar L
Sh Shape Total length of bar L | Shape Shape :
coacl:lr:ee P {along centreline) code (along centreling}
00 A 24 (©) A+ B+(C)
[ _ Aand Care at 90° o
A ane ancther
5 4 A B
e ———
01 A (Stock lengths) 25 - N A+ B+{E)
3 ) Aand B
Dimension should be > P (Table 2.19)
taken as indicative " £
A only. Actual delivery L—L—\
length by agreement If Eis critical, schedute a 99, with
with supplier. gither A or B as a free dimension. See Note 1
(<)
11 A+(B)-05r-d 26 [ A+B+(C)
) Aand C
Aand (B)
J :I » P (Table 2.19) % > P (Table 2.19)
: = L_A._,l See Note 1
12 A+{B)-043R~ 27 A+B+{(C)-05r-d
R = 1.2d Aand C
Aand B = P (Table 2.19)
| (B) . >R+6d and
See Note 3 | 2 P (Table 2.19) Soe Note 1
ee Note
13 D (e A+0578+(C)~.6d | 28 B A+B+{C)-05r—d
N Aand € T Aand C
Semi el ) zB/2+5d and B = P (Table 2.19)
= = > P (Table 2.19) ‘ g
IS e Note 3 B2 See Note 1
e
14 A+(C)—4d 29 |__(CJ_.|A A+B+(C)-r—2d
Aand C B 4 Aand C
i > P (Table 2.19) a >P (Table 2.19)
¥
A
(<) See Note 1 L———- See Note 1
A+B+C+(D)-
15 At {?c S — r 1.5r —3d
A Aan [——‘ =
Aand D
1 o
) > P (Table 219) = » P (Table 2.19)
(IS - See Note 1 -
—r-2d el A+B+C+{D)-
21 I A+i-;(C) ’ 32 v | 1.5r —3d
Aan
£ 1 oy ( Aand D
%—‘ BE = F(Table 219) 3 > P (Table 2.19)
. F 4 .
29 5 N A+B+C+(D)— 33 i, 2A+1.78 +20-4d
I}_ | 187 —3d CE - t 3\ T | Az12d+30mm
Semi-circular
i-cireul Az P (Table 219 = B>2(r+d)
AI SCNM 1 C=> 2(5 +d) ) | % Cz2Bf2+5d and
- D=z Ci2+5d and i A P (Table 2.19)
See Note 3 ) > P(Table 2.19) See Note 3
+B+©®-r-2d c (E) A+B+C+{E)—
2 Are 34 = l 0.5r —d
A Aand C :] 1 Aand £
D
IC} > P {Table 2.19) - E o219
e 7 * e See Note 1

Reinforcement: standard bar shapes and method
of measurement — 2 (]
Shape Shape Total length of bar L | Shape Shape Total length of bar L
code {along centreling) code {along centreline)
ol —
A+B+C+ - ] 2A+ 3B+ 2(Cy-3r
35 — 1 0.5r —d © 63 (<) }D) - 8d )
o Al ]
) £ Aand E Cand D areto be
= P {Table 2.19) S equal, <A, and
a
2 & 2 P (Table 2.19)
A If C and D are to be minimised,
See Note 1 use L =2A+ 3B + (14d = 150)
] ——
36 A+B+C+(Dy—r— 64 - A+B+C+2D+E+
p— 2d = —— 7 (F}—3r-6d
D
¢ / . | A=ndD B Aand F
> P (Table 2.19) = 2 z P (Table 2.19)
(F)
|=—: E
I‘Thl See Note 1 See Note 2
A
41 A A+B+C+D+(E) | 67 A
—_— {E) —2r—4d
fr—] If R exceads value
S _] [ Aand E shown in section
5 = P (Table 2.19) 10.3.4, straight bars
L C will be supplied.
44 [P . ® A+B+C+D+(E) 75 A z(A-d)+B
1 —2r-4d where Bis lap length
= L c_:;f Aand E
C = P (Table 2.19)
(8)
46 (E) A+28+C+(B) 77 CxlA-d)
“WT A and(E ) o If B> A5, replace
a a) > P (Table 2.19 . ‘ n{A— d) by
[(z(A-d))* + 8217
|
See Note 1 C = number of turns
47 7c£ D) 2A+B+2C+ 1.5r— 08 A+2B+C+(Dy-2r
. A :n 1 3d 4 —4d
b Cand D are to be 8 i Cand D
: 2 ! equal, < A, and D) =z P (Table 2.19)
z
¢ If C and D are to be minimised, 2 P(Table 2.19) %
. use L =2A + B+ (21d 2 240) Isometeric sketch
5 IJQ’\ A+ B+ {(CY—25r 99 All other shapes where standard | To be calculated.
, j —5d shapes cannof be used.
=)
Cand Dare to be A dimensioned sketch should be | See Note 2.
equal, £ Aor B, N .
drawn over the dimension columns
A 2 P (Table 2.19) A to E of the bending schedule.
If C and D are to be minimised, Eyery dlmt_answn_ should t_)e shown,
use L =24+ 2B + (16d = 160) with the dlmen5|qn Fhat is qhqsen
- — io allow for permissible deviations
A+B+C+(D)+2FE shown in parenthesis. Otherwise,
56 € — 2 5r—5d ®) the fabricator is free to choose the
P (D) dimension to atlow for tolerance.
- E and F are to be
= equal, <Aor B,
>
B . > P(Table 2.19)
Notes. The values for minimum radius r, and end projection P, as given in Table 2.19, apply to all shape codes. Dimensions in parenthesis
are th'e free dimensions to allow for permissible deviations in cutting and bending. If a shape given in this table is required to have a different
free dimension, the shape shall be drawn out and given a shape code 99. The length of straight between two bends shall be at least 44.
onte 1. The length equations for shape codes 14, 15, 25, 26, 27, 28, 29, 34, 35, 36 and 46 ars approximate. When the bend angle exceeds
315 » the length should be calculated allowing for the difference between the specified overall dimensions and the true length measured along
€ central axis of the bar. When the bend angle approaches 90°, it is preferable to specify shape code 93 with a fully dimensioned sketch.
@ 2. Five bands or more might be impractical within permitted tolerances.

ote 3. For shape codes 12, 13, 22 and 33, the curve may be produced as a series of short straight sections when the radius > 200 mm.
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. Job No. Drawing No. Y D
ngnolds and Assoctates Prepared by Date Sheet No. LI ]
" Physics Block Last revised Staws L] Revision ]
Ctient Fastford University B

I i ocr 1 oDY | ER* | Rew.

No. | No.of | Total | Length | Shape { 4* . B* : C* | D

Member Irllaeilic ?1(1%6 o(} bzr(:; zo. of each | code mm o mm ' mm ‘ mm mm | letter
size | mbrs in of bar T : :.
each | bars mm i : :.
Beam | 01 |H25| 6 2 12 ) 7600 | 00
(see 02 | H25 2 12 | 5500 | 00
section | 03 | H25 4 24 | 3300 { 13 | 1800 420 1300

10.3.5) | 04 | H12 2 12 1 7600 | 00
05 | H8 42 | 252 | 1550 | 51 | 450 | 250 : 115

|

B e TR e e e

This schedule conforms to BSB666.
Status: P Preliminary T Tender

* Specified in multiples of 5 mm.

C Construction

T Specified in multiples of 25 mm.

The formulae and coefficients in this chapter give values of
shearing forces, bending moments, slopes and deflections in
terms of the total load on the member. For design purposes, the

load F must include the appropriate partial safety factors for the
limit-state being considered.

11.1 SIMPLE BEAMS AND CANTILEVERS

The formulae for the reactions, shearing forces and bending
moments in freely supported beams (Tubles 2.24 and 2.25)y and
simple cantilevers (Tubles 2.26 and 2.27) are obtained by the
rules of static equilibrium. The slope and deflection formulae
for freely supported beams and simple cantilevers, and all the
formulae for propped cantilevers (Table 2.27) are for elastic
behaviour and members of constant cross section.

11.2 BEAMS FIXED AT BOTH ENDS

The bending moments on a beam fixed at both ends can be
derived from the principle that the area of the free-moment
diagram (i.e. the bending moment diagram due to the same load
imposed on a freely supported beam of equal span) is equal to
the area of the restraint-moment diagram. Also, the centres
of area of the two diagrams are in the same vertical line. The
shape of the free-moment diagram depends upon the particular

- Characteristics of the imposed load, but the restraint-moment
- diagram is a trapezium. For loads that are symmetrically disposed
- on the beam, the centre of area of the free-moment diagram is
. 3t the mid-point of the span, and thus the restraint-moment
~diagram is a rectangle, giving a restraint moment at each
. support equal to the mean height of the free-moment diagram,

Chapter 11

Cantilevers and
single-span beams

The amount of shearing force in a beam with one or both
ends fixed is calculated from the variation of the bending
moment along the beam. The shearing force resulting from the
restraint moment alone is constant throughout the length of the
beam and equal to the difference between the two end-moments
divided by the span (i.e. the rate of change of the restraint
moment). This shearing force is algebraically added to the
shearing force due to the imposed load with the beam taken
as freely supported. Thus, the support reaction is the sum (or
difference) of the restraint-moment shearing force and the free-
moment shearing force. For a beam that is symmetrically
loaded with both ends fixed, the restraint moment at each end
is the same, and the shearing forces are identical to those for the
same beam freely supported. The support reactions are both
equal to one-half of the total load on the span. The formulae for
the reactions, shearing forces, bending mements, slopes and
deflections for fully fixed spans (Tuble 2.25) are for elastic
behaviour and members of constant cross section.

11.2.1 Fixed-end moment coefficients

Fixed-end moment coefficients Cap and Cgy are given in
Table 2.28 for a variety of unsymmetrical and symmetrical
imposed loadings on beams of constant cross section. More
complex loading arrangements can generally be formed as a
combination of the cases shown, and the resulting fixed-end
moments found by superposition. A full range of charts is
contained in Examples of the Design of Reinforced Concrete
Buildings for a member with a partial uniform or triangular
distribution of load placed anywhere within the span.
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Moments, shears, deflections: special cases for beams

Q77 2pGu] 298 810U IO,

uedspIwt 1% JFT61/ ofd — =™

ﬁkv - muﬁxcmwv\mmbﬂv —=p “..m =X udiUm suoitdlpq _.:mmmﬁ_E 17 Hmwﬁ\m‘r& — o XTH X
_ " =
tods 0= m.slaum sadojg {zxXp — X128/ fol) — =P F>x usym suonsyJg
E_w_ e ﬁ SR 1991/ dd + =¥0 1491/ 44 — ="¢ 'sadojs
(XF €)1 ="W }£xuaym edspru je 48 ="y peo]
(1—xp)8i1d)="W §>xuoym o=Yp =T syuswow Surpusg pafeRuaueD
. ?mm — =¥ =T suamwow wﬂmvﬂum .mw - =% rm < X UAYM . (s
d3—-="4 F<xumwym =%4 T .
» . JF="4 §>xusym '$3010] Bunieoqs
7. : N =4 }>xusm 1889107 BuLrvayg + + J3=Yy ="y suonoway
& } 7 A=Yy ="y SUOIOBY A :
T WOl JESLY0==X 18 JHLRE/ld — =~ “™*p 7] WOy JLO8Y'O==X 8 JTLOL/ Jd — = ™D
{x — g) fx — :ﬂxcm%\ﬁ_&,_l = “a suono3fRQ 19081/cldGXE— X9 + P~ Dx —Dx— =  7p suoRfeQ
. ﬁ.,n 0= - 0 :s3dofg 13081/0dL+ =9 ASy/ddT—= g isadofg
T woiy 1g0/* — 1) 18 TEETd =" W 1 woyj flg/M/1 — 1) 1 g/ 6/1dT=""""W
(€= X1T+ (X0E — XODOE/N = “W - —DEs = W gl
SUid — =YW o1/t —= "W suswow Suipusy 0= = Ty isuswow Supueq Te[nBueL,
x01 4+ X007 - ] x : .
» 3 (¢X01 + x0T - ss,:,.: A 153010) Bupvays } } (X +x9—7Hg/d)= A weol0)Fupesys
& A4 =2y = Ty BUONIEDY ‘ Af=Ty = Ty suonoray
Z pua puvy-3fa) w xady /.A:#EEE.EEE pua pupy-13| E. xady
uedspiw 38 P8¢/ o1d — = % uedspil 18 [Hp8e/oJdS — = **p
1%/ {x — anmw.Mmml = .“u suonoarie(] - (% =%+ DX~ \N1TP2/X Ld) = = *p suonoafag
0="9= T sado|g e/ad ¥ =%= T isadojg
uedspiut 18 4% =" W
Z 8 o XPUIX
[B- (- eldi=  w frivuT="" W peo]
WY — == T suswom Suipuog b= W wopun
o=¥Ww= T muowow Bwpuog
% LA W
Pl ‘A :seoto] Buntesyy | | x—Fq= *A :52010] Bunreeyg
Z df=Yy= N sUONOBYY [(ITHTRTRITETIT di=Yy= Ty suoToRY

vads paxy Afnyg

ueds parsoddas £joa13

2.24

Moments, shears, deflections: general case for beams
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Fixed-end moment coefficients: general data
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28

The fixed-end moment coefficients Cyp and Cyy can be used as follows:

1. To obtain bending moments at supports of single-span beams fully fixed at both ends (Tuble 2.25)

MAB = -_'CABIAB and MBA = _CBAIAB (With SymmEtfical ].Oa.d, MAB= MBA)

2. To obtain fixed-end moments for analysis of continuous beams by moment distribution methods (Tuble 2.36)
(With symmetrical load, FEM yg3= FEMpy,)

FEMAB = CA.BlAB and FEMBA = CBAIAB

3. To obtain loading factors for analysis of framed structures by slope-deflection methods (Table 2.60)

FAB = CABIAB and FBA = CBAIAB (With Symmetrical IOB.d, FAB: FBA)
4. To obtain loading facters for analysis of portal frames (Tubles 2.63 and 2.64)

_ Cap7 Cp Cant 2G5

(With symmetrical loading, Csp = Cpay and 7, = 0.5)

b I IO R T
i_ - v
Unsymmetrical loading Symmetrical loading
% s Fixed-end moment coefficients % L %’ Fr:;:i—:;d
A B % coefficients
o B % Can o _ % | cemmeens
J+2 F
By B Ry Fj Fij Fij Flj RG+0D
A T o
«alz»\ J Za(l ) F () F L=>L=>L.=-|<=>L=+| 1| oaesE
[t Any number of Yoads () 2 C1I1F
h——tiy] —— equally spaced 3 Oiggi
Any number of loads —4_ 0.
Lol e b
Ftotal) I"z“d l‘z“l" 2
(14 — 50% + 30%) F (1+e + o — 30%) F W G-oh) o
12 12 T 2
L__u: _.] L— 3 —J Fltotal)
Q.5F Q.5F 1w
o 1—cx
i 10 F 2 ( . F
L. wl e w(1-0F L—al-—-l I«—al——l
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o
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Other loadings can generally be censidered by combining tabulated cases, thus: E
- et~ |
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The formulae and coefficients in this chapter give values of
shearing forces and bending moments in terms of the dead and
live loads on the member. For design purposes, these loads must
include the appropriate partial safety factors for the limit-state
considered and the Code of Practice employed.

For the ULS, the dead load factors are treated differently in
BS 8110 and EC 2. For designs to BS 8110, values of either 1.4
or 1.0 are applied separately to each span of the beam. For
designs to EC 2, values of cither 1.35 or 1.0 are applied to all the
spans. If the beam ends with a cantilever, the effect of applying
values of either 1.35 or 1.15 separately to the cantilever and the
adjacent span should also be considered. Details of the design
loads, and of the effects of applying cantilever moments at one
or both ends of a continuous beam of two, three, four or five
equal spans are given in-Table 2.29,

12.1 DETERMINATION OF MAXIMUM MOMENTS

12.1.1 Incidence of live load

The values of the bending moments in the spans and at the
Supports depend upon the incidence of the live load and, for
spans that are equal or approximately equal, the dispositions of
live load shown in Zable 2.29 give the maximum positive
i_noments in the spans and the maximum negative moments
at the supports. Both BS 8110 and EC 2 consider a less

Severe incidence of live load, when determining the maximum
‘Megative momenis at the supports. According to BS 8110, the

only case that needs to be considered is when all the spans are
aded. According to EC 2, all cases of two adjacent spans

loaded should be considered, but the loads shown as optional

able 2.29 may be ignored.

Thus, the maximum positive moments due to live load, for
'® system, are obtained by considering two loading arrange-
INEs: one with live joad on all the odd-numbered spans and
¢ other with live load on all the even-numbered spans. For
gns to BS 8110, the summation of the results for these two
S gives the maximum negative moments.

tshould be noted that for designs to EC 2, the UK National
ex allows the BS 8110 loading arrangements 1o be used as
fernative to those recommended in the base document. Tn
apter, the basic arrangements are used.

Chapter 12
Continuous beams

12.1.2 Shearing forces

The shearing forces in a continuous beam are determined by
first considering each span as freely supported, then adding
algebraically the rate of change of restraint moment for the
particular span. Shearing forces for freely supported spans are
readily determined by the rules of static equilibrium. The addi-
tional shearing force, which is constant throughout the span, is
equal to the difference in the support moments at each end
divided by the span.

12.1.3 Maximum positive moments

‘When the moments at the supports and the shearing forces have
been determined, the maximum positive moment in the span
can be obtained by first finding the position where the shearing
force is zero, The maximum positive moment is then obtained
by subtracting the effect of the restraint moments, which varies
linearly along the span, from the freely supported moment at
this position.

12.2 SOLUTIONS FOR EQUAL SPANS

12.2.1 Coefficients for equal loads on equal spans

Approximate general solutions for the maximum bending
moments and shearing forces in uniformly loaded beams of
three or more spans are given in Table 2.29. Exact solutions for
the maximum bending moments in beams of two, three, four
or five equal spans are given in Tables 2.30 and 2.31, for eight
different load distributions. The coefficients given for the
support moments due to live load apply to the most onerous
loading conditions. For the less severe arrangements described
in section 12.1.1, coefficients are shown in the square brackets [ ]
for BS 8110, and the curved brackets () for EC 2. The coefficients
in Table 2.32 enable the maximum shearing forces at the
supports to be determined.

Example 1. Calculate the maximum ultimate moments in
the end and central spans and at the penultimate and interior
supports, for a beam continuous over five equal spans of 5m
with characteristic dead and imposed loads of 20 kN/m each,
according to the requirements of BS §110.




! ! 9 Continuous beams: moments from equal loads : 5 U
Continuous beams: general data ® on equal spans -1 °
Code BS 8110 EC 2% Load All spans loaded Live load (sequence of loaded spans
{e.g. dead load) to give max. bending moment)
@ Load Dead Live Dead Live 0.125
2 . 0.125 A00% & o009 A
5, Service 1.0g; 1.0, 1.0gy (1.0 or gy A 0070 A o0 A 0.100) (0.100]
2 | Ultimate 1.0g, 0.4g, + 1.6q, (1.35 or 1.0)g, 1.5¢ - 0117 0417
a - E 0.100 0.100 Ap101 & o075 & o101 A
. . . L . 2 A 0080 & 0025 & ops0 A
Key: gy is characteristic dead load, ¢, is characteristic imposed load, yis a factor whose value depends on the nature z 01071 [0071]  [0.107]
and frequency of the load. * If beam ends with a cantilever, consider also: dead = 1.15g, and live = 0.2g¢ + 1.5¢y. = 0.107 007 0.107 (0.116) (0.107) (8.1 é())
g : ; - 0121 0.107 121
5 i yy 'y i —a
Moment Applied at A only Applied at A and K ;; 0.077 0.036 0.036 0077 A 0099 % o031 4 o081 4 oo A
0105 0079 0079 0105 (0.105)  [0.079]  10.079)  {0.105]
: 0.116 0.106 0.106 0.116
Number of spans 2 3 4 3 2 3 4 5 A oo7s * 0033 A goa6 * g0z A oo A (0_120) (0_111) (0_111) (0,120}
i x Y i A ry
3 M, } —1.000 | =1.000 | —1.000 | —1.000 | —1.000 | —1.000 | —1.000 | —1.000 0.100 % 0079 % 0086 & 0079 & 0.100
g, My | 0250 | +0267 | +0268 | +0268 | +0.500 { +0200 | +0.286 | +0.263 0136
j=" . .
g , Mo | — — | -0071 | —0072 | — — | -0143 | —0.053 0136
& | Bending moment : 4 0105 & pios A
2 My — — — +0.019 — — — — 0,053 A 07 & gop7 & 0.109] 01091
g M| — ~0067 | +0218 | —0.005 — +0200 | +0.286 | +0.263 0.127 0.127
= : .
< Me 0 0 0 0 - 1.000 | —1.000 | —1.000 | —1.000 0.109 0.109 A75111 & 0083 & o111 A
= 4 o088 4 0028 4 ooss A
g Vi | ~1250 | 1267 | +1.268 | +1268 | +1.500 | +1200 | +1.286 | +1.263 012 onn  oim
2 Ve, | —1.250 | 1267 | —1268 | —1.268 ; —1.500 | —1.200 | —1.286 | —1.263 0.117 0.078 0.117 0.131 0117 0.131
g Ver | —0.250 | -0333 | -0339 [ —0340 | —1.500 0 ~-0429 | —0.316 4 0085 4 o040 A 0040 B pogs A £ 0100 & 0089 4 0030 A 0im A
g Vi 0.339 4 0.429 0.316 ’ » ’
= L —_— — +03 +0.340 — — +0. +0.
= L {0.1151  [0086]  [0.086]  [0.115]
‘S | Shearing force Ver |~ — +0.089 ) +0.091 - — - 0 P R L LT ©.126)  (0116)  [0.116)  (0.126)
2 Vo — — —_— - 0.091 — — — 0 0.086 0.037 0.051 0.037 0.036 0.131 0.121 0.121 0.131
g Vim | -~ — — —0.024 — — +0.429 | +0316 : 470110 4 0087 A 0094 & 0087 Aoil0 A
_E P — +0.333 | -0.089 | +0.024 — 0 -0.429 | —-0.316
= Vir — +0.067 | —0.018 | +0.005 — -1200 | —1.286 | —1.263
° Ve | +0250 | —0067 | +0.018 | —0.005 ) +1.500 | +1.200 | +1286 | +1.263 0.145
S - 05 A £51 & g &
_ i . .
é Key: Af B * K+ A* B ? ] f K+ 0.084 0.084 0.116] [0.116]
= 0.135 0.135
0.116 0.116 'y Z 0000 & gl A
A B C 1 K A B C H ] K i < = —a 0.120 0.09 .
A 4 °} ) b § A 4 . 4 0055 & o022 & 0o ona o ok
Adjustment to bending moment = M coefficient x applied bending moment 0.124 0.083 0.124 (8'123) (8'13_? (3‘123)
Adjustment to shearing force = (V coefficent x applied bending moment)/span £ 5002 & 045 X o045 & goon A i —— = - i
— : — : L - 0.118 0.096 0.096 0.118
E To produce maximum positive moment in span ST —Wﬁ—‘m a8 p 0122 0.092 0.092 0.122 01221  [©092]  [0.092]  [0.122]
. . 1135 1 . )
g Optional Optional & L0093 X oost X 0056 A oou A oo A o G120 o 013
E To produce maximum negative moment at support S W 40110 4 0095 & 012 A 005 & o0119 A
o ' R ® T U v
E Simplifications: BS 8110: Consider live load on all spans EC2: Consider live load on spans RS and 3T only
: 0.151
| . Uniformly loaded continuous beam, frecly supported at the ends, with three or more approximately equal spans P 0'151 . A7p121 A 20 A
— 0.090 0.090 [©.121] [0.121]
: Bending moment Shearing force ) - 0.141 0.141
@ it : 0.121 121 Fy F i 7y
| Position 0.128 0.097 0.128
2 BS 8110 EC2 BS 8110 and EC 2 ® o1z & o006 & o2 *
= 01301  [0.086]  [0.1301
=, ©.140)  (0.130)  (0.140)
© | Atouter support 0 0 0.45F — O-E’O 0}86 0.130 . 0.146 0130  0.146
£ | Nearmiddle of end span ™. +0.09F] +0.09F1 — 0.098 0050 & 0050 4 0098 45126 & 0103 & 0103 A 0126 A
% | At first interior support ¢ - 0.11F] -0.11F! 0.60F [0.127
5 : O Suf ‘ 127F 00961 [0.0%6)  [0.127]
2. | At middle of interior spans +0.07F1 +0.07F1 ) — i 0‘127 og;) 6 Oﬁg 6 0:27 i 0.140)  (0.129)  (0.129)  (0.140)
&' | At other interior supports ~0.08F] —0.09F] " 0.55F 0.099 0.046 0.062 0.046 0.099 0.145 0.135 0135 0145
] A70127 A o102 & 0109 & 0102 & o127 A l
Note: Values apply where characteristic imposed load does not exceed characteristic dead load and variations in span: ‘
length do not exceed 15% of longgst span (F is total design load on span, [ is effective span). |




Continuous beams: moments from equal loads ! 3 Continuous beams: shears from equal loads
on equal spans — 2 ® on equal spans . ®
Load All spans loaded Live load (sequence of loaded spans Load All
" : spans loaded i
(e.g. dead load) to give max. bending moment) (e.g pdead load) L“’et loa'd (sequenie of loaded spans
.8 0 give max. shearing force
0.155 ° :
0.155 i i A 0375 0.625
0.127 0.127 0.438 0.625
— A 0095 A Qo A «| & o065 A o375 A i
I [0.124]  [0.124] 0625 A 0438 A
3 0.145 0.145 -
T . 0124 o N A o3d & o102 & o013 A = 0.600 0450 083 0.617
: —— A : -
0.170 0.040 0.107 [0.133] [0.089] [0.133] ,g — 0.600 0.500 0.400% A 7k 0.583 & 0.450%
©.144)  (0.133) (0144 T B ' '
0.133 0.089 0.133 0.149 0.133 0.149 = 0.393 0.536 0464 0.607
. = . : 0.446 0.603 0.571 0.621
A A A A A A A A A A — A 4 :
3 0.103 0.054 0.054 0.103 0.132 0.109 0.109 0.132 = 06072 04644 05364 o303h A T omA o5 E ocA  oach
T_ 0.131 0.098 0.098 0.131 0131 (00981 (0098 [0 c B 0.395 | - B
- - - : 0144y  (0132)  (0132) (0149 =W : 0.526 0.500 0474 0.605 0.447
) 0.598 0.591 )
K 5Tor & 000 X o056 ® 0050 & oaos A 0.149 0.138 0.138 0.149 4 ge0s®  pa7ad  os00% os526%  pa3osA T YTV S AO 776 AO&O “
A g3 A 0107 X 0115 & o107 & 0133 A ' S767 059 05987 0.447
0156 - 0344 0.656
| 0.156 i = 2 £ 0Gek  gapk 0.422 0.656
‘ 0.129 0.129 ‘ 3 A )g5cA A
| £70005s & o5 4 ' 0422
| r ' ' [0.125] [0.125] ® 0375 0500 0
] 0.146 0.146 z 2 b i 625 " 0437 0.605 0.646
o 0.125 0.125 A 0136 A p104 A 36 A g 0.625 0.500 0.375 A A A r
— . - 4 & 0.646 0.603 0.437
0.108 0.042 0.108 [0.134]  [0.089]  [0.134) 4
©145) (@134  (0.145) = 0.366 0.545 0.455 0.634
0134 0089 0.3 0451 043 0151 el VY T S LY ST 0435 o028 058y 0651
7 K 0100 & 0056 * 0056 & o104 A &£ 032 & 0111 & o1 Ao 4 k 7 0.651 0.589 0.628 0.433
=
) 0.532 0.500 0.631
01321  §0.099]  10.099]  [0.132] ‘ 0.369 0.468 0434 0.622 0.614 0.649
— 0132 0.099 0099 0132 ©.45  (0113)  (0.133) (0145 L oerd pacsh  oso0h osnd o3gd &K opk  0ssh ool 4.0'595 y 7Y
A o105 & oost & ooes & o005t A o105 A 0.150 0.139 0.139 0.150 ’ ) ’ 0622 0434
A o135 A ogiw A 0117 A 0109 40135 4
" i 0158 N ) e — A°'6880313 " 0.406 0.688
' ] } i x
« A 5156 & o156 A 0203 0203 - 0688 0.406%
. ] . [0.150] [0.150] 8
g 0175 0175 %é 2.350 0.500 0.650 0.425 0.625 0675
3 ' _
2 0.150 0.150 o35 & o175 A o3 A E 06504  os00® 03504 F Y 7y 7y
5 A 1755 & g0 & o175 A S ' 06257 0425
ki . : : [0.161  [01071  [0.161} 3 >
g — ©174)  ©161)  (©.1174) g 0339 053  0M6 0661 0420 0654 0607 068
& 0.161 0.107 0.161 0.181 0.161 0.181 g 4 oe61d  paa6d 05544 330d i YL - x S 1 A
% & 0770 & o116 * o1i6 & o1 A &£ 5710 & 133 A (183 A o210 A & 681 0.607 0.654 0.420
3 0.342 0.540
’ 0158 olis o118 0158 (0,158 [0.118]  [0118]  [0.158] < 4 i~ AO 300 AO"*GO 0.658 0.421 0647 0636 0615 0.679
) : . J . ©.174)  (0.160)  (0.160)  (0.174) 0.658 04604 0500 0540%  oanh Y NPT NPT NP ry A
A o7 Ao Yo A o 0.171 0.179 0.167 0.167 0.179 : : : 0.647 0.421
K 5311 X 0181 & 0191 A o181 Aop211 A
0.167 N < 3'333 2'667 " 0417 0.667
0.167 A o1 & (13 4 g 06677 0.333 A7 0661A T garrh
< 4701 A o1 A g
" 111 : [0.133]  10.133] R 0367 0500
£ 0.156 0.156 I — = LS 0433 0611 0656
2 0.133 0.133 Ao & g0 X oqm A g 06337 05007  0.367 A7 06562  o6llA 0433
4 Ko & ooz & ouz A o '
3 . : . . [0.143]  [0.095]  [0.143} K 0357 0548
E ©155) (0143}  (0.155) B | g = ‘0-452 0643 0.429 0.637 0.595 0.661
g 0.143 0.095 0.143 0.160 0.144 0.160 § 0.643 0452 05484 03574 A oo61A 0595A  p637A p4xoh
£ A 5119 & (056 & 0056 & o119 A A 043 & gl A ol A 043 A = : . .
g (0140]  §0105]  [0.105]  [0.140) 4 3-360 0.535 0500 0.465 0.640 0.430 0.631 0.621 0.602 0.659
Q L 0.140 0.105 0.105 0.140 (0.155) {0.142) (0.142) (0.155) 0.640 A 04654 05004 0.535% o3 A A A A : A - ry
A r'y i r'y ry 2 0.159 0.148 0.148 0.159 0.659 0.602 0.621 0.631 0.480
0.120 0.050 0.061 0.050 0.120 i . - A ———a
] 1 ) . 144
0.144 0.108 0.115 0.108 0.14 or any trapezoidal load. . 1
T"'I ) SF_ ;:oefﬁlment =k —=5)(1+e— a?y +% where k is SF coefficient for
) ) ) : ; unifor d, read fr
Bending moment = (coefficient) X (total load on one span) X (span) Second moment of area is same throughout all spans. E : Ifrm=o ad, read from above table. .
‘ C . . . . J g. If « = 0.5, coefficient at central support of two-span beam is equal to
Bending moment coefficients: Bending moment coefficients in square brackets (live load) (0.625 — 0.5)(1 + 0.5 — (.25) + 0.5 = 0.656
apply if all spans are loaded (i.e. BS 8110 requirements). Rl
y q

above line apply (o negative bending moment at Supports

below line apply to positive bending moment in span
Coefficients apply when ail spans are equal (may be used also when
shortest = 85% longest). Loads on each loaded span are same.

Bending moment coefficients in curved brackets (five load)
apply if two adjacent spans are loaded (ie. EC 2 requircraents
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The design load consists of a dead load of 1.0g, = 20 kN/m and
a live load of (0.4g, + 1.6g) = 40 kIN/m. Then, from Table 2.30
(using coefficients in square brackets for the live load), the
ultimate bending moments are as follows:

Penultimate support:
Dead load:  0.105 X 20 X 52 = 52.5 kNm (negative)
Imposed load: 0.105 X 40 X 5% = 105.0 kNm (negative)
Total = 157.5 kNm (negative)

Interior support:
Dead load:  0.079 X 20 X 52=39.5 kNm (negative)
Imposed load: 0.079 X 40 X 5= 79.0 kNm (negative)
Total = 118.5 kNm (negative)

Near middle of end span:
Dead load:  0.078 X 20 X 5% = 39.0 kNm (positive)
Imposed load: 0.100 X 40 X 5% = 100.0 kNm (positive)
Total = 139.0 kNm (positive)

Middle of central span:
Dead load;  0.046 X 20 X 52 =23.0 kNm (positive)
Imposed Toad: 0.086 X 40 X 5? = 86.0 kNm (positive)
Total = 109.0 kNm (positive)

Example 2. Calculate the maximum ultimate moments for
example 1, according to the requirements of EC 2.

The design load consists of a dead load of 1.35g, = 27 kN/m
and a live load of 1.5¢g, = 30 kN/m. Then, from Table 2.30
(using coefficients in curved brackets for the live load), the
ultimate bending moments are as follows:

Penultimate support:
Dead load:  0.105 X 27 X 52 = 70.9 kNm {negative)
Imposed load: 0.116 X 30 X 5% = §7.0 kNm (negative)
Total = 157.9 kNm (negative)

Intericr support:
Dead load:  0.079 X 27 X 5% = 53.3 kNm (negative)
Imposed load: 0.106 X 30 X 5% = 79.5 kNm (negative}
Total = 132.8 kNm (negative)

Near middle of end span:
Dead load:  0.078 X 27 X 52 = 52.7 kNm (positive)
Imposed load: 0.100 X 30 X 5% =75.0 kNm (positive)

Total = 127.7 kNm (positive)
Middle of central span:
Dead load:  0.046 X 27 X 52 = 31.1 kNm (positive)

Imposed load: 0.086 X 30 X 5% = 64.5 kNm (positive)
Total =95.6 kKNm (positive)

Example 3. Calculate the maximum uvitimate moments for
example 1, according to the requirements of BS 8110, when a
2 m long cantilever is provided at each end of the beam.,
Increase in moments due to dead and live loads on cantilevers
at critical positions is as follows:

End support
Dead load: 0.5 X 20 X 22 = 40.0 kNm (negative)
Imposed load: 0.5 X 40 X 22 = 80.0 kNm (negative)
Total = 120.0 kNm (negative)

Interior support
From Table 2.29, increase due to moments at end supports is
0.053 X 120 = 6.4 kNm (negative).

Continuous beams

Decrease in moments due io dead load only on cantilevers at
critical positions is as follows:

Penultimate support
From Tuble 2.29, decrease due to moments at end supports 1s
0.263 X 40 = 10.5 kNm (positive).

Middle of end span
From Table 2.29, decrease due to moments at end supports 18
[1.0 — 0.5(1.0 + 0.263)] X 40 = 14.7 (negative).

Middle of central span
From Table 2.29, decrease due to moments at end supports is
0.053 X 40 = 2.1 kNm (negative).

12.3 REDISTRIBUTION OF MOMENTS

As explained in section 4.2.2, for the ULS, both BS 8110 and
EC 2 permit the moments determined by a linear elastic analysis
to be redistributed, provided that the resulting distribution
remains in equilibrium with the loads. Although the conditions
affecting the procedure are slightly different in the two codes,
the general approach is to reduce the critical moments by a
chosen amount, up to the maximum percentage permitted, and
determine the revised moments at other positions by equilibrium
considerations.

An important point to appreciate is that each particular load
combination can be considered separately. Thus, if desired, it is
possible to reduce the maximum moments in the spans, and at
the supports. For example, the maximum support moments can
be reduced to values that are still greater than those that occur
with the maximum span moments. The maximum span
moments can then be reduced until the corresponding support
moments are the same as the (reduced) maximum values. -

The principles of static equilibrinm require that no changes
should be made to the moments in a cantilever or at a freely
supported end. 3

12.3.1 Code requirements

BS 8110 and EC 2 permit the maximum moments to be reduced:-
by up to 30% provided that, in the subsequent design of the rele-
vant sections, the depth of the neutral axis is limited according
to the amount of redistribution. (Note that there is no restricti
on the maximum percentage increase of moment.) In EC 2,
maximum permitted reduction depends also on the ductiki
of the reinforcement, being 30% for reinforcement classes
and C but only 209% for ciass A.

In BS 8110, it is stated that the ultimate resistance mom\
at a section should be at least 70% of the maximum momc
at that section before redistribution. In effect, the process
redistribution alters the positions of points of contra-flexute:
The purpose of the code requirement is to ensure that at-such
points on the diagram of redistributed moments (at whic
flexural reinforcement is theoretically required), suifi
reinforcement is provided to cater for the moments that
oceur under service loading. The redistribution procedun
advantage of the ability of continuous beams to develop P’
hinges at critical sections priot to failure, whilst also el
that the response remains fully elastic under service loadi
requirements are discussed more fully in books on struc
design and in the Handbook to BS 8110.

Redistribution of moments

12.3.2 Redistribution procedure

The use of moment redistribution is illustrated in Table 2.33,
where a beam of three equal spans is examined in accordance
with the requirements of BS 8110. The uniformly distributed
dead and live loads are each equal to 1200 units per span. The
moment diagram for dead load on each span is shown in (a).
Moment diagrams for the arrangements of live load that give
the maximum moments at the supports and in the spans are
shown in (b). The moment envelope obtained by combining
the diagrams for dead and live loads is shown in (¢). (Note
that the vertical scale of diagrams (¢)—(f) differs from that
of (a) and (b).)

The redistribution procedure is normally used to reduce the
maximum support moments. One approach is to reduce these to
the values obtained when the span moments are greatest. This
is shown in (d), where the support moments have been reduced
from —240 to —180, a reduction of 25%. In this case, no other
adjustment is needed to the moment envelope. If the maximum
support moments are reduced by 30%, from —240to — 168, the
span moments must be increased as shown in (e). The 70%
requirement, discussed in section 11.3.2, determines the extent
of the hogging region in the end span and the minimum value
of —21 in the middle span. (For the load cases in EC2, the
maximum support moments could be rednced by 30%, from
—260 to —182, with no other adjustment needed to the
moment envelope.)

If the criterion is to reduce the maximum span moments, in
the case of an up-stand beam say, this may be achieved by
increasing the corresponding support moments. This {s shown
in (f), where the maximum moment in the middle span has been
reduced by 30%, from 120 to 84, by increasing the support
moments from —180 to —216. (Note that the minimum
moment in the middle span has increased from —30 to —66.)
The moment in the end span has also been reduced by 7%, from
217 to 202. The 70% requirement determines the extent of the
sagging regions in both spans. It is clear that any further reduc-
tion of moment in the end span would result in a considerable

© increase in the support moment. For example, a 30% reduction

in the end span moment, from 217 to 152, would increase the
support moment to —346 and the minimum moment in the
middle span to —196.

In view of the many factors involved, it is difficult to give any
general rules as to whether to redistribute moments or by how
much; such decisions are basically matters of individual engi-
neering judgement. A useful approach is to first calculate the
ultimate resistance moments at the support sections, provided by
chosen arrangements of reinforcement, and then redistribute the
moment diagrams o suit. The span sections can then be designed
for the resulting moments, and a check made to ensure that all
of the code requirements are satisfied, Moment redistribution,

.ink eneral, affects the shearing forces at the supports, and it is

mmended that beam sections are designed for the greater of
shear forces calculated before and after redistribution.

1e use of moment distribution in systems where the beams
analysed in conjunction with adjoining columns requires
€ consideration. In such cases it is important to ensure that,
Y postulated collapse mechanism involving plastic hinges in
columns, these are the last hinges to form. To this end, it is
Mmended that column sections should be designed for the
ter of the moments calculated before and after redistribution.
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12.3.3 Bending moment diagrams

The moment diagrams and coefficients given in Tables 2.34
and 2.35 cater for beams that are continuous over two, three,
and four or more equal spans. They apply to cases where the
second moment of area of the cross section is constant and
the loads on each loaded span are the same. For convenience,
coefficients derived by elastic analysis before and after given
redistributions, in accordance with the rules of both BS 8110
and EC 2, are tabulated against the location points indicated in
the diagrams. For example, M, is the coefficient corresponding
to the maximum moment at the central support of a two-span
beam, while M, is the coefficient that gives the moment at this
support when the moment in the adjoining span is a maximum.
Thus, by means of the coefficients given, the appropriate envelope
of maximum moments is obtained.

Three load types are considered: UDL throughout each span,
a central concentrated load and equal concentrated loads
positioned at the third-points of the span. The span moments
determined by summing the individual maximum values given
separately for dead and live loads in the case of uniform
loading, will be approximate but erring on the side of safety,
since each maximum value occurs at a slightly different position.
The tabulated coefficients may also be used to determine the
support moments resulting from combinations of the given
load types by summing the results for each type. The corre-
sponding span moments can then be determined as described in
section 12.1.3.

Moment coefficients are given for redistribution values of
10% and 30% respectively. For the dead load, all the support
moments have been reduced by the full amount, and the span
moments increased to suit the adjusted values at the supports.
For the live loads, all the support moments and, for 10% redis-
tribution, all the span moments have been reduced by the full
amount. For 30% redistribution, each span moment has been
reduced to the minimum value required for equilibrium with the
new support moments. As a result, the BS 8110 span moment
coefficients are the same as those for the dead load. Although
there is no particular merit in limiting redistribution to 10%,
some BS 8110 design formulae for determining the vltimate
resistance moment are related to this condition.

Tor design purposes, redistribution at a particular section
refers to the percentage change in the combined moment due
to the dead and live loads. When using the tables, the value for
the support moments will be either - 109 or —30% but the values
for the span moments will need to be calculated for each
particular case. Consider, for example, a two-span beam sup-
porting UDLs with g, = g, and 30% redistribution, according
to the requirements of BS 8110,

The design load consists of a dead load of 1.0g, and a live
load of (0.4g, + 1.6q,) = 2.0g,. Then, from Table 2.34, the
ultimate bending moments are as follows:

Before redistribution:

After redistribution:
M;; = (0.085g, + 0.085 X 2g)P = 0.255g, I*

% Redistribution = —100 X (0.262 — 0.255)/0.262 = —3%.

Thus, a full 30% reduction of the maximum support moments is
obtained with no increase in the maximum span moment.




Continuous beams: moment redistribution

Fo f o

+ @ + Uniformly distributed load (dead load = Tive load = £200 units per span)

(a) Dead load only —-120

—120

30

(c) Dead + live loads
Critical cases

Spans 14+2+3

Spans 2

Spans 1+243

Spans 1+3

the support moments
and some increase of
the span moments

60
733 Spans 2
120
192 Spans 1-+3
217
(e) Envelope obtained with
maximum reduction of
—168 —168

222

(b) Live load only —120 —120
Critical cases .
(for BS 8110) Spans 14+2+3
Spans 1+3 —60

96
1215

Spans 1+2+3 \/
30
Span 2
Spans 1+3
90

(d) Envelope obtained with

some Teduction of the

supgport moments but —180
with no increase of the
span momenis

—180

217

(f) Envelope obtained with 216
maximum reduction of
moement in middle span
and some reduction of

moment in end spans —126

202

Continuous beams: bending moment diagrams ~ 1 )
Two spans Two spans
Dead Foad Dead load
Live load (ali spans loaded) Live load

(all spans loaded)

M3

+

IIE TR HIINIIIJ{I_HIIHIIIIIII TR

My S/MBB

Equal total load F on each foaded span
Bending moment = coefficient X F X span
Diagrams are symmetrical but are not drawn to scaie

Moments indicated thus = do not resukt from loading arrangement
prescribed in Codes, which give zero positive moment at all supports.

Values below indicated thus!D give maximum percentage reduction of
span moment due to live load possible when support mements have been

reduced by full 30%
Dead ioad (all spans loaded) Live load Live load
BS8110 and EC2 BS8110 EC2
Redistribution nil 10% 30% nil 10% 30% nii 10% 30%
e M, +0.078 +0082 | +0091 | +0.100 | +0090 | +0091" | +0.100 | +0.090 |+ 0.0881
:‘% Unif M., —0.106 | —-0095 ] —0074 | —0.106 | —0.095 | —0074 —0.116 | —0.104 | —0.081
- l“’ grm M - — — —-0.053 | —0076 |—0.074 —0.054 | —0.076 |—0.08]
s oaas Mgy — — — 0.00¢ 0.000 0.000 +0014 | +0.6i3 }+0.010
= Mg +0.034 | +0043 | +0061 | +0.079 | +0.07F | +0.061%7 ) +0.079 | +0.071 §+ 0,056
2 —
& My, +0.171 +0.178 | +0.195 | +0210 | +0.180 }+0.195(7 | +0.210 | +0.189 |+ 1890®
22 an_lral M, —0.159 | ~0.143 | —0.111 —-0.159 | —0.143 | —0.1H —-0.174 | —0.157 {—0.122
= E point M, — — — -0.079 | ~@Q.122 |—0.111 -0.07% | —-0.12 |—-0.122
3 2 loads Mo — — — 0.000 6.000 | +0.000 +0.021 | +0.019 |+0.015
’g = M, +0.113 +0.127 | 01534 | +0.18F | +G.163 |+ 01549 +0.18] | +0.163 |+ 0145
3.'% - M, +0.120 | +0.124 | 4034 | +0.143 § +0.129 [ +0.134 | +0.143 | +0.129 | +0.130™
'}_3-: | Third- M, +0072 | +0082 | +0.101 | +0.119 { +0.107 [ +01C1™{ +0.119 | +0.107 |+ 0.094"
ot point M, ~0.141 -0127 | —0.099 { —0.141 | -0.127 | —-0.099 —0.155 ] —0.140 {—0.109
3 loads M, — — a— =0.071 —0.114 [ —-0099 —-0.072 { —-0.114 |-0.109
2 Mgs* — — —_— 0.000 0.000 0.000 +0019 | +0.017 |+0.013
& Mg, +0.038 ; +0.051 +0.677 | +6.103 | +0092 | +00772 | +0103 | +0.092 |+0072
- Moy +0.051 +0.062 | +0.086 | +0.109 | +0098 |+0.086° 1 40109 | +0.098 [ +0.076°0
b Uniform § My +0.042 | +0050 | +0.067 | +0.083 { +0075 |+0.067 ] +0083 | +0.075 |+005"
S loads A, —0083 | —0075 { —0.058 | —0.083 { —0.075 | —0.058 -~ 0106 | —0.095 | —0.074
E - My - — — —-0.042 | — 0050 | —0.067 ~0.042 | —0.050 | —0.067
a M., — — — 0.060 0.000 0.000 +0.028 | +0.025 | +0.020
.7 +0.125 +0.138 | +0.163 | +0.188 | +0.169 {+0G163"D} +0.188 { +0.169 [+0.1392%
M, —0.J25 | —0.113 | —0.088 | —0.125 § ~0.113 |—0.088 —0.15% | ~-0.143 | ~0.111
My — — —_ —8.063 | —0.081 |-0088 —0.0603 | —0.08) {—0l1l
M, * — — — 0.000 4.000 0.000 +0.043 | +0.038 | +0.030
M, +0.055 | +0.067 +0089 | +0.011 | +0.000 {+0089 | +0111 | +0.100 | +0.078°
My =011 | —-0.H0 -0078 | —O0.ILl | —0.100 {—0078 ~0.141 | —0.127 | —~0.099
M, — — _ -0.055 | —0.067 |- 0.078 —0055 | —0.067 | —0.08%
Mg* — —_ - 0.000 6.000 0.000 +0.038 | +0.034 | +0.027




Influence lines for continuous beams : 121

Continuous beams: bending moment diagrams — 2 )
. Loonul 0 ¢ of infinite svst internl span and support of infinite system 12.4 ANALYSIS BY MOMENT DISTRIBUTION 3. Plot on the influence line diagram the train of loads in what
End span and penultim ate span and support of infinite system e : : H
The Hardy Cross moment distribution methed of analysis, 18 considered to be the mo.st adverse position.
Dead load _ Dead load Lo load in which support moments are derived by a step-by-step 4. Tabulate the value of (ordinate X load) for each load.
(all spans Joaded) Live load (all spans Joaded) e loa process of successive approximations, is described briefly 5. Add algebraically the values of (ordinate X load) to obtain
My My and shown by means of a worked example in Table 2.36. The the resultant bending moment at the section considered.
method is able to accommodate span-to-span Vvariations g Repeat for other positions of the load train to ensure that the
. Cf T in span length, member size and loading arrangement. The most adverse position has been considered.
A )\_‘__ ‘4 ‘precise moment distribution’ method avoids the iterative . )
Myy* . procedure by using more complicated distribution and carry-  110€ followrmg example shows the direct use of the tabulated
7 over factors. Span moments can be determined as described influence lines, for calculating the moments on a beam that is

continuous over four spans with concentrated loads applied at
specified positions.

in section 12.1.3,

For continnous beams of two, three or four spans, uniform
cross-section and symmetrical loading, the support moments
may also be obtained by using the factors in Table 2.37.

Example. Determine the bending moments at the penuitimate ‘
left-hand support of a system of four spans, having a constant :
cross section and freely supported at the ends, when loads of
100 kN are applied at the mid-points of the first and third spans
12.5 INFLUENCE LINES FOR CONTINUOUS BEAMS from the left-hand end. The end spans are 8 m long and the
The following procedure can be used to determine bending  inierior spans are 12 m long.

moments at chosen sections in a system of continuous beams,
due to a train of loads in any given position.

My
M7,
Mg
E EF
Mis

Mgg My p g
21 2

S
<
Etol'rj
I
I
=
| =
1
I

The span ratio is 1:1.5:1.5:1 and the ordinates are obtained from
Table 2.40 for penultimate support C.

|
+§
—-
&
+
\

M My,
M My Mg Mg Mo Mg M Mo s ’ 1. Draw the beam system to a convenient scale. With load on first span (ordinate ¢):
Equal total load F on each loaded span Moments indicated thus  do not result from loading arrangement 2. With the ordinates tabulated in the appropriate Table 2.38, Bending moment = —(0.082 X 100 X 8) = ~-65.6 kNm
Bending moment = coefficient X F' X span prescribed in Codes, which give zero positive moment at all supports. 2.39, 2.40 or 2.41, construct the influence line (for unit load)  With load on third span (ordinate m):
i ical b dr. 1 - S . . . . :
Diagrams are symrnesrical but are Aot draw to scale Values below indicated thus® give maximum percentage reduction of for the section being comsidered, selecting a convenient Bending moment = +(0.035 X 100 X 8) = +28.0 kNm
span moment due to live load possible when support moments have been scale for the bending moment. Net bending moment at penultimate support = —37.6 kNm
reduced by full 30% -
Dead Ioad fall spans loaded) Live toad Live load |
BS811¢ and EC2 BSs8i110 EC2
Redistribution nil 10% 30% nil 10% 30% nil 10% 30%
= Mg | +0078 | +0082 { +0.091 | +0.100 { +0090 |+0001'" | +0.100 | +0.090 | +0083:2
B . sz —0106 { —0.095 | —0074 | —@.106 | —0.095 [—-0074 —-0.116 | ~0.104 | —0.08f
5 [ Uniform | ag — — — —0.053 | —0.076 [—0.074 | —0054 | —0.076 {—0.08!
H loads | a7, — — — 0.000 0000 | 0000 | +0014 | +0.0i3 | +00i0
3 M +0034 | +0.043 | +0661 | +0.079 | +06.071 |+0.061°} +0.079 | +0.071 | +0.056%%
Ee My | +0.171 | +0.178 | +0.195 | +0210 | +0.180 |+0.195(7) | +0210 | +0.189 | + 0.18570"
% 21 Central Mg —-0.15%9 | —0.143 | —0.011 =0.139 | —0.143 |—0.111 —0174 | —0.157 {—-0.122.
% & point Moy - — — -0.079 | -0.122 | -0.111 —007 | -0.122 |-0122 .
£ 2| loads Mgo* - n T 0.1 0.000 0.000 | +0.000 +0.021 | +0.019 | +0015 -
= 5% -
5E& M, +0.113 +0.127 | +0.154 | +0.181 + 0163 |{+0.1549% | +0.181 | +0.163 | +0.1459%".
e d
B,Eg M, +0.120 | +0.124 | 30134 | +0.143 | +0.129 | +0.134" | +0.143 | +0.129 | +0.130" =
9 Third- Mg, +0072 | +0.082 § +0.101 +0.119 | +0,107 | +0.101"™ | +0.119 | +0.107 |-+ 009493
= int Mg - 0.141 —0127 | —0099 | —0.141 —90.127 | —0.099 0155 | —0.140 | —0.109
S | P | Ma | — - — | —0071 | —0.114 {-009 | —0072 [ ~0.114 [-0.109
& Mgs* — — — " 0.000 0.000 | 0.000 +0019 | +0.017 [+0013 =
2 Mg, | +0038 | +0051 | +0.077 | +0.103 | +0.002 |+0077%9 ] +0103 | +0.092 {+6072°
- Mg, | +08051 | +0.062 | +0.086 | +0.109 | +0.008 | +0.0862" | 40,109 | +0.098 | +Q076°% _
Uniform | Mz | +0042 | +0050 | +0.067 | +0.083 | +0075 | +0.067°% | +0083 | +0.075 | +0.058° .
5 loads M. - 0.083 —0075 ] —0.058 { —0.083 | —0.075 | —0.058 ~0.166 | —0.095 | —0074 -
- My - — — —0.042 | — 0.050 - 0.067 —0042 | —0.050 067
2 M,,* — — — 0.000 0.000 0.000 +0.028 [ +0.025
ae
2% ) Central | My | +0125 | +0.038 | +0.063 | +0.188 | +0.169 | +0.163'» ] +0.188 | +0.169
=4 7| point My —-0.J25 ] —013 | —0088 | —0.125 ; —0.113 |—0.088 —-0.159 | —0.143
c 2| loads M, — — — —0.063 | —008] |—0.088 ~0.063 [ —0.08]
=&
=3 < Mg* — — — 6.000 0.600 0.000 +0.043 | +0.038
27 | Third- | M» | +0055 | +0067 | +0089 | +0.41t | +0.100 |+0089° | +o.111 | +0.100
2 point My, ~-0.1 —~0.100 -0078 | —0.111 —0.100 [—0.0578 -0.141 | —-0.137 |
= loads My, — _ _— -0.055 | —0.067 |—0.078 —~0.055 | —0.067 %
Mg,* — — — 0.000 0.000 0.000 +0.038 | +0.034 i




Continuous beams: moment distribution methods

2.36

HARDY CROSS MOMENT DISTRIBUTION

L.

Consider each member to be fixed at ends: calculate fixed-end
moments (FEMs) due to external loads on individual members by
means of Table 2.28.

. Where members meet, sum of bending moments must equal

zero for equilibrium; i.e. at B, My, +Mpe = 0. Since SFEM
(i.e. FEMg, + FEMpc) is unlikely to equal zero, a balancing
moment of — X FEM must be introduced at each support to achieve
equilibrium.

. Distribute this balancing moment between members meeting at

a joint in proportion to their relative stiffnesses K = I/ by
multiplying — 3 FEM by distribution factor D for each member
(e.g. at B, Dp, = K, 3/(Ku5 -+ Kpe) etc. so that Dy, + Dpe-= 1.
At afree end, D = 1; at a fully fixed end, D = ().

. Applying a moment at one end of member induces moment

of one-half of magnitude and of same sign at opposite end
of member (termed carry-over). Thus distributed moment

—ZFEM X Dy, at B of AB produces a moment of —(1/2)SFEM x
D, at A, and s0 on.

5. These carried-over moments produce further unbalanced moments
at supports (e.g. moments carried over from A and C give rise 1o
further moments at B). These must again be redistributed and the
carry-over process repeated.

6. Repeat cycle of operations described in steps 2-5 until unbalanced
moments are negligible. Then sum values obtained each side
of support.

Various simplifications can be employed to shorten analysis. The
most useful is that for dealing with a system that is freely supported
at the end. If stiffness considered for end span when calculating
distribution factors is taken as only three-quarters of actua]
stiffness, and one-half of fixed-end moment at free support is added
to FEM at other end of span, the span may then be treated as fixed
and no further carrying over from free end back to penultimate
support takes place.

Uniform moment of inertia

Sm »- 12m ]}.)7 Sm—b&

¥ Gm Ll 1
Distribution factors i 1 314 %C%- 272 OE
Fixed-end moments 0 0203 +203{] O ol 0 0
First distribution 0 +122| +81 —116| 87 0 ]
1st carry-over 61 < = gl-5g - 40| o=+ = _gp| o=« = g
2nd distribution ) —61 +35( +23 -23[-17 +17|+26 0
Ind carry-over 17 - e 30| 12 e et 12| 19w e =9 = e 43
3rd distribution -17 +25| +17 —12| -9 +41 +5 0
31d cairy-over +13 =m0 6w e 48] 42w e gy g e 43
4th distribution —13 +9| +6 —6| —4 +2| +2 0
Supmations 0 +152|-152 +106|- 106 —33]+33 +16
PRECISE MOMENT DISTRIBUTION DF,. = 1-2¢,4
BT T
1. Calculate fixed-end moments (FEMSs) as for Hardy Cross moment 1= ¢anboa

2.

distribution.

Determine continuity factors for each span of system from
general expression

Kus
Bro = 1/[2 - —,}icz—qb,,)}

where ¢, is continuity factor for previous span and K, and K,
are stiffnesses of two spans. Work from left to right along system. If
left-hand support (A in example below) is free, take ¢z = 0 for first
span: if A is fully fixed, ¢, = 0.5. (Intermediate fixity conditions
may be assumed if desired, by interpolation.) Repeat the foregoing
procedure starting from right-hand end and working to left (to obtain
continuity factor ¢, for span AB, for example).

. Caiculate distribution factors (DFs) at junctions between spans

from general expression

where ¢,z and ¢z, are continuity factors obtained in step 2.
Note that these distribution factors do not correspond to those
used in Hardy Cross moment distribution. Check that, at each
support, SDF = 1.

4. Distribute the balancing moments —3FEM introduced at each
support to provide equilibrium for the unbalanced FEMs by
multiplying by the distribution factors obtained in step 3.

5. Carry over the distributed balancing moments at the supports
by multiplying them by the continuity factors obtained in
step 2 by working in opposite direction. For example, the moment
carried over from B to A is obtained by multiplyieg the
distriboted moment at B by ¢,z and so on. This procedure is
illustrated in example below. Only a single carry-over operation
in each direction is necessary.

6. Sum values obtained to determine final moments.

30 kN/m Uniform moment of inertia §
> R} 3 g
o 6 :ﬂ —IB 9 :11 Lo C 121, m Dl 8 lm §
Relative stiffnesses 3 ) 12 7
P - 0 3 0.305 0220
Continuity factors ‘i_ 5 | 0a1s 0237 0300 0533 3 0500 :
Distribution factors 1.000 0.569 | 0.431 0,567 |0.433 0.371 | 0.629 0
Fixed-end moments —203 +203
o ‘/4{+116 +87 —115 | —88
Distribution carry-over 0 +34 1 —34 +21 | —21 }'\
—36| +36 ——— = 1|8
Summations 0 +1501~150 +109 | —-109 —36] +36 +18

Continuous beams: unequal prismatic spans and loads

37

Load Max. free
-vide given beam system into 2 number of similar systems each having one span Type of load factor=a | bending moment
Dw&eg %m a particular type of load. To find the bending moment at any support —
IdO:c to any one of these loads, evaluate the following factors for the particular support (AT 1.00 1
and type of toad: ;
F total load on span being considered e, 125 0167 F.
. s =
2 load factor (=unity for distributed load) ——Vbl N u‘/lr- T 23 : m o
@ support moment coefficient i 41—y
U/ moment multiplier {=unity for equal spans) o
= = 1.50
Moment at support =aQU x F x base span |
Ratios of remaining spazs to base span = ky,kz, ks =y=¢= 133 0.167Fi
F F F F Even number of
- e - e . l 2 R
IR 24j 103&:4(—2) Fi
=l=|==|= 1+4] 8\ 14
Odd number of
Any number of loads ; adsi 1_.11')”
(/) equally spaced oacsg 7
Equal spans Unequal
No. Support moment coeflicients Mome:f?nulﬁwspliers U
ts);ans Loaded span 0. 0Og 0.
. ’ 2
— —0.0625 — =Tr%
2 2
— —0.0625 — = TTE
Both spans loaded with identical load — —0.1250 — See note below
1 Uy =053U
Base — | —o0os67 | +o0167 | Us c
k1 N spa.n _ kfz 0.066 =+ UC=3k%H x:kl "
A‘ B:uth C D kot
5
Ug=H{y +ka) =
1 f 1 T — —00500 | —0.0500 | °® =1
Ue = Hix +ky) 4xy
3
Uy=3Kk3H
— .0167 | —0.0667 B 2
l t +0 Ue=05xU,
For two, three, or four unetf)]eu;ac]liipans loadﬁ
ith identh — —{. —0.1000 | simultaneously, determine g moment for
All spans loaded with identical load 0.1000 Sultane !oaﬁed e o padl S
Y Y U, =(2/15x)(14+k H,z)
Base k ks ks Q0670 | +0.0179 | —00045 | Ug=zH,
X T Uc=2k,H, x=k+1
[ span | N B C
= unity y=k;+k;
U, =(6/11x)k, =k, +k,
X [(14k,/3) ~ Us) o 1
T T —T —00491 | —00536 | +00134 | ¢ _ g Qe
= H
Ue= 2haH H,=14k,Y
) H,=14k3Y{x+1)/3
—_ 2 1 ¥
Uy=2k,H, H,— 143 Y (ks +2)/3
T—T_—_’ﬁ———? Ug=xH; 2
x [(14k,/3) — U]
U y= 2k, H K
i —00045 | +00179 | —0.0670 | Up=xI,k,
T T T 1 Uc=2H, (xy—Kj)/t5
All spans loaded with identical load —0.1071 | —00714 | —0.1071 § See note above




Continuous beams: influence lines for three spans

2.

Influence lines for bending moments
at midspan B of end span AC

and midspan D of central span CC’ 0.35

0.30

0.25
0.20 4

pos.

A / /\\j ‘/v"(

VAR

RN,

/

010 —

/.

@\
/

Short sp:;ln L, |B

A = "B-1:1:17 D

Long span L,

D110 :
0.10 | L L I

neg.

L

a b ¢ d e f g

Influence lines for bending moments
at interior support C

£ 0.05 ————
R Short span I |C

T T ’:_1 .
Long span L, l—/—i——‘“‘——-‘ L7

A C-129 B JA P

D C’' ShortspanL, (B’ Al

s

1:1. 51 //

0.10

- -t
C’/\ \\C V/ N

0.20

0.25

neg.

| Section

Ratio of

Ordinates

spans

Lo L, End span AC

Centralspan CC’ EndspanC'A’

f z h J k 1 m n

0.062
0.066
0.068

0.127
0.134
0.139

Midspan B
of end
span AC

0.2006
0.209
0.215

0.117
0.126
0.132

0.050
0.056
0.060

1:1.5:1
1:2:1

0.029
0.651
0.075

0.040
6.070
6.102

0.038
0.065
0.094

0.027 | 0.013
0.021

0.029

0.012
0.012
0.012

0.013
0.012
0.012

0.010
0.01¢

0.065 0.009

1:1:1
1:1.5:1
1:2:1

0.043
0:036
0.030

0.079
0.065
0.056

0.100
0.082
0.070

0.099
0.081
0.069

Interior
support C

0.068
0.056
0.048

0.057
0.102
0.151

0.079
0.139
0.204

0.075
0.130
0.188

0.054
0.092
0.129

0.026
0.042
0.058

0.025
0.024
0.023

0.025
0.025
0.023

6.020
0.020
0.019

Midspan D
of central
span CC’

1:1:1
1:1.5:1
1:2:1

0016
0.013
0.010

0.030
0.023
0.019

0.038
0.029
0.023

0.037
0.028
0.023

0.025
0.020
0.016

0.042
0.053
0.063

0.100
0.135
0.167

0.175
0.245
0.313

0.100
0.135
0.167

0.042
0.053
0.063

0.037
0.028
0.023

0.038
0.029
0.023

0.030
0.023
0.019

Unequal spans
Data enable influence lines to be drawn for bending
moments produced by a single unit load moving over three
unequal spans,

Ordinates for intermediate ratio of spans can be inter-
polated.

Equal spans
Influence lines marked 1:1:1 can be used directly
(diagram of a succession of loads must be drawn to the
same linear scale).

Bending moment due to load F concentrated at any point
=(ordinate of appropriate influence line)

x{end span L) x F

Continuous beams: influence lines for two spans 2 ® 8
0.4
™
“
0.3 7/ N %T
0
A N
& 02 S \\3
2 / RN QLA \ O\
o1 ) 4{\ //// \
= X Wz SN
B ShortspanL; C D Long span £,
"Iz e . D-12 B-1:1 ——F |
D-1:1
o 0.1 P~——tB-12
2 Siieiai
0.13 a b c d e f g h j k
A B Shortspan L, c D Long span L, E
0
A
C-1.2 ]
C-1:1
o 010 Cc-1i \\ P /
% 015 c- 113 —_
a 3 d e ~N =
0.20 \\ 5 z
_ 0.25 - i §
2
5 £
5 E
g 5
5 Ordinates E
2 Ratio g
2 Secti of Shorter span Longer span g
) on spans P geTSp 2
L:L, o
a b c d € f i z k i k- =
_ p
Shorter 1:1 0.063 { 0.130 | 0203 | 0.121 | 0.052 | 0.032 | 0.046 | 0047 | 0.037 § 0020 : -~
span 1:1.5 0.067 | 0.137 | 0213 | 0.130 | 0058 | 0.058 | 0.083 | 0.084 | 0.067 | 0.037 :
midspan B 12 0.070 | 0.142 [ 0219 | 0.136 | 0.062 | 0.085 | 0.124 | 0.125 | 0.099 | 0.054 .
Central 1:1 0041 { 0074 | 0.094 { 0.093 | 0.064 | 0.064 | 0.093 | 0.094 | 0074 | 0.04} -
support 1:1.5 0.032 | 0.059 § 0.075 | 0.074 | 0051 | 0.115 | 0.167 | 0.169 | 0.133 | 0.073
c 1:2 0.027 | 0049 | 0.063 | 0.062 | 0042 | 0.170 { 0.247 | 0.250 | 0.198 | 0.108 _
Longer 1:1 0020 | 0037 | 0047 | 0046 | 0032 | 0.052 | 0.121 | 0203 | 0.130 | 0.063 "
span 1:1.5 0.016 | 0.030 | 0.038 | 0.037 | 0.025 | 0.067 [ 0.167 | 0.291 | 0.183 | 0.088 =
midspan D 1:2 0014 | 0025 | 0031 | 0.031 | 0.021 | 0.082 | 0.210 | 0.375 | 0.235 | 0.113.
Unequal spans Equal spans
Data enable influence lines 10 be drawn for the bending Influence lines marked 1:1 can be used directly
moments produced by a single unit load moving over two (diagram of a succession of loads must be drawn to the
unequal spans. same linear scale).
Ordinates for intermediate ratios of spans can be inter- Bending moment due to load Fooncentrated at any pmnt
polated. = (ordinate of appropriate influence line} -
. % (shorterspan L,) X F
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In monolithic building construction, concrete floors can take
various forms, as shown in Table 2.42. Slabs can be solid or
ribbed, and can span between beams, in either one or two direc-
tions, or be supported direcily by columns as a flat slab. Slab
elements occur also as decking in bridges and other forms of
platform structures, and as walling in rectangular tanks, silos
and other forms of retaining structures.

13.1 ONE-WAY SLABS

For slabs carrying uniformly distributed load and continuous
over three or more nearly equal spans, approximate solutions
for the ultimate bending moments and shearing forces, for both
BS 8110 and EC 2, are given in Tuble 2.42. The support
moments include an allowance for 20% redistribution in both
cases. The differences in the values for the two codes occur as
a result of the different load arrangements described in section
4.4.1. However, it shouid be noted that for designs to EC 2, the
UK National Annex allows the use of the BS 8110 simplified
load arrangement as an alternative to that recommended in the
base document. For two equal spans, the corresponding values
for both codes would be:

Position Moment Shear
At outer support 0 0.40F
Near middle of end span +0.08F! —
At interior support —0.10F1 0.60F

For designs where elastic bending moments are required, the
coefficients given for beams in Zable 2.29 should be used.

13.2 TWO-WAY SLABS

Various methods, based on elastic or collapse considerations,
are used to design slabs spanning in two directions. Elastic
methods are appropriate if for example, serviceability checks
on crack widths are required, as in the design of bridges and
liquid-retaining structures. Collapse methods are appropriate
in cases, such as floors in buildings and similar structures,
where the main criterion is the ultimate condition, and the

Chapter 13
Slabs

serviceability requirements of cracking and deflection are met
by compliance with simplified rules.

13.2.1 Uniformly loaded slabs (BS 8110 method)

For rectangular panels carrying uniformly distributed load,
where the corners are prevented from lifting and adequate
provision is made for torsion, the panel is considered
to be divided into middle and edge strips, as shown in
Tuble 2.42. The method may be used for continuous slabs,

where the characteristic dead and imposed loads on adjacent

panels, and the spans perpendicular to the lines of common
support, are approximately the same as on the pane! being

considered. o

The bending moments and shearing forces on the middle
strips, for nine different panel types, are given in Table 2.43..
Reinforcement meeting the minimum percentage requirement’
of the code should be provided in the edge strips. At comers_.
where either one or both edges of the panel are discontinuous,;
torsion reinforcement is required., This should consist of top ar_l_'d:;
bottom reinforcement, each with layers of bars placed parallel.
to the sides of the slab and extending from the edges a mininuyr;
distance of one-fifth of the shorter span. The area of reinforce-!
ment in each of the four layers, as a proportion of that requiré(_L
for the positive moment at mid-span, should be three-quarters:

where both edges are discontinuous and three-cighths whe
one edge is discontinuous. At a discontinuous edge, where
slab is monolithic with the support, negative reinforcemen
equal to a half of that required for the positive moment
mid-span should be provided. .

‘Where, becanse of differences between contiguous pane
two different values are obtained for the negative moment at'a

shared continuous edge, these values may be considered as,

fixed-end moments and moment distribution used to obta
equilibrium in the direction of span. The revised negati
moments can then be used to adjust the positive moments
mid-span. For each panel, the sum of the mid-span moment 2
the average of the support moments should be the same as
original sum for that particular panel. D i

When the long span exceeds twice the short span, the slab
should be designed as spanning in the short direction. In the
long direction, the long span coefficient may still be used fo
the negative moment at a continuous edge.

Slabs: general data

2.42

Types of slab

ONE-WAY SLABS

Solid (with beams}

SRSSSSN

NS E 2

-asllﬁ*w |

Ribbed {with integral beams)

TWO-WAY SLABS

‘Waffle {with integral beams)

FLAT SLABS

Solid

Solid with drops

Approximate solutions for one-way slabs

Uniformly loaded one-way slab, freely supported at the ends, with three or more approximately equal spans

. Ultimate bending moment Ultimate shearing force
Position
BS 3110 EC2 BS 8110 EC2

At outer support 0 0 0.40F 045F
Near middle of end span + 0.086F1 + 00981 — —
At first interior support —0.086F1 —0.09F] 0.60F 0.60F
At middle of interior spans + 0,063F1 +0.07F! — —
At other interior supports —0.063F! —0.08F! 0.50F 0.55F

Notes: Support moments include allowance for 20% redistribution (F is total design load on span, [ is effective span).
BS 8110 solutions apply in cases where characteristic imposed load does not exceed 1.25 x characteristic dead load or
5 kN/m?, and area of each bay exceeds 30 m®. Where slab is continuous with end support, the following values may be
used: moment at outer support — 0.04FI, moment near middie of end span + 0.075FI, shear at outer support 0.45F.
Burocode 2 solutions apply in cases where characteristic imposed load does not exceed 1,25 x characteristic dead load.

Two-way slabs (BS 81 10)

b

..rlool

Middle strip o """i\&id_&l_e_s_tr_iin _____ ._.>< ¥
p 1 Corspmiy L (orsoanly Ay
: HEE . S nt
& IL H*'ooT
Edge strip 4 B Edge strip

Division of uniformly loaded rectangular panel into middle and edge strips
(For details of moments and shear forces on middle sirips, see Table 2.43)




Two-way slabs: uniformly loaded rectangular panels

2.43

(BS 8110 method)
Rectangular panels supported on four sides with provision for torsion at corners

Type of panel with moments and shears Short span coefficients A, and B for values of I, /i Long span

considered coefficients
o | 11 | 12 | 13 | 14 % 15 | 175 | 20 | Buwand B,

1. Four edges continuous

Negative moment at continuous edge 0.032 | 0.037 | 0.042 | 0.046 | 0.050 | 0.053 | 0.059 | 0.063 0.032

Positive moment at mid-span 0.024 | 0.028 | 0.032 | 0.035 | 0.037 | 0.040 ; 0.044 | 0.048 0.024

Shear force at continuous edge 033 ) 036 ) 039 | 041 | 043 | 045 | 048 ] 0.50 0.33

2. One short edge discontinuouns

Negative moment at continuous edge 0.039 | 0.044 | 0.048 | 0.052 | 0.055 | 0.058 | 0.063 | 0.067 0.037

Positive moment at mid-span 0.029 | 0.033 [ 0.036 | 0.039 | 0.041 { 0.043 | 0.047 | 0.050 0.028

Shear force at continuous edge 036 | 039 | 042 | 044 | 045 | 047 | 050 | 0.52 0.36

Shear force at discontinuous edge — — — — — - — — 0.24

3. One long edge discontinuous

Negative moment at continuous edge 0.037 | 0.049 | 0.056 | 0.062 | 0.068 | 0.073 | 0.082 | 0.089 0.039

Positive motment at mid-span 0.028 | 0.036 ] 0.042 | 0.047 | 0.051 | 0.055 ] 0.062 ) 0.067 0.029

Shear force at continuous edge 036 | 0,40 | 044 | 047 | 049 | 051 | 055 | 0.59 0.36

Shear force at discontinuous edge 024 | 027 | 029 ¢ 031 | 032 | 034 | 036 | 038 -—

4. Two adjacent edges discontinuous

Negative moment at continuous edge 0.047 | 0.056 { 0.063 | 0.060 | 0.074 | 0.078 | 0.087 | 0.093 0.047

Positive moment at mid-span 0.036 | 0.042 | 0.047 § 0.051 | 0.055 | 0.059 | 0.065 | 0.070 0.036

Shear force at continuous edge 040 | 044 | 047 | 050 | 0.52 | 0.54 | 0.57 | 0.60 0.40

Shear force at discontinuous edge 026 | 029 | 031 1033 | 034 | 035 | 038 | 040 0.26

5. Two long edges continuous

Negative moment at continuous edge 0.046 | 0.050 | 0.054 { 0.057 | 0.060 | 0.062 | 0.067 | 0.070 —

Positive moment at mid-span (.034 | 0.038 | 0.040 | 0.043 | 0.045 | 0.047 | 0.050 | 0.053 0.034

Shear force at continuous edge 040 | 043 | 045 | 047 | 048 | 049 | 052 | 0.54 —

Shear force at discontinuous edge — — — — — — — — 0.26

6. Two short edges continnous

Negative moment at continuous edge — — — — — — — — 0.046

Positive moment at mid-span 0.034 | 0.046 | 0.056 | 0.065 | 0.072 | 0.078 | 0.091 | 0.100 0.034,

Shear force at continuous edge — — — _— - — — — 0.40

Shear force at discontinuous edge 026 | 030 | 033 | 036 | 038 | 040 | 044 | 047 —

7. One long edge continuous

Negative moment at continuous edge 0.058 | 0.065 | 0.071 | 0.076 | 0.081 | 0.084 | 0.092 | 0.098 —

Positive moment at mid-span 0.043 | 0.048 | 0.053 | 0.057 | 0.060 | 0.063 | 0.069 | 0.074 0.043

Shear force at continuous edge 045 | 048 | 051 | 053 | 0.55 | 0.57 | 0.60 } 0.63 —

Shear force at discontinuous edge 030 | 032 | 034 [ 035 | 036 | 037 | 039 | 0.41 0.29

8. One short edge continuous

Negative moment at continuous edge — — — — — — — — 0.058

Positive moment at mid-span 0.043 | 0.054 | 0.063 | 0.071 | 0.078 | 0.084 [ 0.096 | 0.105 0.043

Shear force at continuous edge — — — — — -— — —_— 0.45

Shear force at discontinuous edge 029 | 033 | 036 [ 038 | 040 [ 042 | 045 | 048 0.30 :

9. Four edges discontinuous '

Positive moment at mid-span 0.056 | 0.065 | 0.074 | 0.081 | 0.087 | 0.092 | 0.103 | Q.111 0.056

Shear force at discontinuous edge 033 | 036 | 039 041 | 043 | 045 | 048 | 0.50 0.33 :

Note: Maximum values of moment per unit width and shear force per unit width are given by the following relationships, .

where I, is short span, /y is long span and » is design ultimate load per unit area.

Short span: my, = Bux 1 by v = B 1t Iy Long span: my = fuy 1 12 vy= Py nly

T

Concentrated loads

Example. Determine the bending moment coefficients in the
short span direction for the slab panel layout shown as follows.

A em B em € gm D
I bt | ™ _'1
T | |
-0.078 | —0.058 i
I [
& 0059 | 0043 | 0059
| i
| -0.058 | -0.078
3 S N N
| I
I [
-0.066 -0.066
& | |
0.065 | 0.035 | 0.065
I !
x ! !

The upper half of the layout shows the coefficients obtained
from Table 2.43, with [, /I, = 9.0/6.0 = 1.5, for panel types:

A-B (and C-D}: two adjacent edges discontinuous
B-C: one short edge discontinuous

The lower half of the layout shows the coefficients obtained after
distribution of the unbalanced support moments at B and C.
The effective stiffnesses, allowing for the effects of simple sup-
ports at A and D, and carry-over moments at B and C are:

Span A-B (and C-D): 0.73[/1 Span B-C: 0.51/

Distribution factors at B and C, with no carry-overs, ate:

BA (and CD): 0.75/(0.75 -+ 0.50) = 0.6
BC (and CB): (1.0 — 0.6) = 0.4

Moment coefficients at B and C, after distribution, are
~ 0.078 -+ 0.6 (0.078 — 0.058) = — 0.066
Moment coefficients at mid-span, after redistribution, are:

BA (and CD): 0.059 + 0.5 (0.078 — 0.066) = 0.065
BC: 0.043 — (0.066 — 0.058) = 0.035

13.2.2 Uniformly loaded slabs (elastic analysis)

For rectangular panels carrying uniformly distributed load,
where the corners are prevented from lifting and adequate
provision is made for torsion, maximum bending and torsion
moments are given in Table 2.44 for nine panel types. Where,
in continuous slabs, the edge conditions in contiguous panels
result in two different values being obtained for the negative
moment at a fixed edge, the moment distribution procedure
shown in section 13.2.1 could be used, but this would ignore the
inter-dependence of the moments in the two directions. A some-
what complex procedure involving edge stiffness factors is
derived, and shown with fully worked examples in ref. 21.
The coefficients include for a Poisson’s ratio of 0.2 and have
been calculated from data given in ref. 21, which was derived

131
by ﬁnif_e element analysis with Poisson’s ratio taken as zero,
using the following approximate relationships:

Bending moments
Torsion moments

Oy, = Gyp+ Py
Cyyo = (1 - v)axy()

Qy, = Ciyg + vayy

where p is Poisson’s ratio, and a, g, @4y are coefficients
corresponding to v = 0. Thus, if required, the tabulated values
can be readjusted to suit a Poisson’s ratio of zero, as follows:

Wy = 104 (Cl’.'x,()_z - 02 ay,g_z)
ayO =1.04 (ay,O.Z —-02 ax,O.Z)
axyg = 1.25 axy,ﬁ.?.

Bending moments

Torsion moments

For rectangular panels, simply supported on four sides, with no
provision to resist torsion at the corners or to prevent the cor-
ners from lifting, coefficients taken from BS 8110 are also
given in Table 2.44. The coefficients, which are derived from
the Grashof and Rankine formulae (see section 4.5.3), are given
by the following expressions:

/Ly

(WAL
amx = 57
8[1 + (/1]

Sy = 81 + ()]

13.2.3 Non-rectangular panels

For a non-rectangular panel supported along all ‘of its edges,
bending moments can be determined approximately from the
data given in Table 2.48. The information, which is based on
elastic analysis, is applicable to panels that are trapezoidal,
triangular, polygonal or circular. For guidance on using this
information, including the arrangement of the reinforcement,
reference should be made to section 4.7.

13.3 CONCENTRATED LOADS

13.3.1 One-way skabs

For a slab, simply supported along two opposite edges and
carrying a centrally placed load uniformly distributed over a
defined area, maximun: elastic bending moments are given in
Table 2.45. The coefficients, which include for a Poisson’s ratio
of 0.2, have been calculated from the data derived for a
rectangular panel infinitely long in one direction. For designs to
BS 8110, in which the ULS requirement is the main criterion,
a concentrated load placed in any position may be spread over
a strip of effective width b_, as shown in Table 2.45. Parallel to
the supports, a strip of width (x + a,/2) equally spaced each
side of the load has been considered.

For slabs that are restrained at one or both edges, maximum
negative and positive bending moments may be obtained by
multiplying the simply supported moment by the appropriate
factors given in Table 2.45. The factors, which are given for -
both fixed and continuous conditions, are those appropriate to
elastic beam behaviour.

13.3.2 Two-way slabs

For a rectangular panel, freely supported along all four edges and
carrying a concentric Ioad uniformly distributed over a defined
arca, maximum mid-span bending moments based on Pigeaud’s
theory are given in Tables 2.46 and 2.47. Moment coefficients




Two-way slabs: uniformly loaded rectangular panels ! 4 4 | 2 4
(elastic analysis) ® One-way slabs: concentrated loads Py

Rectangular panels supported on four sides with provision for torsion at corners %\ Notati Val}les Coefficients for values of a,/l,
otation o
Coefficients for values of I, /I, TE‘ ayl; 01 02 04 06 038 o
Type of panel with moments considered g . .
ype orp 1.0 1.1 12 1.3 14 1.5 1.75 2.0 % Toral load 0.1 Omx | (.310 0.259 0.199 | 0.161 § 0.132 0.109
1. Four edges fixed = Marhe Omy | 0.246 | 0219 | 0.176 | 0146 | 0.121 | 0.100
l\f ative moment at fixed edge ox | 0.052 | 0.058 | 0.064 | 0.069 [ 0.073 | 0.077 { 0.081 | 0.083 9 0.2 Gux | 0282 0.243 0.191 | 0.156 | 0.129 0.106
egative £ ] =
Uny | 0.052 | 0.054 | 0.056 | 0.057 | 0.057 | 0.057 | 0.057 Og‘jg = Cmy | 0.196 0.180 0152 | 0128 | 0.107 0.089
iti id- Onx | 0.021 | 0.025 | 0029 | 0.032 | 0.034 | 0.036 | 6.040 | 0. 5 - B
Positive moment at mid-span Oy | 0.021 | 0.021 | 0.020 | 0.020 | 0.019 | 0.018 | 0.018 | 0.018 g g, B 04 Omc| 0240 | 0216 | 0176 | 0.146 | 0122 | 0.100
y £ & o | & Omy | 0.138 0.131 0.115 | 0.100 | 0.085 0.070
2. One short edge hinged (others fixed) 2 @ i T 2 06 o | 0211 0192 o161 o136 Tome o0n
Negati t at fixed edge Ome | 0.062 | 0.068 | 0.072 | 0.076 | 0.079 | 0.080 | 0.083 { 0.084 2 s . . : . . .
cRTEmomET I et Gy | 0.055 | 0.057 | 0.057 | 0.058 | 0.058 | 0.057 | 0.057 | 0.056 Sy Omy | 0105 | 0.100 | 0.090 | 0.079 | 0.067 | 0.056
Positive moment at mid-span Omy | 0.027 | 0.030 | 0.033 | 0.036 | 0.038 | 0.039 | 0.042 | 0.043 E e 0.8 o | (.188 0.173 0.148 | 0.126 | 0.106 0.088
Oy | 0.022 | 0.022 | 0.021 | 0.021 | 0.021 | 0.021 | 0.020 | 0.019 ° , I, ' oy | 0.082 0.079 0071 | 0.063 | 0053 0.045
‘ £ - .
3. One long edge hinged (others fixed) 5 1.0 Gox | 0.169 0.157 | 0.136 | 0.116 | 0.098 | 0.082
Negative moment at fixed edge Omc | 0.055 | 0.065 | 0.074 | 0.082 | 0.089 | 0.095 | 0.107 | 0.115 o Oy | 0.066 0.063 0.057 | 0.051 | 0.044 0.037
Gy | 0.062 | 0.068 | 0.072 | 0.076 | 0.077 | 0.078 | 0.080 | 0.081 - i o _ '
Positive moment at mid-span O | 0.022 | 0.026 | 0.032 | 0.036 | 0.040 | 0.047 | 0.055 | 0.061 § Note. Maximum moments per unit width are given by:
Omy { 0.027 | 0.028 | 0.028 | 0.028 | 0.027 | 0.027 | 0.025 | 0.022 In direction of Iy:  my = a4, FF Atright angles 10y m, = g, 7
4. Two adjacent edges hinged (two fixed) . — .
Negative rﬂloment atgﬁxed e%ge ( Ome | 0.070 | 0.079 | 0.087 | 0.094 | 0.100 | 0.105 | 0.1i5 | 0.120  total load F Note. Maximum moments per unit width are given by:
Omy 1 0.070 | 0.074 | 0.077 | 0.07& | 0.078 | 0.081 | 0.082 | 0.082 Effective widh o
Positive moment at mid-span Oqe | 0.030 | 0.034 1 0.038 | 0.042 | 0.046 | 0.050 | 0.056 | 0.059 . x - Bhiective width b, In direction of £,
_ Gy | 0.030 | 0.030 | 0.030 | 0.026 | 0.029 | 0.029 | 0.028 | 0.027 E .l’ AT . = Fx A P
Torsion moment at comner (hinged edges) Oy | 0027 | 0.029 | 0.031 | 0.033 | 0.034 | 0.035 | 0.035 | 0.035 g /I § Unsirpported edge b LN,
5. Two short edges hinged (others fixed) = Y At right angles to J,
Negative momengt at fixed edge O | 0.070 | 0.074 | 0.077 | 0.07% | 0.081 ) 0.083 | 0.085 | 0.086 = ¥ Z _________ N _Lay rignt angles to
Positive moment at mid-span x| 0.032 | 0.035 | 0.037 | 0.039 | 0.040 | 0.042 | 0.044 | 0.045 w . _ ~
° P Oy | 0.022 | 0.022 | 0021 | 0.021 | 0.021 | 0.021 | 0.022 | 0.022 a R f When b =24 x(1-x/ ) +a,
< A Fb a
6. Two long edges hinged (others fixed) = .= e [l _ %y ]
Negative moment at fixed edge Cmy | 0.070 | 0.079 | 0.087 | 0.094 | 0.100 | 0.105 | 0.114 0.12(5) E v 422 x+a, } b, |
Positive moment at mid-span Unx [ 0.022 | 0.028 [ 0.035 | 0.042 { 0.049 | 0.056 | 0.071 ; 0.085 | 5 _ B _
v i Oy | 0.032 | 0.035 | 0.037 | 0.040 | 0.041 | 0.042 | 0.041 | 0.040 ;: e h Wﬂ. When b =12x (1 —x/l)+a,/2+y
: " r 1 2
i Fb a
7. One long edge fixed (others hinged) . > . ; dio2) %
Negative moment at fixed edge Omx ¢ 0.084 ¢ 0.092 | 0.098 | 0.104 | 0.108 | ¢.112 | 0.118 | 0.122 ‘E* Effocti dth of strin y Z(ZJCT%) b, h
Positive moment at mid-span ' O | 0.037 | 0.041 | 0.045 | 0.049 | 0.051 | 0.054 | 0.059 | 0.062 | A €ctive width of strip:
Ony | 0.031 | 0.030 1 0.029 | 0.029 [ 0.028 | 0.028 | 0.028 | 0.029 be = 1.2x(1- x/k) + @, /2 +y b 2 - 5
Torsion moment at corner (hinged edges) Oy | 0031 | 0.033 | 0.034 | 0.035 | 0.035 | 0.036 | 0.036 | 0.036 : <24x(1- 211 + a My, = m(l _b_] (torsion at unsupported edge) ‘
8. One short edge fixed (others hinged) ' _ ;
| Negative moment at fixed edge Omy 1 0.084 [ 0.092 | 0.099 | 0.104 | 0.109 | 0.173 | 0.118 | 0.122 - — ‘
Positive moment at mid-span Ome § 0.031 | 0.039 | 0.046 | 0.053 | 0.060 | 0.066 | 0.081 | 0.093 _ N Multipliers for values of a,/l, =
Ony | 0.039 | 0.042 | 0.044 | 0.043 [ 0.043 | 0.043 { 0.044 | 0.044 Restraint condition and moment . 2 s v Iy ” : ‘
Torsion moment at corner (hinged edges) Omzy | 0.026 | 0.035 | 0.039 | 0.042 | 0.044 | 0.046 | 0.050 | 0.053 . . . . . . N
9. Four edges hinged : | Fixedatboth ends negative moment { 0.50 0.55 0.59 | 063 | 0.66 0.67 =
P;)sitive momet at mid-span Pnx | 0.044 | 0.052 | 0.060 | 0.066 | 0.073 | 0.079 | 0.091 | 0.102 5 E positive moment 0.50 0.45 0.41 0.37 0.34 0.33
Omy | 0.044 | 0.045 | 0.045 | 0.045 | 0.044 | 0.044 | 0.044 | 0.045 8 | Fixedatoneend negative moment | 0.75 082 089 094 098 00 N
Torsion moment at corner Grney | 0.037 | 0.040 | 0.043 | 0.046 | 0.048 [ 0.049 | 0.052 [ 0.053 o i ; 3 : . . . |
il g positive momen 0.6 0.60 0.59 0.58 0.57 0.56 -
Rectangular panels simply supported on four sides with comers not held down & Multi-span (interior span) negative moment 032 035 037 040 oAl ™ ‘
10. Four edges simply-supported ' g positive moment |  0.68 0.65 0.63 0.60 0.59 0.58 :
: " «
Positive moment at mid-span Omx ) 0.062 | 0.074 | 0.084 | 0.093 0.09? 3(1)2461- 8(1);2 8(1); 5 | Multi-span (end span) negative moment | 0.40 044 048 05 053 oa
Cay | 0:062 | 0.061 | 0099 | 0.055 | 9.05 . - — = ' positive moment 0.80 0.78 0.77 0.76 0.75 0.75
Note: Maximum moments per unit width are given by the following relationships, where I, is short span, J is long span and.

Note. Bending moments are obtained by multiplying the moment for the simply supported case by the appropriate
factor. For the general case of a continuous slab, the negative moments for the fixed-end cases should be distributed
as necessary to obtain equilibrium. The resulting negative moments can then be used to adjust the positive moments,
The values given for the multi-span cases are for load on one span only of a series of five or more equal spans

w is design load per unit area. , ‘ )
Short span: #ix = Gy W Iy Long span: my = g, w g Torsion: My, = Gy Wiy
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Two-way slabs: rectangular panel with concentric
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Two-way slabs: non-rectangular panels (elastic analysis)

2.48

i<l

o

‘*—lxl _"l

<l
1,2
1

over entire pane}

M:=%ﬁ:[{3 +v)—{1+3%)&*]

£ Calculate bending moments
' as for rectangular panel —
: =, 12
§ with k=171, 1t o
E..
lr- lﬂ JI I‘ lﬂ _Jl
i, i? smail compared wxf.h L, } apply rules for triangular )
or {.; is small compared with /.,
- N irel 2bh
d = diameter of inscribed circle = m
Freely sapported along all edpes (corners restrained)
E? A Bending moment (in two directions at centre of circle) = + wd?/16
=
o
s k Contipaoas along all sides:
&
; Bending moment {in two directions at centre of cirele} = + wd?/30
=1
= b N Bending moment (at sides) = —wh?/30
| 1 _
w is intensity of uniformly distributed load {or intensity of pressure at
centre of circle if pressure varies uniformly).
These expressions are valid for values of v % 0.2.
= | Five or more sides ) o _ )
S h  diameter of inscribed circle = distance across flats
= h, diameter of circumscribed circle = distance across coraers
<. A By, (h+ he)2= 1.077h for hexagon
= 1.041h for octagon
= Calculate bending moments as for circle of diameter h,
o
Freely supported edge Clamped edge
Beneath loaded area Beneath loaded area ,
F h F h
M, =M, % — 1+(1+v)1n—] M,=M3%—(1+v)n-
Concentric T ! 41:[ d T A d
concentrated load
F uniformly Beneath unloaded area Beneath unloaded area
distributed over F FRY .
small area of M, = —£(1+v)lnc;' M=—i{-— (1-—v)—{1+v)lng—l]
. dn 4z} \ 2th
diameter 4 N - Ll
= =—[(1—v) - =—f{= ) Wl —v)—(1 +Wné—v
3 M,—%:{(l v —{l+v}Inf} M, 4,1[(251) ¥l —v}—{1 +vjIn ]
2
2
& wh? wh 2
= =— 1 g2 M.=——[(l + ) — {3+ )&%}
= | tUniformly "= (3+v)( &) 64 H
[+
= | distributed load w 2
S | over entire pane M,=%[{I+v}—-(l+3v){2]

Notes .
Reinforcement to pesist M, moment in radial direction

positive bending moments M, mement in tangential direction

to be provided in {wo v  Poissor’s ratio
directions mutvaliy at distance of point considered from slab centre
right angles, ¢

For slab continuous at edge, average moments obtained

by considening freely supported siab and slab with
ciamped edge. '

1f d < half the thickness of slab t, substilute

& = f{1.6d% +17)—0.675t for 4 in above formulac.

radivs of slab

T

Yield-line analysis

given in the charts are used with an appropriate value of Poisson’s
ratio to calculate the bending moments, The coefficients given at
the top right comer of each chart are for the limiting case when
the load extends over the entire panel. This case, with Poisson’s
ratio taken as 0.2, is given also in Table 2.44,

When using the chart for square panels (k = 1.0), if g, = a,,
€y = oty and the resulting bending moment in each direction is
given by F (1 + v)a,y. In other cases, coefficient e, is based on
the direction chosen for a, and coefficient a,, is obtained by
reversing a, and a,, as shown in example 1 later.

The maximum shearing forces, V per unit length, on a panel
carrying a concentrated load are given by Pigeaud as follows:

a,>a, atthe centre of length a,, V=F/(2a,+ ay)
at the centre of length ¢,, V= F/3a,
a,>>a, atthe centre of length g,, V=F 3a,

at the cenire of length a,, V= F/(2a,+ a,)

For panels that are restrained along all four edges, Pigeaud
recommends that the mid-span moments be reduced by 20%.
Alternatively, the multipliers given for one-way slabs could
be used in one or both directions as appropriate, if the inter-
dependence of the bending moments is ignored.

Example 1. Consider a square panel, freely supported along
all four edges, carrying a concentric load with a,/I, = 0.8 and
ay/l, = 0.2. From Table 2.47 for k = 1, the bending moment
coefficients are:

For a,/l, = 0.8 and a /I, = 0.2; o , = 0.072
For a/l, = 0.2 and a,/l, = 0.8; v =0.103

Maximum bending moments per unit width with v = 0.2, are:

For span in direction of a,, F(0.072 + 0.2 X 0.103) = 0.093F
For span in direction of ay, F(0.103 + 0.2 X 0.072) = 0.118F

Example 2. A bridge deck is formed of a 200 mm thick slab
supported by longitudinal beams spaced at 2 m centres. The
slab is covered with 100 mm thick surfacing. Determine, for the
SLS, the maximum positive bending moments in the slab due to
the local effects of live loading.

The critical live load for serviceability is the HA wheel load
of 100 kN, to which & partial load factor of 1.2 is applied. For
2 100 mm X 100 mm contact area, and allowing for load
dispersal through the thickness of the surfacing and down to
the mid-depth of the slab (see section 2.4.9), the side of the
resulting patch load is (300 + 100 + 200) = 600 mm.

The simply supported bending moment coefficients for a
centrally placed load, by interpolation from Tuble 2.45, are:

For a,/1, = ayll; = 600/2000 = 0.3; ay, = 0.206, oy, = 0.145

Allowing for continuity (interior span) in the direction of [, and
applying a partial load factor of 1.2, the positive bending
moments per unit width are;

In direction of 7,
my, =0.64 X 0.206 % 1.2 X 100 = 15.8 kNm/m
L right angles to 1,

my = (.145 X 1.2 X 100 = 17.4 kNm/m
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For design purposes, the bending moments determined earlier
will need to be combined with the moments due to the weight
of the slab and surfacing, and any transverse effects of the
global deck analysis.

Note. Using the method given in BS 8110, with x = 0.5, the
effective width of the strip is:
b, =06l +a,=06xX20+06=18m

Allowing for continuity (intetior span) in the direction of , and
applying a partial load factor of 1.2, the positive bending
moments per unit width are:

In direction of £,

. =().64><1,2><100><1.0(14 0.6

. 2% 1.8 2><2.0) = 18.1kNm/m

At right angles to [,

_ 1.2><100><1.8( 0.6

42X 1.0 + 0.6 lwﬁ) = 13.9kNm/m

13.4 YIELD-LINE ANALYSIS

As stated in section 4.5.2, yield-line theory is too complex a
subject to deal with adequately in the space available in this
Handbook. The following notes are therefore intended merely
to introduce the designer to the basic concepts, methods and
problems involved. For further information, see refs 23 to 28.
Application of yield-line theory to the design of rectangular
slabs subjected to triangularly distributed loads is dealt with in
section 13.6.2.

13.4.1 Basic principles

When a reinforced concrete slab is loaded, cracks form in
the regions where the applied moment exceeds the cracking
resistance of the concrete. As the load is increased beyond the
service value, the concrete continues to crack; eventually, the
reinforcement yields and the cracks extend to the corners of
the slab, dividing it into several areas separated by so-called
yield-lines, as shown in diagrams (i)}—(iii) on Table 2.49. Any
further increase in load will cause the slab to collapse. In
the design process, the load corresponding to the formation of
the entire system of yield lines is calculated and, by applying
suitable partial factors of safety, the resistance moment that
must be provided to avoid collapse is determined.

For a slab of given shape, it is usually possible to postulate
different modes of failure, the critical mode depending on the
support conditions, the panel dimension and the relative propor-
tions of reinforcement provided in each direction. For example,
if the slab shown in diagram (i)(a) is reinforced sufficiently
strongly in the direction of the shorter span, by comparison with
the longer span, this mode of failure will be prevented and that
shown in diagram (i)(b) will occur instead. Similarly, if the slab
with one edge unsupported shown in diagrams (ii) is loaded
uniformly, pattern (b) will occur when the ratio of the Jonger to
shorter side length (or fonger to shorter ‘reduced side length’: see
section 13.4.6) exceeds V2; otherwise pattern {a) will occur.

All of these patterns may be modified by the formation of
corner levers: see section 13.4.9.

-




Two-way slabs: yield-line theory: general information

2.49
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(vi)(b) Affine frecly supported slab

Values of MHJQ,2
0.0417 0.05 0.06 0.07 0.08 0.09 0.10 0.11 012 0125
| [ S S T R S ST S S | PR YU N O S T TR VAN NN S T N N 3 ! L | L ‘LJ
l L L T L L T T T I T T T T | T T I T l I T 1 ‘ I I
1.0 1.2 1.4 L6 1.8 20 3.0 4 5 6 7 8910 15 20 50 =
Values of I/,
Notation commonly adopted
i
positive yield line values and direction of negative resistance
negative yield line { M moments
unsupported slab edge M principal positive resistance moment
- [recly suppcu:ted slab edge # ratio of secondary to principal resistance moment
fixed or continuous slab edge iy by, fy e, Tatios of negative resistance moments at
M values and direction of positive resistance moments supports to PﬂSiﬁ‘_fe resistance moment
provided in slab (which act ar right angles to L.l lesser and greater side lengths of slab
M direction in which line is drawn). Thus as shown Lo Iy reduced side lengths
here, resistance (in plane of page) is M vertically W angle of skew of slab
. . 2
and uM horizontally n distributed ultimate load
- F concentrated ultimate load

¥ vt

Yield-line analysis

13.4.2 Rules for postulating vield-line patterns
Viable yield-line patterns must comply with the following rules:

1. All yield lines must be straight.

2. A yield line can only change direction at an intersection with
another yield-line.

3. A yield line separating two elements of a slab must pass
through the intersection of their axes of rotation. (Note: this
point may be at infinity.)

4, All reinforcement intercepted by a yield line is assumed to
yield at the line.

13.4.3 Methods of analysis

Two basic methods of analysis have been developed. These are
commonly referred to as the ‘work’ or ‘virtual work” method
and the ‘equilibrium’ method. The former method involves
equating, for the yield-line pattern postulated, the work done by
the external loads on the varipus areas of the slab to obtain a
virtual displacement, to the work done by the internal forces in
forming the yield lines. When the yield-line pattern is adjusted
to its critical dimensions, the ratio of the ultimate resistance to

the ultimate load reaches its maximum. When analysing a slab

algebraically, this situation can be ascertained by differentiating
the expression representing the ratio, and equating the differential
to zero in order to establish the critical dimensions. Then by
re-substituting these values into the original expression, a formula
giving the required ultimate resistance for a slab of given
dimensions and loading can be derived.

The so-called equilibrivm method is not a true equilibrium
method but a variant of the work method, which also gives an
upper-bound solution. The method has the great advantage
that the resulting equations provide sufficient information of
themselves to eliminate the unknown variables, and therefore
differentiation is unnecessary. Although there are also other
advantages, the method is generally more limited in scope and
is not described here: for details see refs 23 and 27.

13.4.4 Virtnal-work method

As explained earlier, this method consists of equating the
virmal work done by the external loads, in producing a given
virtual displacement at some point on the slab, to the work done
by the internal forces along the yield lines in rotating the slab
elements. To demonstrate the principles involved, an analysis
will be given of the freely supported rectangular slab supporting
a uniform load and reinforced to resist equal moments M each
way, shown in diagram (i}(a) on Table 2.49. _
Clearly, due to symmetry, yield line OO’ will be midway

_ l}fatween AB and CD. Similarly, @ = B8 and thus only one
" t}}mensien is unknown. Consider first the external work done.

The work done by an external load on an individual slab
ment is equal to the area of the clement times the displace-
ment of its centroid times the unit load. Thus for the triangular
¢lement ADO with displacement & at O,

work done = (1/2}(! Xl W8/3)n = o [,1,6n/6

Stmilarly, for the trapezoidal area ABOO’ with displacement &
at O and O,

work done = [(1,/2)(1,)(8 /2) ~ 2(1/2)(,/2)(edd, }(25/3)]
= (3 —da)l,dn/12
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Thus, since the work done on BCQ' is the same as that done
on ADOQ, and the work done on CDOO' is the same as that on
ABOO’, for the entire slab

Total external work done = 2[a/],6n/6 + (3 — 4a)l1,6n/12]
= (3 —2a} . 5n/6

The internat work done in forming a yield line is equal to the
moment along the vield line times the length of the line times
the rotation. A useful point to note is that, where a yield line is
formed at an angle to the direction of principal moments,
instead of considering its true length and rotation, it is usually
simpler to consider the components in the direction of the
principal moments. For example, for yield line AQ, instead of
considering the actual length AQ and the rotation at right angles
to AQ, consider length [,/2 and the rotation about AB plus
length & {, and the rotation about AD. ‘

Thus, considering the component about AB of the yield line
along AOQ' B, the length of the line is /,, the moment is M and
the rotation is 8 /( I/2). Hence,

work done = 2M({,/1,)6

Similarly, for the yield line along DOO’ C, the work done is
again 2M(1,/1,)8. (Length OO’ is considered twice, because the
rotation between the elements separated by this length is dou-
ble that occurring over the remaining length.) Now, considering
the component about AD of the yield line AOD,

work done = M(l, /ol )6

Since the work done on yield line BOC is similar, for the
entire slab

Total internal work done = 2M(2L/1, + L /al,)8
Equating the external work done to the internal work done,

(3 — 2a)L1,B8n/6 = 2MQLJL, + Lfal,)

— a2
or M==r 1:____3@ 2a >
127 2a + (4, /1)
To determine the critical value of al,, the quotient in square

brackets must be differentiated and equated to zero. As Jones
(ref. 27) has pointed out, to use the well-known relationship

dy [ du v .2 _
dxm(va udx.IV—O

simply as a means of maximising y = u/v, it is convenient to
reatrange it in the form

&
B

i/
dvidx

<=

Thus, for the present example,

da — 2a? _ 3-4a
20 + (L/L) 2

This leads to a quadratic in «, the positive root of which is

S -
== = + 3= -\
2 L I L
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When substituted in the original equation, this gives

2
M:'n—lz 3_‘_(1_")2_{{
! lY lY

13.4.5 Concentrated and line loads

Slabs

that in diagram (vi)(a) on Table 2.49, can be transformed
into the simpler freely supported isotropic slab shown in
diagram (vi)(b).

For example, for an orthotropic slab with fixed edges that is
reinforced for positive moment M and negative moments M
and i,M in span direction I, and for positive moment M and
negative moments i M and wizM in span direction [y, itcanbe

Yield-line analysis

In other words, if the uitimate moments corresponding to the
yield-line patterns for each load considered separately are
added together, the resulting value is equal to greater than that
of the system as a whole. This theorem is demonstrated in
ref. 28, article 4.

13.4.8 Empirical virtizal-work analysis
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intersection points. For the case considered, if O is given a
displacement of unity, the displacement at O’ will also
be unity, since 00’ is parallel to the axes of rotation of the
adjoining slab areas.

3. Choose reasonable arbitrary values for the dimensions that
must be determined to define the yield-line pattern. Thus, in
the example, initially ol is taken as 2 m, 81, as 1m and ¢,
as 2.5 m.

Concentrated and line loads are simpler to deal with than shown that An important advantage of collapse methods of design is that _
uniform loads. When considering the external work done, the ) they can be readily applied to solve problems such as slabs that 4 Calculat‘e the actual work done by the load » per unit area
contribution of a concentrated load is equal to the load times 2o A are irregularly shaped or loaded, or that contain large openings. and the internal work done by the moments of resistance M,
the relative deflection of the point at which it is applied. In the M=l J3 T\ ) 1 The analysis of such slabs using elastic methods is by comparison for each separate part of the slab, and thus obtain ratios of
case of a line load, the external work done over a given slab area 4 v extremely arduous. M/n for each part.
is equal to the portion of the Iogd carried on that area times the g pore To solve such “one-off” problems, it is clearly unrealistic to  pq; example, on area A, the total load is 1/2X4 X2 X n=4,
relative deflection at the centroid of the load. develop standard algebraic design formulae. The following  ince the centre of eravit throueh a di p oo
Yield lines tend to pass beneath heavy concentrated or line 21, . 2L empirical trial-and-adjustment technique, which involves a  ork done by the 1 gr(flnu Y mm;:s‘ 4 0l>1<g1 /3 i{a?;: el\? 173, the
. R .. = = . . . ] oad on = . i
loads since this maximises the external work done by such b« Vith+ mand Ly [Vitg+Vi+ L Vi direct application of the virtual-work principles, is easy to (i displace}él by unity. thgrf:tatilosn gf area A ab]:')ut thg‘:l,lls)glocli

loads. When a concentrated load acts in isolation, a so-called
circular fan of yield lines tends to form: this behaviour is
complex and reference should be made to specialist texibooks
for details (refs 23, 24, 26).

13.4.6 Affinity theorems

Section 13.4.4 illustrates the work involved in analysing a
simple freely supported slab with equal reinforcement in each
direction (i.e. so-called isotropic reinforcement). If different
amounts of reinforcement are provided in each direction
(i.e. so-called orthotropic reinforcement), or if continuity or
fixity exists along one or more edges, the formula needs
modifying accordingly.

This is identical to the expression derived above for the ireely
supported isotropic slab but with . and I, substituted for I,
and 1. Values of Minl2? corresponding to ratios of /I, can be
read directly from the scale on Table 2.49.

The validity of the analysis is based on the assumption that
Iy = I If this is not the case, the yield line pattern will be as
shown in diagram (i)(b) on Table 2.49, and I, and I, should be
transposed as shown in the following example.

Example. Design the slab in diagram (vii) on Table 2.49 to
support an ultimate load » per unit area, assuming that the
relative moments of resistance are as shown.

master and can be used to solve complex problems. It is best
illustrated, however, by working through a simple problem
such as the one considered in section 13.4.6. There is, of course,
no need to employ the procedure in this case. It is used here
only to illustrate the method. A more complicated example is
given in ref. 28, article 1, on which the description of the
methed is based.

In addition to the fundamental principles of virtual work
discussed in section 13.4.4, the present method depends also
on the following principle. If all yield lines (other than those
dlong the supports) are positive and if none of them meets an
unsupporied edge except at right angles, then no forces due to
shear or torsion can occur at the yield lines. Thus, a separate
virtual-work balance for each slab area demarcated by the yield
lines can be taken.

is 1/oel, = 1/2. The moments of M/2, acting across both the pos-
itive and negative yield lines, each exert a total moment of
M/2 X 4 =2M. Thus, the total internal work done in rotating
area A is (2M +2M) X 1/2 = 2M. Equating the internal and
external work done on area A gives 2M =4n/3, that is,
Min = 2/3. Similarly, for area C, M/in=1/3.

For convenience, area B can be divided it into a rectangle (of
size 3 m X 2.5 m) and two triangles, and the work done on each
part calculated separately. Since the cenires of gravity move
through a distance of 1/2 for the rectangle and 1/3 for each
triangle, the external work done is as follows:

3X2.5X 112 Xn=3.75n
12X (2+1)X25%X13%Xn=125n

Rectangular area
Triangular areas

To avoid the need for a vast number of design formulae to Since I, = 4m, i = 32 and iy = 0, Total = 5.00n
. - o . ,
cover all conc_ewable condltlor_ls, it is possible to transfor{n - 2% 4 _ 310 Example. Consider the slab shown in diagram (vii) on . o
most slabs with fixed or continuous edges and orthotropic N1 +32 1 = 2um Table 2.49, which is continzous over two adjacent edges, freely Since the rotation is 1/2.5, the work done by the moments is
(1.5M + M) X 6 X 1/2.5 = 6M. Thus the virtual-work ratio is

reinforcement into their simpler freely supported isotropic
equivalents by using the following affinity theorems: skew slabs
can be transformed similarly into rectangular forms.

1. If an orthotropic slab is reinforced as shown in diagram. (iv)(a)
on Table 2.49, then it can be transformed into the simpler
isotropic slab shown in diagram (iv)(b). All loads and
dimensions in the direction of the principal co-ordinate axis
remain unchanged, but in the affine slab the distances in the
direction of the secondary co-ordinate axis are equal to the
actual values divided by ¥y, and the corresponding total loads
are equal to the original values divided by V. (The latter
requirement means that the intensity of a UDL per unit area
remains unchanged by the transformation, since both the area

Since I, = 6m, u = 1/2,i; =1 and pi; = 0,

b, = 2X6 = 7.3
VIt 1+ VIR

mozp( 3o (b)Y
24 e/ e

_n ) 310 _ 3.0V _
~ o 5 (9] - 219) - ome

Thus

13.4.7 Superposition theorem

supported at the others, and subjected to a uniform load n per
unit area. The ratios of the moments of resistance provided over
the continuous edges, and in the secondary direction to that
in the principal direction, are as shown.

The step~-by-step trial and adjustment process is as follows:

1. Postulate a likely yield-line pattern.

2. Give a virtual displacement of unity at some point and
calculate the relative displacement of any other yield-line

Min = 5/6 = 0.833. Likewise, for area D, M/n = 3/4.

5. Sum the separate values of internal and external work
done, for the various slab areas, and thus obtain a ratio of
IMIZn for the entire slab. This ratio will be lower than the
critical value, unless the dimensions chosen arbitrarily in
step 3 happen to be correct. The calculations are best set out
in tabular form as follows:

External work done

Internal work done

and the total load on that area are divided by Vj..) . - I A 2X4X2X13Xn =1.333n [M24+ M2} X4 X172 = 2.000M 0.667
. . - that hen d slab t ist & . .
Similarly, a skew slab reinforced as shown in diagram A prgble‘rn al may arjse when Cesigning a siav o pestst & B [BX25X 12+ 2X3X25X1/3]Xn = 5.000n [BMI2+MIX6X1/25 = 6.000M 0.833
. . . . combination of uniform, concentrated and line loads, some of s W2 XAX1%1/3% B
(v)(a) can be transformed into the isotropic slab shown in . . » ed n =0.667r [0+ M/2] X 4x 1/1 = 2.000M 0.333
which may not always occur, is that the critical pattern of yield D BXLSX 12+ 1/2X3X1.5X1/3]Xn —3.000n [0+ M] X 6 X 1/1.5 — 2.000M 0750

diagram (v)(b) by dividing the original total load by sing.
(As before, this requirement means that the intensity of a

lines may well vary for different combinations of loads. Also, lt
is theoretically incorrect to sum the ultimate moments obtained - .

Total = 10.000n Total = 14.000M4

UDL per unit area remains unchanged by the transformation.) when considering the various loads individually, since thesé A
These rules can be combined when considering a skew £ . . s Y. B 1/2X4X 2071 X 13X n =1.381n (M2 + MI2] X 4 X 1/2.071 =1.931M 0.714
b di : - - ation: moments may result from different yield line patterns. However, . [2.467 X 2.424 X 1/2 + 1/2 X 3.533 X 2.424 X 1/3] X n =4.418n [3M/2+M] X 6 X 1/2.424 = 6.188M 0.714
slab with different reinforcement in each direction; for . ! .. . C . . X
details. see ref. 28, article 6 Johansen has established the following superposition theorem: 172X 4 X 1462 X1/3Xn =0.975n [0+MP2]X4X1/1.462 = 1.368M 0714
, . 28, . D [2467 X 1.576 X 1/2+ 1/2X3.533 X 1.576 X 1/3]1 X n =2.872n [0+ M] X 6X1/1.576 =3.807TM 0.754

The sum of the ultimate moments for a series of loads is equal’
to or greater than those due to the sum of the loads.

2. By using the reduced side lengths ; and /., an orthotropic
slab that is continuous over one or more supports, such as

Total = 9.646n

Total = 13.294M
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6. By comparing the overall ratio obtained for SM/Zn with
those due to each individual part, it is possible to see how
the arbitrary dimensions should be adjusted so that the ratios
for the individual parts become approximately equal to each
other and to that of the slab as a whole.

The foregoing table shows calcilations for initial values of M/,
and alse for a set of adjusted values. An examination of the
initial values (for which the overall ratio is 0.714) shows that,
to obtain the same ratio for each area, M/n needs to be increased
for areas A and C, and reduced for areas B and D. For area A,
since M/n is proportional to (aly)?, al, needs to be increased to
V(0.714/0.667) X 2 = 2.071. Similarly, for area C, 8/, needs
to be increased to V(0.714/0.333) X 1 = 1.462. If, for area B,
the external work done is recalculated using the corrected
values of ¢, and B1,, this gives

[2467 X 25X 1/2+ 12X 3.533 X 25 X 1/3] X n=4.556n

The intemnal work done by the moments is unchanged, and so
the revised value of M/n is 4.556/6 = 0,759, Thus since, for
area B, M/n is proportional to ({1,)%, {1, needs to be reduced
to V(0.714/0.759) X 2.5 = 2.424. For area D, the external work
done is recalculated using the corrected values of all the
variable dimensions, and the revised value of M/n obtained.

7. Repeat steps 4 and 5, using the adjusted values for the
arbitrary dimensions, as shown earlier.

8. Repeat this cyclic procedure until reasonable agreement is
obtained between the values of M/n. This ratio gives the
value of M, for which the required reinforcement must be
determined, for a given load ». In the example, the ratios
given by the second cycle are quite satisfactory. Note that,
afthough some of the dimensions originally guessed were
not particularly accurate, the resulting error in the value of
Min obtained for the whole slab was only about 1.5%, and
the required load-carrying capacity is not greatly affected by
the accuracy of the arbitrary dimensions.

Concentrated loads and line loads occurring at boundaries
between slab areas should be divided equally between the areas
that they adjoin, and their contribution to the external work
done assessed as described in section 13.4.5.

As in all yield-line theory, the above analysis is only valid if
the yield-line pattern considered is the critical one. Where there
is a reasonable alternative, both patterns should be investigated
to determine which is critical.

13.4.9 Corner levers

Tests and elastic analyses of slabs show that the negative
moments along the edges reduce to zero near the corners and
increase rapidly away from these points. Thus, in slabs that are
fixed or continuous at their edges, negative yield lines tend to
form across the corners and, in conjunction with pairs of positive
yield lines, result in the formation of additional triangular slab
elements known as corner levers, as shown in diagram (i)(a) on
Table 2.50. If the slab is freely supported, a similar mechanism
1s induced, causing the corners to lift as shown in diagram
(1)(b). If these mechanisms are substituted {or the original yield
lines running into the corner of the slab, the overall strength of
the slab is correspondingly decreased by an amount depending
on the factors listed on Table 2.50. For a corner lever having an
included angle of not less than 90°, the strength reduction is not

Slabs

likely to exceed 8-10%. In such cases, the main reinforcement
can be increased slightly, and top reinforcement provided at the
corners of the slab to restrict cracking. Recommendations taken
from the Swedish Code of Practice are shown in diagram (ii) on
Table 2.50.

For acute-angled corners, the decrease in sirength is more
severe. For a triangular slab ABC where no corner angle is less
than 30°, Johansen (ref. 23) suggests that the calculated strength
without corner-lever action should be divided by a factor £,
given by the approximation

k=(74—sin A—sin B —sin C)/4
A mathematical determination of the true critical dimensions of
an individual comer lever involves much complex trial and
adjustment. However, this is unnecessary, as Jones and Wood
(ref. 23) have devised a direct design method that gives corner
levers, having dimensions such that the resulting adjustment in
strength is similar to that due to the true mechanisms. This
design procedure is summarised on Table 2.50 and illustrated
by the following example.
The formulae derived by Jones and Wood, and on which the
graphs in Table 2.50 are based, are as follows: |

With fixed edges:
k= __12_ - 1] 6(1 + £) sec(6,/2)
K, sin*(8/2) .
= ki where

ke = cos (0/2) — cotyrsin(6/2)
K, = V4 + 3cot?(8/2)— 1 and cot¢ = (K, — 1)tan (6/2)
With freely supported edges:

k= [V -2V + )]V2/3 sec(8/2)

ky, = ki hi
27 cos(8/2)— cotirsin(8/2) where

K, = (4 + i) + 3 cot’ (6/2) and _
coty = [VEKy(1 + i) — (2 + D]tan(0/2)

Example. Calculate the required resistance of the 5m square
slab with fixed edges (i = 1) shown on Table 2.50.

For the transformed freely supported slab, the reduced side
length J, = IN(1 +I) = SN2 = 3.54 m. Then, for a square slab,
if the formation of corner levers is ignored, the required resistance
moment M = (1/24)ni? = 0.041 X 3.54%n = 0.521n.

Now, from the appropriate graph on Table 2.50, with i =1
and 9 = 90°, read off k, = 1.1 and &, = 4.2. Thus, dimensions
a; = 1.1¥0.521 =0.794 m and a, = 4.230.521 =3.032 m..

By plotting these values on a diagram of the slab, it is now
possible to calculate the revised resistance moment required. If
the deflection at the centre is unity, the relative deflection at the

apex of the corner levers is 3.032/3.536 = 0.858. Thus, the

revised virtual-work equation is

1 0.858
4X2M [3.412 (E) + 0.794V2 (2' 471)]

= [(1/3) X 52 — 4 X (1/2) X 0.794? X (1/3) X 0.858] #:

This reduces o 14.036M = 7.973n so that M = 0.568x.

Two-way slabs: yield-line theory: corner levers
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Formation of corner levers (and also circular fans)

More likely with:

Less likely with:

Heavy concentrated loads
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where opposite corners}
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Negative deflection = 0.858
All dimensions in metres
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listed are additive. Thus
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likely to form if severai
or all factors apply.
However, heavy loads
is most influential
cause.

Design procedure for corner levers
1. Establish the ultimate resistance of the slab without taking
corner levers into account.

2. With known values of the corner angle ¢ and the negative
reinforeement factor i. calculate distances a; and 4, by means

of the accompanying
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3. Using these dimensions, plot the corner levers on a diagram of
the yield lines. If the calculated value of a, exceeds the distance
XX on the diagram, adopt the length given by the original
yield-line pattern.

4. Recalculate the revised ultimale resistance moment for the slab
using the new node points established in this way, by means of
virtual work.

This procedure is lustrated in the example in section 13.4.9,
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Note that this value of M is 9% greater than the uncorrected
value; in other words, the load supported by a square slab with
a specified moment of resistance is actually 9% less than that
calculated, when comer levers are not taken into account.

13.5 HILLERBORG'S SIMPLE STRIP THEORY

13.5.1 Moments in slabs

According to lower-bound (equilibrium) theory, load acting on
a slab is resisted by a combination of biaxial bending and
torsion. In the simple strip method, the torsion moment is taken
as zero and load (or partial load), acting at any position on the
slab, is resisted by bending in one of two principal directions.
Thus, in diagram (i) on Table 2.51, the load acting on the
shaded areas is resisted by bending in direction /,, and the load
acting on the remaining area is resisted by bending in direc-
tion L. In principle, there is an unlimited number of ways of
apportioning the load, each of which will lead to a different
reinforcement layout while still meeting the collapse criteria,
However, the loading arcangement selected should also ensure
that the resulting design is simple, economical, and satisfactory
with regard to deflection and cracking under service loads,

Some possible ways of apportioning the load on a freely
supported rectangular slab are.shown in diagrams (1)—{iv} on
Table 2.51, the notation adopted being given on the table.
Perhaps the most immediately obvious arrangement is shown in
diagram (i), for which Hillerborg originally suggested that 8
could be taken as 45° where both adjacent edges are freely
supported. However, in ref. 29 he recommends that @ should be
made equal to tan~'(},/,), as shown in diagram (i). The disad-
vantage of the arrangement shown is that the bending moment
(and thus the reinforcement theoretically required) varies
across strips 2 and 3. Since it is impractical to vary the rein-
forcement continuously, the usual approach is to calculate
the total moment acting on the strip, divide by the width of
the strip to obtain the average moment and provide a uniform
distribution of reinforcementi to resist this moment. To avoid
having to integrate across the strip to obtain the total moment,
Hillerborg recommends calculating the mement along the
centreline of the strip and then muliiplying this value by
the correction factor

(lmax B lmin)z

1+
3(lmax + lmjn)z

where [, and [, are the maximum and minimom loaded
lengths of the strip. Strictly speaking, averaging the moments
as described violates the principles on which the method is
based, and this device should only be used where the factor of
safety will not be seriously impaired. If the width of the strip
over which the moments are to be averaged is large, it is better
fo sub-divide it and calculate the average moment for each
separate part.

An alternative arrangement that avoids the need to average
the moments across the strips is shown in diagram (ii). This has
disadvantages in that six different types of strip (and thus six
different reinforcement layouts) must be considered, and that,
in strip 6, no moment theoretically occurs. Such a strip must,
nevertheless, contain distribution reinforcement.

Slabs

So far, the load on any one separate area has been carried in
one direction only. In diagram (jii), however, the loads on the
corper areas are so divided that one-half is carried in each
direction. Hillerborg (ref. 29) states that this very simple and
practical approach never requires more than 10% additional
reinforcement, when compared to the theoretically more exact
but less practical solution shown in diagram (i), when [/l is
between 1.1 and 4. An additional sophistication that can be
introduced is, to apportion the load in each direction in the
two-way spanning areas in such a way, that the resulting rein-
forcement across the shorter span corresponds fo the minimum
requirement for secondary reinforcement. Deiails of this and
similar stratagems are given in ref. 29,

Diagram (iv) illustrates yet another arrangerment that may be
considered. By dividing the corner areas into triangles and
averaging the moments over these widths as described earlier,
Hillerborg shows that the moments in the side strips can be
reduced to itwo-thirds of the values given by the arrangement
used in diagram (iii).

13.5.2 Loads on supporting beams

A particular feature of the strip method is that the boundaries
between the different loaded areas also define the manner in
which the loads are transferred to the supporting beams.
For example, in diagram (i) the beams in direction [, support
triangular areas of slab giving maximum loads of nf%/2l, at
their centres.

13.6 BEAMS SUPPORTING RECTANGULAR PANELS

The loads on beams supporting uniformly loaded rectangular
slab panels are distributed approximately as a triangular load
on the beams along the shorter edges I, and a trapezoidal
load on the beams along the longer edges I, as shown in the
diagrams on Table 2.52. For a beam supporting a single panel
of slab that is either freely supported or subjected to the same
degree of resiraint along all four edges, where the beam span is
equal to the length (or width) of the panel, the equivalent UDL
per unit length on the beam for the calculation of bending
moments only is as follows:

nl/3
(1 — 13 nl /2

Short-span beam:
Long-span beam:

where  is the total UDL per unit area on the slab, appropriate
to the limit-state being considered, and k = L/,. For a beam
supporting two identical panels, one on either side, the fore-
going equivalent loads are doubled. If a beam supports more
than one panel in the direction of its length, the distribution of
load is in the form of two or more triangles (or trapeziums)
and the foregoing formulae are not applicable; in such a case,
however, it is sufficiently accurate if the total load on the beam
is considered to be uniformly distributed.

For slabs designed in accordance with the BS 8110 method,
the loads on the supporting beams may be determined from the
slab shear forces given in Tuble 2.43. The loads are to be taken
as uniformly distributed along the middle three-quarters of
the beam length, where the shear force for the short span of the
slab is the load on the long-span beam and vice versa. The
resulting beam fixed-end moments can be determined from
Table 2.28.

Two-way slabs: Hillerborg’s simple strip theory
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Two-way slabs: rectangular panels: loads on beams

{(common values)

2.52

Panels supporied along four edges

Panels unsupported along one edge -

7 T k> 1: R, = R. = lwi2 Unsupported Unsupported R.=0
EIEAS it Rl 4 1=
S - | > Ry=Ry =}k —Dwi; R "R4*z("‘"4)“’[2
a=f=1/2 Ry=iwl}
/* i kzl: R5=RQ=R3=R¢=¢“’I§ ﬁ"’l/zk
1 k «4/3 R, =}w(min) o= }/2k {min.) } i?a ¥ v k*2: R = Ry={k(1 —}h)wit
o R; =R, =ik —wi; L |5 R, =0
Ry = 5w (max.) B=5f6k{max) ||+ & j= > & R R
* s s v =k
] . Unsupported
} k<4/3: R,=2R,approz.imin) a=3/8{min) R, =0 B = 5/8k
A £=5/8 (max.) =4R, (min.) ¥ =5/8
Ry= R, =k?wl W=¢=3k8 - |~ Ry=Fwi
{ R, = k(1 — #)wl approx. (max.) ¥ R, = §lk — Fg)wi (max.)
* RI = R3 ='1%W1§
R, =%R, (min) } iy k»8/5 R =1R,(min) R,=0
- |~ Ro=k ~Pwi (max.) . g Ry = k(1 — fk)wi2 (max)
* a=f=3/8k ¥ = £ (max) % R;=3£kwl @ = 3/8k (min.)
N W = 5k/8 {max.)
N R, = &wi(min) o = 3/8k(min)
Ry =%R, (min} B =58k (max.) ~__ L : 20
- |- R, = &wi2(max.) ¥ = 5/8(max) T keEE ;:‘ zi";’ (min) Ry =0
=§{k — Hwi? (max. A
+ Ra =gl m 2wl max,) 5 Re=(k—$)wE (max)
\l a=3/5k B=1/k
; k€5/4 R, =R, =FHwhk a=Pp="573k
R,=1%R, (min) ¥ = 5/8(max.) L x— b _ longer span
- I~ Ry =§(k ~ fwiifmax) Shorer | & shorter span
¥ span = intensity of uniformly distributed
T R, service load per unit area
_.Ri N N If analysis due to ultimate loads is
) _ R g §  undertaken, substitate n for w in
? k< 5/4: i: = 1 = “;’:((imj;k)wp a=f=12 Ry * : = &  appropriate formulac
2= £ -
- R, ,R;,R3, R, =total load carried by
l R,= {-k’ wi? (max.) ¥=kf2 each sapport of panel ’
&= 3k/10
Condition of supports
N [ no support
} R, = 5wl (min.) % = 3/10k (min.) freely supported
= Ry= R, =k ~YHwp continuity or fixity
— L2 . . . :
Ry =3wi; {max) B=12k{max) | Loads marked (min} apply if panel is entirely freely supported
¥ along edge indicated: if partially restrained, load will be slightly
greater than given and load marked (max.) on opposite edge
; wiil be correspondingty reduced.
Rl = R3 =‘235W1§ (min-)
- - R, = R, =}{k — 75)wii (max.) 5
== i !
7 o= =310k (min.) o y_i o,
1
4 Bl
. k45/3: R, =R;=:wk(min) yE
Ry = R, =i{k -~ Hwi?(max.) ¥y EEI.I l‘gzbl
; a= B = 5/6k({min.) B

Triangularly distributed loads

13.7 TRIANGULARLY DISTRIBUTED LOADS

In the design of rectangular tanks, storage bunkers and some
retaining structures, conditions occur of wall panels spanning
in two directions, and subjected to distributions of pressure
varying linearly from zero at or near the top to a maximum at
the bottom. For liquid-retaining structures, with no provision
for additional protection in the form of an internal lining or
external tanking, an elastic analysis is normally necessary as a
basis for checking serviceability cracking. In other cases, an
analysis based on collapse methods may be justified.

13.7.1 Elastic analysis

The coefficients given in Tuble 2.53 enable the maximum
values of bending moments and shearing forces on vertical and
horizontal strips of unit width to be determined for panels of
different aspect ratios and edge conditions. The latter are taken
as fixed at the sides, hinged or fixed at the bottom and hinged
or free ai the top. The coefficients, which are taken from ref. 32,
were derived by a finite element analysis and include for a
Poisson’s ratio of 0.2, For ratios less than 0.2, the moments
could be adjusted in the manner described in section 13.2.2,

The maximum negative bending moment at the bottom edge
and the maximum shear forces at the bottom and top edges
occur halfway along the panel. The other maximum moments
occur at the positions indicated in the following table.

Distance from botiom of panel to position of
maximum horizontal moments (negativefpositive)

Type of Height/I, for values of I, /I,
pancl 05 | 10 L5 2.0 40
1 0.3 0.5 0.5 0.3 0.5
2 03 0.5 0.7/1.0 0.9/1.0 1.0
3 0.3 0.4 0.4 0.4 0.4

4 0.4 0.4 0.5/0.6 0.9/1.0 0.9/1.0
Distance from bottom of panel to position of
maximum vertical positive moment

Type of Height/, for valaes of L/I,
panel 05 | 1o 1.5 2.0 4.0
1 0.3 0.5 0s 0.5 0.5
2 03 04 0.5 0.6 0.7
3 02 0.3 03 0.4 0.4
4 0.2 0.3 03 0.4 04

For a complete map of bending moment values, at intervals of
one-tenth of the panel height and length, see ref. 32. The
- moments obtained for an individual panel apply directly to a
- Square tank with hydrostatic loading. For a rectangular tank,
further distribution of the unequal pegative moments at the
orners is needed (see Tables 2.75 and 2.76).

Exﬁplple. Determine, due to internal hydrostatic loading, the
maximum service moments in the wails of a square tank that
can be considered as free along the top edge and hinged along

“\“f% the bottom edge. The tank is 5 m square X 4 m deep, and the

ater level is to be taken to the top of the walls.
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From Tuble 2.53, for panel type 4 with I, /I, = 5/4 = 1.25, the
maximum bending moments are as follows:

Horizontal negative moment at corners
m, = 0.050 X 9.81 X 4° = 31.4 kNm/m

Horizontal positive moment (at about 0.5/, = 2 m above base)
m, = 0.022 X 9.81 X 43 = 13.8 kNm/m

Vertical positive moment (at about 0.3/, = 1.2 m above base)
m, = 0.021 X 9.81 X 4* = [3.2 kNm/m

13.7.2 Yield-line method

A feature of the collapse methods of designing two-way slabs
is that the designer is free to choose the ratios between the
total moments in each direction, and between the positive and
negative moments. In the case of liquid-retaining structures,
where it is important to ensure that the formation of cracks
under service load is minimised, the ratios selected should
correspond approximately to those given by elastic analysis.
The following design procedure is thus suggested:

1. Obtain maximum positive and negative service moment
coefficients from Table 2.53.

2. Determine p, i1 (= iz), and i,, where g = Gy oo/ @ poss
i1 = I3 = Quhpeg/ ¥ pos 20 ig = Dy gl Otz pos-

3. Calculate I, and ;, if the top edge is unsupported, from

l 2
Iy=—="—= and I,= 4
V1+i, VT +4 +Vi+|Vae
and, if the top edge is freely supported, from
21,

and [, =

21
lxr= =
1+VI+i, VI+i+V1I+4lVa

4. Obtain M, if the top edge is unsupported, from the chart on
Table 2.54 and, if the top edge is supported, from the scale
on Table 2.49 according to the values of f (or n = f72), I
(or L), L, and is. The basis of this approach is given below.

Top edge of slab unsupported.' In ref, 25 Johansen derives
the following *exact’ formulae according to the failure mode.

For failure mode 1:

fE
12k
where k is obtained by solving the quadratic equation

4[1 + i+ (;—x)z]kz - 4l:i4(1 +i)+ 6+ 41'4)(;1)2]](
yr yI
L\2
+ iﬁ[l +i, + 4(3*_)] =0
¥r

For failure mode 2:

M=

M—Jiﬂ(e - 8¢ + 3%

where £ is obtained by solvmg the following cubic equation:

(e[l werems
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Two-way slabs: triangularly distributed load ! 5 3 Two-way slabs: triangularly distributed load : 5 4
(elastic analysis) ® (collapse method) o
Rectangular panels with provision for torsion at corners \ Y ' - o
. WAVANANY T
Type of panel with moments and shears Coefficients for values of L /L, . AN N \ X 2
considered 05 | 075 | 10 | 125 ] 15 [ 20 | 25 | 30 { 40 N \\ BB o &
1. Top hinged, bottom fixed ' = ‘\#-..\‘\ \N\ \ \ \ \\ E
Negative moment at side edge Omx | 0.012 | 0.022 | 0.029 | 0.033 | 0.036 [ 0.037 { 0.037 { 0.037 { 0.037 N N \ ‘\ & -
%z | 0.002 | 0.004 | 0.006 | 0.007 | 0.007 | 0.007 { 0.007 | 0.007 ; 0.007 AN { =% \ N i
Positive moment for span [, Omx | 0006 ] 0.010 | 0.012 | 0.013 | 0.012 [ 0.010 { 0.009 { 0.009 | 0.009 S \ \“m\ \ \\\\ o
Negative momen at bottom edge % | 0.011 | 0.023 | 0.035 | 0.045 | 0.053 ) 0.062 | 0.065 | 0.066 { 0.067 o3 \l\‘\\\\g 1o
Oy | 0.002 { 0.005 1 0.007 | 0.009 | 0.011 | 0.012 | 0.013 | 0.013 | 0.013 i ‘\ NAYEN NN o
Positive moment for span I, Oy 1 0.003 { 0.007 | 0.011 | 0.016 | 0.021 | 0.026 | 0.028 | 0.029 | 0.029 \ N ‘}‘g\\\kxﬁ . 3
Shear force at side edge G| 017 | 022 | 024 | 025 | 026 | 026 | 026 | 0.26 | 026 N NOCRARN oy Loy °
Shear force at bottom edge Oz | 020 ) 026 | 032 | 036 | 038 | 040 | 040 } 040 | 040 AN NN \ N Poyg™ g s
Shear force at top edge O | 003 | 005 | 0.67 1 0.09 | 011 | 041 { 011 } 011 ] 0.10 _ - \\& \\\‘ 2
2. Top free, bottom fixed ' ' \\ &\\%\\\ g
Negative moment at side edge e | 0.012 1 0.022 | 0.030 | 0.037 | 0.044 | 0.066 | 0.082 | 0.091 | 0.099 ‘ “‘%\\\
Gz [ 0,002 | 0.004 | 0.006 { 0.007 | 0.009 | 0.013 ) 0.016 ] 0.017 | 0.020 S\ \\\ 2
Positive moment for span I, Omx | 0.006  0.010 | 0.013 | 0.016 | 0.021 | 0.028 } 0.028 | 0.024 | 0.017 IR -
Negative moment at bottom edge Omz | 0.011 | 0.023 | 0,035 | 0.048 | 0.061 | 0,086 { 0.109 | 0.127 | 0.149 | B N R P - e L L
%nx | 0.002 | 0.005 | 0.007 | 0.010 | 0.012 [ 0.017 { 0.022 { 0.025 | 0.030 g5 &8 38 3 g g 2 2 2 Z € 28 g8 8 2 3
Positive moment for span /, P | 0003 | 0.007 | 0.010 | 0.013 | 0.015 | 0.016 ¢ 0.014 { 0.011 | 0.007 : < C;; °c = s s 6 & S = S S 9 g
dHW
Shear force at side edge Ty 017 | 022 | 024 | 025 | 026 | 027 | 033 | 037 | 038
Shear force at bottom edge Gz 019 | 026 | 032 | 036 | 040 | 045 | 048 | 050 | 050 o
3. TOP hinged, bottom hinged I t;sq § 6-9-¢ pue L+-1 sdins [eopiIaA U0
Negative moment at side edge Cme | 0.014 ) 0.026 | 0.038 | 0.047 | 0.054 | 0.061 | 0.063 | 0.064 | 0.064 7:’ 9
: O | 0.003 § 0.005 | 0.008 | 0.009 | 0.011 [ 0.012 | 0.013 | 0.613 { 0.013 - 883 il 857 dums reopsan vo
Positive moment for span Oms | 0.007 | 0.012 ) 0.017 | 0.019 | 0.021 | 0.020 | 0.018 | 0.017 | 0.017 g = B :}E"‘ S N o b o
. Yo = ) 1 7
Positive moment for span J, G | 0.004 | 0.009 | 0.015 | 0.023 | 0.031 | 0.045 | 0.054 | 0.059 | 0.063 < gy = s Ezlc + [ +RNE = [E f:
o L ) e IQu_ & & =l
Shear force at side edge %] 020 | 026 | 032 | 035 | 038 | 040 | 041 | 041 | 041 g N3 s S = FEz Spe— N £ 2 0z TE
Shear force at bottom edge %z | 011 ) 016 | 020 | 023 | 026 { 030 | 032 } 033 | 0.33 E N E 4 232 =2 ‘f w wgfes +} + T\ g g g
Shear force at top edge &, | 001 ) 003 | 005 | 007 | 0.10 | 0.13 | 015 | 0.16 | 0.17 = ‘\\\ E BIog.2 SEZEE ] i Q%; 5 5 S
Z E E = 8 = S8ZEZ . o g 5
4, Top free, bottom hinged =S § T F 3 ;N a 582% T Eg g 5 2
, . 28 SEh A S+ 2 g wEzfg + 4+ 4+ NEE T BT g
Negative moment at side edge Onx 1 0.014 | 0.026 | 0.038 | 0.050 | 0.063 | 0.098 ) 0.150 §j 0.205 | 0.317 2% £ 2= 8 &K ‘: EgzGES —«{v\ \\\b\\\ L g # 3 E
Gz | 0.003 | 0.005 | 0.008 | 0.010 | 0.013 | 0.020 | 0.030 | 0.041 | 0.063 - 5 EES B 395%%F Y o A %a** 2
Positive moment for span J; G | 0.007 | 0.012 { 0.017 | 0.022 | 0.028 } 0.046 | 0.062 | 0.074 | 0.089 2 2 Naww = 2 I E “‘7 T,35:85 8 % 3
: =y - 2 =T 2o tER = =
Positive moment for span /, O | 0.004 | 0.009 | 0.014 | 0.021 | 0.027 [ 0.037 ; 0.045 | 0.051 } 0.058 & £E 3 ETFE v s2Ex8s §F ¢ S 8
Shear force at side edge n] 020} 026 ) 031 | 035 ) 037 | 041 | 058 | 076 | 1,14 - : = 3 : = g8 SE & 5 : e 2
Shear force at bottom edge O] 011 | 015 | 019 | 023 | 026 | 0.31 | 033 | 036 | 039 g SE NE =% et RE - ‘J‘:*“_% - e -1 50035 [3OD0A 00
2 23 Imkm = = ERAZ=ES = .
YNy v vy ) JAvalvakv I vi ?
g Hinged / Free % 7 Hinged [/ Free 5 2 = EXIZ 5
A A I L B NN i
2 X X & % X x 2 X x X X o % < _%—_ .g E > ‘5'_ E:’ ; e E‘.: v
é e e ,// e e ;1 e € é e e 2 g g E-S’ Nl g o ?;5 j; § = ?E =4 & o
d d d 4 d d d d g =8 ‘ = EEZSH 33 s 2 3 B, o 1 7
é Food //’ Z Food g % Food 7 Hinged % tg!: 63 g| — =N L -g“ _; g L A : L@\:\\\\\\\\\\ . O :g <
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B 2= S PBE - = Bo_= D l & A J &
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Note: Maximum values of moment per unit width and shear force per unit width are given by the following relationships, g E .§ TR é £% 2 8§ % 8 s E < i il E ‘% -E
where I is panel length, /, is panel height and yis unit weight of Liquid. For details of the positions at which the maximum = f sl = 2 § g 5% 2‘ 1 5 § 2y Nl E 2 -E —E 2
values occur, see seciion 13.7.1, & E ',-E‘ v 88 = g2 W E: g %" 5 }I—it:"_ SE B3 < £
| ' i ‘& BS 28 A2y E T3 NI = & 8 3 R
Horizontal span: m, = Qe ¥l vy = Ol Vertical span: m, = 04, ¥, v, = iyl é- E",% i ‘E% ::g é EE < é fE: é" I \\ﬁ:\&\\\\\\:‘\\ 3\ ° = 2 O
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The results of these calculations can be plotted graphically, as
shown in Table 2.54, from which coefficients of M/fI?, can be

Slabs

13.8.1 Limitations of method

Flat slabs: BS 8110 simplified method - 1

2.5

Total design bending moments and shearing forces in direction of span

. . , . The system must comprise at least three rows of rectangular
i;?:’ corr;spo;:dmg té)_glven ';flaluesl of lyn/l atr:fi ;14' ;f hef c'111a1n panels in each direction. The spans should be approximately Member Slab Supports
on the chart indicates the values at which the fatlure equal in the direction being considered, and the ratio of the Type of connection at outer support Continuous
mode changes. longer to the shorter sides of the panels should not exceed 2. Simple Conti
The conditions allowing the design to be based on the single . P Atnons First Middle Other
Top edge of slab supported. In ref. 25 Johansen shows Joad case of all spans loaded with the maximum design load, as Position Outer End Outer End intetior interior interior
that the total moments, resulting from yield-line analysis explained in section 4.4.1 and Table 2.42, must be met. All support span support span support spans supports Outer Interior
for triangularly loaded slabs, correspond to those obtained  fateral forces must be resisted by shear walls or bracing. Moment 0 0.086F1 | —0.04F1% | 0.075FI | —0.086F! | 0.063F! | —0.063F! | 0.04F/* | 0.02F]
when the same slab is loaded with a uniform load of one-half
the maximum triangular load (i.e. n = f/2). Hence, the design Shear 0.4 - 0.46¢ — 0.6F — 0.5F — —

expressions in section 13.4.6 and the scale on Table 2.49 for
uniformly loaded slabs can again be used. As before, if the
edges of the slab are restrained, the reduced side lengths [, and
I, should be calculated and substituted in the formula, instead
of the actual side lengths , and /.

Example. Determine moments by yield-line analysis for the

13.8.2 Forms of construction

The slab can be of uniform thickness throughout or thickened
drop panels can be introduced at the column positions. Drop
panels can extend to positions beyond which the slab can resist
punching shear, without needing shear reinforcement.
Alternatively, the panels can be further extended to positions
where they may be considered to influence the distribution of

Notes: The support moments include for 20% redistribution (F is total design load on full panel, with width taken between
centre-lines of adjacent bays, and { is length between centre-lines of supports). Slab moments at supports may be reduced by
0.15Fh,, where k. is diameter of column or column head, or thickness of wall. Moments at supports are to be divided
between upper and lower columns, or walls, in proportion to stiffness. For punching shear considerations, see Table 2.56.

* Moment at outer column is to be taken not greater than M, . (see Table 2.56). The structural arrangement should be
chosen to ensure that M, ,,,, is not less than 0.02F/, in which case there is no need to increase the end span moment.

Distribution of design moments in panels

walls of the square tank considered in the previous example in  moments within the slab. In this case, the s.ma]ler dimension Apportionment between column  § Notes: For cases where the width of the column strip is taken as equal to

SﬁCtiOl"l 13.7.1. ] . . . Sfmtzis?roigshn:zsiziﬁdﬁf astlisas;nfél;se—thlrd of the smailer Design and middle strips expressed asa | that o'f the drop, and the middle strip is increased irF width, the mchlments

Taking the service moment coefficients obtained previously, on cng P " moment percentage of total negative or apportioned to the middle strip should be increased in proportion to the

the following values are the most suitable for: Columns can be of unlfozmhcross sect;;)n throughout or can positive design moment increased width. The moments apportioned to the column strip may be
be provided with an enlarged head, the effective dimensions of . ’

p=0.022/0.021 = 1.0, and i (= i) = 0.050/0.022 = 2.3 whli)ch are limited according to the depth of the head, as shown Column strip Middle strip corresponc‘hngly decreased sgch that the :[otal moments are unchanged.

- i Tuble 2.55. For a flared head. the actual dimension is taken 9%, o The negative moment apportionment apphgs at interior columns only, At

ence, I ’ . - outer columns, the entire negative moment is to be taken on the effective

to lzie the value at a depth 40 mm below the underside of the slab Negative 75 25 moment transfer strip, unless an edge beam or strip of slab along the free

- 2X35 - = - ot CIOp. ii edge is designed t f the mo into the col b '
lye = ﬁ T+ 23V1.0 =275 and 1JI,=27540=0.70 The effective diameter of a column, or column head, is the Positive >3 43 £ gned fo carry some of the moment info the colurm by torsion.

Note: Where an edge beam of depth greater than 1.5 times the slab thickness is provided, the moments for the half-column
strip adjacent to the beam should be taken as one-quarter of the values apportioned to a full column strip. The edge beam
should be designed to carry a uniformly distributed slab load equal to one-quarter of the total design load for a full panel.

diameter of a circle whose area is equal to the cross-sectional
area of the column, or effective column head. In no case, is the
effective diameter k. to be taken greater than one-quarter of

Then, from the chart on Tabie 2.54, with i, = 0,

MIfI2 = 0.018

Comparing this value with a,, = 0.022, as obtained in the
previous example, it can be seen that the elastic moments are
1.2 times those determined by yield-line analysis. Thus, even

the shortest span framing into the column. In cases where the
edges of the slab are supported by walls, s, can be taken as
the thickness of the wall.

h, = effective diameter of column or colamn head
<one-quarter shortest span framing inio colomn

: ; ; ; Critical perimeters = i Criti i .
with a partial load factor of. 1.2, the yleldl-lme. MOMERts Are N0 2 g o b ding moments and shearing forces o puncl;ing . iﬁm :Ig‘?:;l‘;; for p‘l’lﬂcll’;‘;“;:;i |<— 1, = width of drop
greater than the elastic service moments in this case. column head perimeter columm head column perimeter
The total design bending moments and shearing forces given in . =1, + 2{d, — 40) perimeter A ——'»l Idy2
Note. It can be seen from the chart on Table 2.54 that failure  Tuple 2.55 are the same as those given for one-way slabs in perimeter A ——={3d/2 L perimeter B "l3ﬂ"'2|" Lt
mode 2 applies, for which Table 2.42, where the support moments include for 20% redis- oy | o | T
5 tribution. The requirements are applied independently in each Jh w £ d Ly T
M = fﬁ{ (6— 8¢ + 3¢%) = 0.018 2 direction. Any negative moments greater than those at a dis- 1 dy by
96 tance k2 from the centreline of the column may be ignored,
Hence subject to the following condition being met. In each span, the e B - e
sum of the maximum positive moment and the average of Slab with column head Slab with drop panel
3¢ — 8F + 6 = 0.018 X 96 X (4.0/2.75)2 = 3.66, & = 0.335 the negative moments for the whole panel width, where F is the . onger <pan) ;
total design load on the panel and [ is the panel length between e n _ : —, gl e — L _ {
and yield-lines intersect at height £ [, = 0.335 X 4.0 = 1,34 m  column centrelines, must b not less than Te e Ty 4 o D10 JUTRIL S, Do
above the base. (FUS) (1 = 2h/307 I A B _i
- B A i ST S R S
13.8 FLAT SLABS (SIMPLIFIED METHOD) This condition is met, in the case of designs that are based on T ----- S T_' fl QIJ_r__L_J |
the single load case of all spans loaded with the maximum P P oE ' | ' | ¢
The following notes and the data in Tubles 2.55 and 2.56 are  design load, by taking the design negative moment as the value __%‘ ____________________ |LJ £ | . i L
based on the recommendations for the simplified method of flat  at a distance h/3 from the centreline of the column. The Ea i _E___~_‘|_j$ _______ P ': B AT -_iu
slab design given in BS 8110, Alternatively, and in cases where  moment at this position is obtained approximately by reducif g3y T ] ] - T
the following conditions are not met, the structure can be the value at the column centreline by 0.15FA,. ' § Coltmn 7777 T 3° Ji -------- S S

analysed by the equivalent frame method. Other methods of
analysis such as grillage, finite-element and yield line may also
be employed, in which case the provisions given for the distri-
bution of bending moments are a matter of judgement.

The total design moments on a panel should be apportione¢,
between column and middle strips as shown in Table 2.55. 1o
the following table, the moment allocations given in BS 8110
and EC 2 are shown for comparison. :

L swip
o

Stab without drops (or where Iy < L,/3)

[

‘Column strip~!
drop size _ 1

=

Slab without drops (or where Iy > 1./3)




Flat slabs: BS 8110 simplified method - 2

Effective breadth of moment transfer strip

In general, moments can only be
transferred between a slab and an edge
or corner column by a narrow column
strip. The breadth of the strip b, for
various typical cases, is shown in the
figure opposite. The maximum design
moment M; ma, that can be transferred
to a column by this strip is given by:

M, e = 0.15b. f

where d is the effective depth of the top
reinforcement in the colamn strip, fo, is
the concrete grade. Moments in excess
of M, mx may only be transferred to a
column, if an edge beam or strip of slab
along the free edge is designed to carry
the additional moment by torsion.

Y

eeaeeen

b,=c,+y
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'
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1
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1
1
1
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1
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< column stiip

Effective design forces for punching shear around columns

Type of column Comner

Edge

First internal

Other internal

Both

Axis of bending axes

Parallel to
free edge

Perpendicular to
free edge

Both
axes

Both
axes

i 0.46F,
Ve V3 1.25

1.0F,
14

0.46f
1.25

1.1F
1.15

1.0F
115

The effective design forces for the
calculation of punching shear around
the columns, allowing for the effects of
moment transfer, are given by Ve as
shown in the figure opposite. Values of
V, are given above, where

F is total design load on full panel with
width taken between the centre-lines of
adjacent bays, F, is total design load on
half-panel with width taken from the
edge of the slab o centre-line of first
bay (including load due to weight of
perimeter walls and cladding).

Comer
colamn

Edge

colurnn

Internal
column

Flat slabs (simplified method)

Design moment Column strip Middle strip
BS 8110 Negative 75% 25%
Positive 55% 45%
EC2 Negative 60-80% 40-20%
Positive 50-70% 50-30%

At the edges of a slab, the transfer of moments between the slab
and an edge or corner column is limited by the effective breadth
b, of the moment transfer strip, given in Table 2.56. The
maximum design moment that can be transferred by this strip
is given by the equation M, .., = 0.156.d%,, in BS 8110, and
M, oy = 017,87 in EC 2.

At internal columns, two-thirds of the reinforcement needed
to resist the negative moments in the column sirips should be
placed in a width equal to half that of the column strip, and cen-
tral with the column. Otherwise, the reinforcement needed to
resist the moment apportioned to a particular strip should be
distributed uniformiy across the width of the sirip.
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13.8.4 Effective forces for punching shear

The critical consideration for shear in flat slab structures is that
of punching shear around the columns. The design force
obtained by summing the shear forces on each side of the col-
umn is multiplied by an enhancement factor, to allow for the
effects of moment transfer, as given in Table 2.56. The effective
shear force is determined independently in each direction, and
the design checked for the worse case.

13.8.5 Reservoir roofs

For reservoir roofs with simply supported ends, where elastic
moments are required to check serviceability requirements, the
coefficients given for beams in Table 2.30 could be used. In this
case, the negative moments at the centrelines of the columns
could be reduced by 0.22Fh., to give approximately the
moment at a distance k2 from the centreline of the column.
This approach will still ensure that the minimum moment
requirement mentioned in section 13.8.3 is met.




2.57

Frame analysis: general data

Chapter 14

Design loads for ultimate limit state

Framed structures Code BS 8110 Furocode 2
,;; Load combination Dead Live Wind Dead Live Wind
=]
gn 1. Dead and imposed 1.0g 0.4g, + 1.6g% — {1.35 or 1.0)g 1.5 —
g 2. Dead, imposed and wind* 1.0g, 0.4z, 14wy, (1.35 or 1.0)g 1.05%, 15w,
3. Dead, imposed* and wind 1.2g+1.2g, — 12wy {1.35 or 1.0)gy 1.5 0.9w,

Key: g is characteristic dead load, g, is characteristic imposed load, w, is characteristic wind load. * Indicates leading
variable load. ® Value to be taken as 1.5 for storage areas.

When using the formulae and coefficients in this chapter, the
loads must include the appropriate partial safety factors for the
limit-state being considered. Design loads for the ULS, in
accordance with the requirements of BS 8110 and EC 2, are
given in Table 2.57.

For many framed structures, it is not necessary to carry out a
full structural analysis of the complete frame as a single unit.
BS 8110 makes a distinction between frames supporting vertical
loads only, because lateral stability to the structure as a whole
is provided by other means such as shear walls, and frames
supporting both vertical and lateral loads, Simplified models for
the purpose of analysis, as described in section 4.9.1, are also
shown in Table 2.57.

The moment-distribution method, used to analyse systems of
continnous beams as shown in Table 2.36, can be exiended to
apply to no-sway sub-frames (see section 4.9.2) as shown in
Table 2.58, and single-bay sway frames (see section 4.9.3) as
shown in Table 2.59.

14.1 SLOPE-DEFLECTION METHOD OF ANALYSIS

Moment analysis of a restrained member by slope-deflection is
based on the following two principles. The difference in slope
between any two points in the length of the member is equal
to the area of the M/ET diagram between the two points. The
distance of any point on the member from a line drawn tangen-
tially to the elastic curve at any other point, the distance being
measured normal to the initial position of the member, is equal
to the moment (taken about the first point) of the M/EI diagram
between these two points. In the foregoing, M represents the
bending moment, £ the modulus of elasticity of the material,
and [ the second moment of area of the member. The bending
moments that occur at the ends of a member subject to the
deformation and restraints shown in the moment diagram at
the top of Table 2.60 are given by the corresponding formulae.
The formulae, which have been derived from a combination
of the basic principles, are given in a general form and in the
special form for members on non-elastic supports.

The stiffness of a member is proportional to El/l but, as E is
assumed to be constant, the term that varies in each member is
the stiffness factor K = I/l. The terms F,y and Fy, relate to the
load on the member. When there is no external load, Fyp and
Fgy are zero; when the load is symmeitrically disposed,

Fup = Fgs = Afl. Values of Fup, Fy, and A/l for different load
cases are given in Table 2.28.

The conventional signs for slope-deflection analyses are: an

external resiraint moment acting clockwise is positive; a slope
is positive if the rotation of the tangent to the elastic line is
clockwise; a deflection in the same direction as a positive slope
is positive. :
Example. Establish the formulae for the bending moments in
a column CAT) into which is framed a beam AB. The beam is
hinged at B and the column is fixed at C and D (see diagram
in Tuble 2.60). The beam only is loaded. Assume there is no
displacement of the joint A,

From the general formulac given on Table 2,60:
Myp = 3EK gy — (Fyp + Fps/2)
MAC = 4EKAC9A and MAD = 4EKAD6A

Therefore
Mg + My + My, =
EQQGKp + 4Ky + 4Kyo) — Fup + Fggy2) = 0

Thus
A7 3K, + 4K, + 4K,
4K o(Fup + Fga/2)
My

T 3Ky t 4Ky + 4K,
Mca = 2EKcb, = Myc/2
Myp = MycKyp/Kyc
Mpy = Myp/2
Myp = — (Myc + Myp)

For symmetrical loading:

Fap + Fpa/2 = 1.5A45/lsn

6K o (Aup/ lip)

Mic = 3R, + 4K,c + 4Dy

Frames not providing lateral stability

11

Complete fame

M |
N

Continuous beam

stiffness

/ halved if
end fixed

Columns

Sub-frame

stiffness
halved if
end ﬂxe(i Y

Simplified sub-frames

Note

Remote end of column or beam to be taken
fixed or pinned, whichever is move realistic

Simplified models for effects of vertical load only

Frames providing lateral stability

|

1

]

%4
/

i

/]

/

e

/

Simplified model for effects of lateral load on frame with three or more approximately equal bays
(Note: For effects of vertical load, use simplified model for frame not providing lateral stability)




Frame analysis: moment-distribution method: no sway

2.58

Frame analysis: moment-distribution method: with sway

2.59

HARDY CROSS MOMENT DISTRIBUTION

The procedure is basically identical to that when analysing
continuous-beam systems (see Table 2.36).

1. At each junction of beams and columns, distribution factors D
are determined for each member (e.g. at B, Dy, =K /K 5+
Kgc+ Kgy+ Ky cte), so that Dy, + Dpet Dy + Dpy = 1.

2. The total balancing moment — } FEM introduced at each
support to obtain joint equilibriumn is then distributed between

the members meeting at that suppert by multiplying by these L.

distribution factors, and the resulting moments are carried over
to the opposite ends of the members, as shown in Table 2.36.

3. Any columns considered pinned at their far ends are best treated
as ‘equivalent fixed-end members’, as shown in Table 2. 36.

The procedure is illustrated in the following example (UC upper
column; LC lower columa).

NAYLOR’S METHOD FOR SINGLE-BAY FRAMES

Consider only one-half of frame as shown. Assuming firstly that
loads are applied only horizontally at floor levels, calculate
fixed-end moments. Fixed-end moment at each end of each
column forming storey = (1/4) x sum of horizontal forces above
floor being considered x height of storey (see example).

. Calculate distribution factors as for mormal Hardy Cross

moment distribution but assuming stifiness of each horizontal
member is six times actual stiffness.

for complete frame using distribution factors obtained with true
stiffnesses of beams and columns. Secondly, to cater for effects
of sway, undertake second distribution using modified distri-
bution factors and carry over as described in steps 1 to 3 above.
Suom results obtained from both distributions to obtain final
moments.

Effects of side-sway due to unsymmetrical vertical loads on beams
may be considered in a similar manner. Firstly, calculate fixed-end

5 Carey o comenioal Hardy Cros ot StSbron Ut et F iy g, b (1) it b 1)
% 7 7 V. mc?nin%s but of o osi(:le sign. Procedure is illustrated iﬁ cnds of beam due to given loads Then analyse structure for
'T— % Unit . Moment of inertia example PP gn. fixed-end moments of (FEM, p + FEMg,)/2 at L and R by normal
30 kN/m niform moment o 2 3 ) o ] 4
4 inertia for beams of columns = §/10 4. If interpane! loading occurs, distribute moments in 1wo stages. Hardy Cross method and for fixed-end moments of (FEM .z
111 . et FEMy,;) at L and R respectively as described above. Lastly, sum
# that of beams . Firstly, undertake normal Hardy Cross moment distribution ; Coed . y
1 L ¥ results obtained by both distributions to obtain final moments.
T A B C D E A B C
4 l Madified stiffness 1 12 1 12 -
m 6m 9m - 12m - 8m -] Distribution factors 1147 67 |1/14 1713} 12/13 | |For details of structure
o Fixed-end moments | —80.0 —80.0 =200 —40.0 3{“‘ 1°ﬂd1g‘815 sec
% % V7 % 15t distribution +8.6| +102.8 |+8.6 +3. 1 +36.9 1agrafn below
1st carry-over —8.6/ -3.1 ><
uc [LC uc | LE Uc | LC ~Juc | Lc 2nd distribution _—x0a] +27 1402 ><+0 7 +7.9
Distribution factors _ [0.115[0.115{0.770 0.508]0.076 [0.076] 0.340 0.4550.102{0.102(0.341 0.323]0.09710.097[0.483 2nd carty-over -02 o7
Fixad-end moments 303 203 3rd dlstr}butlon +0.1| +0.5 |+0.1 +0.2
15t distribution +108] +16 ) +16| v68—__~9o| a1 |-21]- Summations 858 711 +1060] 349 —43.0] 1450
Tst catry-over s ~46 +34 33 HARDY CROSS MOMENT DISTRIBUTION
2nd distribution —6 [ =6 |40 +24 +3| +3[+16 =16 =3 | —=3|—-12 +11¢ +3 | +3 j+18 . A . .. e
22 A carry-over T —8>< I8 6 <<= T 3 1. Assuming firstly that loads are applied only horizontally at floor distributed momenis by the unknown forces and dividing by
ard distribution -1 1-11-10 +14] +2! +2]+10 —el =11 —1]-¢ ol w1 ] =1 |42 Jevels, determine number of degrees of sway freedom of structure storey heipht. Thus, in example given, simultzneous equation
rd carry-over —t < = _3>< - I = = T {e.g. frame considered in example has two degrees of freedom, corresponding to shearing forces in upper storey is
4th distribution -1]-1]-5 +4] #1141l 2 -2 -1| ~1]-2 +1 +2 as shown in sketches). . . 1/4) x 2[ —(0.708 + 0.683)F, + (0.191 + 0.076)F,] = — 40
Summations T8 1 -8 |16 w1122 |22 164 134 —26] 26|82 —30] 74| 34 [+22 <10 2. Assuming that degree of freedom (i.e. sway of upper storey in (4 2L = W 72l

PRECISE MOMENT DISTRIBUTION
The procedure differs only slightly from that for continuous-beam

coniinuous beam, sum of distribution factors each side of

example given) gives rise to fixed-end moments of unity at ends
of wpper columns, distribute these moments by conventional
Hardy Cross distribution procedure. Consider one-half of frame
only, as shown in example, and adopt stiffness for beams of 1.5
times actual stiffness.

ie. —0.696F; +0.133F, = —40.
Similarly, for lower storey,

(1/4) x 2[ +(0.178 + 0.089)F, — (0.899 + 0.797)F,] = — 80
1e. 4 0.133F, —0.8348F, = — 80. These equations yield F, =

systems described in Table 2.36. support will not egual unity, due to action of columns. At 3. Repeat proct_zdu_re to obtain separate distributions of fixed-end +77.83 a}nd F,=+106.55. ] )
support B say, sum of distribution factors for columns is moments of unity, corresponding to sway due to each degree 5. To obtain final moments, multiply moments obtained by
;- Calculate fixed-end moments as before. 1 — DF,, — DFg. Then obtain distribution factor for each of freedom to be considered. distributing each arbitrary fixed-end moment by the appropriate -
2. Determine continuity factors for each span from general expres- column by dividing total column distribution factor in proportion 4. Now values of moments obtained from steps 2 and 3 represent  force concerned and sum. For example, final moment in column
sion to stiffness of columns. effects of applying arbitrary horizontal forces causing sway. To at base = + 0.089 x 77.83 — 0.899 x 106.55 = — 88.8kNm.
-1 Kovy 4. Carry over moments at supports as follows. Multiply distributed determine actual values of unknown forces Fy, F,,..., F required 6. If interpane! loading is applied, distribute fixed-end moments
Pai1 = _——__Z[K 22— o0 balancing moment at lefi-hand end of member by continuity it is necessary to set up n simultaneous equations relating corresponding to this loading throughout frame using normal
- . factor obtained by working from right to left and carry over horizontal force acting above level comsidered to internal Hardy Cross moment distribution and assuming no sway
WhetC ¢,y and K., are continuity fac;m_‘ and stiffness of span this value to right-hand end. At this point, balance carried-over shearing force acting on columns at that level. The internal occurs, and sum resulting moments obtained and those due to
l}:.l(&l;;g consrd;;oi]d, and E[K,/(i;- &,)] is sum of \;z;l.lfues ?;' moment by dividing an equal moment of opposite sign between shearing forces are obtained by multiplying the arbitrary sway analysis to obtain final moments.
— ¢,) of all remaining members meeting at joint. If far en . : P : ‘e . I
of”colul:;)is full fmd,m;g /2 —)=2K /:;5. 5}1 o, =1/2 femaining members meeting at that point in proportion to their Note: precise moment distribution can also be used to solve
nn 15 iy . " af 3, SIMCE @, = 1/ values of K /(2 — ¢ ;) Thus, in example, moment of — 30kNm frames subjected to sway
far end is pinned, K /2~ ¢,) = K,/2. As for continuous-beam carried over from C to D is obtained by multiplying — 81.1kNm ’
system, work along system from left to right and then repeat by 0.368, This moment is balanced at I» by moments of 4 kN AORN——E=2 F
procedure working from right to left. (ic. 30 x 0.0167/0.1167) in each column and 22kNm fie. ]
3. Calculate distribution factors (DFs) at ioints from general 30 x 0.0833/0.1167) in beam DE. K=1K=1 4m
expression (given here for member BC at joint B) 5. Undertake one complete carry-over operation working from 4OKN—wB K=2 Fy
1 —2¢ge left to right and then from right to left from each joint at which _
DFpe=—"—"— fixed-erd moment occurs and sum results to obtain ﬁnal K=1K=1] 4m First degree of Second degree of
L — @petcy moments on sysiem. ; 7/7)/5 R sway freedom sway freedom
where ¢ and ¢z are continuity factors given by step 2. Unlike i " ” ) 8 g
A B C A B C
0 51 35 |5 1/4y 3/4 Distribution factors |0 15| 3/5 |1/5 14 3/4
- p . -1.000 —1.000 Fixed-end moments [—1.000 — 1000
r For details of structure and loading see diagram above —| UC upper column LC lower column —0.200| +0.6001 +0.200 +0.250|+0.750 1st distribution . +0.200+0.600| +0.200
. uc | LC uc | LC uc { LC Uuc | LC _ F0.d00~" 10.125 % 16,100 1st carry-aver o100~ S\To100
Relative stiffnesses 1/40 | 1/40 16 1/40 [ 1440 1/9 1/40 | 1/40 1/12 1/40 | 1/40 8 .} . +0.025| —0.075|-0.025 -0.025|-0.075 2nd distribution ~0.025| —0.075 6
Continuity ¢— 0.143 0.344 0.353 0-287 ' -10012/ —0.012 > ~0.012 20d carry-over _0_012/ i
factors ~¢ 0.271 0.301 0.368 0.500 +0.003! +0.600| +0.003 +0.003{+0.009}  3rd distribution +0.003|-+0.006{ +0.003
Distribution factors 0.128 [0.128]0.744 0.476]0.082(0.089: 0.346 0.44310.110|0.110§0.337 (.302)0.100|0.100(0.498 _ +0.001 / < - ‘/ ™~
4 ) +0.100 +0.001 3rd carry-over +0.001 +0.001
Fixed-end moments —203 +203 i —0.001 —0.001 4th distribution —(.001
Distribution ‘/{+97 +18{+18 +70><—90 -22| —22 -69}\‘ 1 +0.089 +0.178| +0.530| —0.708 —0.683|+0.683 Summations —(.899 —0.797|+0.606| +0.191 +0.076] —0.076 :
Carry-over -8 | -8 [+16 +23| +4 | +4 1-31 +21f —4| —4~13 —30{ +4 | +4 [+22 —= +11 Distribution corresponding to 1st deg. of sway freedom Distribution corresponding to 2nd deg. of sway freedom
2 Y
Summations —8 | -8 [+16 +120] +22 | +22 [ 164 +134] —26| —26|-82 —30[ +4 | +4 |+22 +11f | Final moments  [-8838 -71.2]+106.1]-34.9 —45.1] +45.1 i
% A B C




Frame analysis: slope-deflection data

Basic formutae {slope detlection)

Mg External load Original position
’/'\ l ‘ of AB
A g , -
Skope 8, (positive)
Deflection
a (positive)
Slope 85 (positive) ¥B
2, AN
Mg = 2EK,p\ 20, + 63—1— —Fun Mg,
AB
{neg.)

MBA = ZEKAB(ZGB + GA*%)-I-FBA

Myp{neg.)

Bending moment due to
/ restraining monaents

N
[ Lrrs
errerss

Combined-bending-

moment diagram Free-bending-

moment diagram for load

i, length of member AB
moment of inertia {“concrete units™ of AB
K,.s stiffness factor of AB=1,./l5

Notation
Ty
-
o

modulus of clasticity for concrete

8, slope of deformed member AB at A.
With no load on AB, F p=Fp, =0

The suffixes BA relate to joint or support B of any member AB

The soffixes AB relate to joint or support A of any member AB} Similarly for other

members BC, AC etc

24,5
Fug= i (25— 3Z 15} ) For symmetrical load on AB
2:;3 Fap=Fpa= A, p/lsp
AB

Fpa=——0BZ u— 1)
s
A,s area of free-bending-moment diagram for load on AB
Z,» distance from A to centroid of frec-bending-moment
diagram for load on AB

L az A7 I~ w [ 1 Ea %
g5 g Ay g A A B A B | TRy B0 A B
ks
3 :gg 3EK 04
%g% Mg | 2EK (284 + U} — F 45 2EK 4sbls— Fap —(Fap+3Fg,) —(Fp+ a4
w%E
S | Mus | 2EK (285 + 0 )+ Foa | 4EK bz + Fou Zero Zero
,’//% %% . b
D ) F DT TF I} B=FAB+-§FBA
Symmetrical Symmetrical
toad foad A
' . SR
% Condition c Cond1t.10n
é c E 7 for max for min.
= Mg Myp
[=]
o
g M ZKAC A.{B 3K,4C A:IH K.-I('B 4KACB ) 3KACFJI
5 a 2R o+ 2K+ Ky Lig | 3K o +3K 5k 2K p lyp | Kyt K+ Ep 4K,¢+4K,,,+3K,,3 3K o+ 3K, p+H4Kn
E.n If fixed at CM = 0.5M, etc.
M.an:-K“—‘M,ac Mp=~{M + M) at hinges: bending moment =0
AC
Bending moment in external colwmas of brilding frames D
. . Load
K For frames of onc bay width only [ =1/2 A
Mye=———————F For frames of more than one bay width £ =1
K+ Kip+ 1Kz Far top storey {e.g. roof beam and top storey B
ip columany K p=
Myp=——"M, Myg= —{M,c+ M) Ie)
ac \/
Kye .
M= — M, Mya and Mg are in all cases less than the moments
Kae+ Kip+ Kyg+ Kye assuming knife-cdge support for beam EAB at A,
2 AD :
g Man = Ko € This method is recommended in BS8110 if beams N
E] ’ are analysed as a continuous system on knife-edge .-
5 M,, = cither F5 (for dead + live load) supports. When determining the column moments
5 - Fy (for dead load only} using the formulae shown here, the stiffiiess of the
E ot Fp {for dead + live load) beams should be taken as one-half of the true value :
- Fy5 (for dead load only) when the remote end is fixed, and three-quarters of :
whichever is the greater. the true vatue when the remote end is pinned. E

Note: For values of ¥, and ', see Table 2.28.

Continuous beams as frame rembers

14.2 CONTINUOUS BEAMS AS FRAME MEMBERS

In many buildings, the interaction of the columns and beams
can be considered with sufficient accuracy by applying one of
the simplified models shown in Table 2.57. The simplified two-
or three-span sub-frames in Table 2.61 are analysed on the
assumption that the remote ends of the beams and columns are
fixed. Therefore, for any internal span ST, the ends of the beams
at R and U, the ends of the lower columns at O and X, and the
ends of the upper columns at P and Y are all assumed to be
fixed. In addition, the stiffness of the outer beams RS and TU
is taken as one-half of the true value. For the fixed-end
moments due to normal (i.e. downward-acting) loads, positive
numerical values should be substituted into the tabulated
expressions. If the resulting sign of the support moment is
negative, hogging with tension across the top face of the beam
is indicated.

14.2.1 Internal spans
By slope-deflection methods, it can be shown that
Mg = — Fgr + Kg(bsr + 815/2)
Mypg = — Frg + Kpg(Ors + 857/2)
_ (Ks7/2)(Frs — Fro) — 2 Ko(Fsg — Fyp)
2K YKy — K /4
_ (Ksr/2)(Fsg — Fr) — EKS(FTS — Fry)
2K 2Ky~ Kir/4

EKS = {Kps + Kso + Kgp + Ky

where

5T

78

YKy = Ky + Kyy + Ky + {Kypy

and ¢ is a factor representing the ratio of the assumed to the
actual stiffness for the span concerned (i.e. here £ = 1/2).

By eliminating &gr and 84 in the above and rearranging, the
following basic formulae are obtained:

Mg~ —F +—Dﬂm[2b (1—1)
ST ST 4_DSTDTS TS DST

X (Fry— Frg) + (4— Dyg)(Fer— FSR)]

D |: ( i )
My = —Frg+ +——| 2Dg| 51
B s 4_DrsDrs 5T DTS

X (Fep— Fgp) + (4 — Dgp)(Fpy — F Ts)]

These formulae, which are ‘exact’ within the limitations
of the fixity conditions of the sub-frame, represent the case of
three spans loaded and apply, for example, to the condition

: 0:f dead load. For design to BS 8110, the maximum moments at
* Supports S and T occur when the live load also is applied to all
: Tpree spans. For design to EC 2, the maximum moment at sup-

ort § occurs when the live load is applied to spans RS and ST,

- nd the maximum moment at support T occurs when the live

159

load is applied to spans ST and TU. The maximum positive
moment in span 8T is obtained when the live load is applied to
this span only, for both Codes. The appropriate formulae for
these conditions are also given in Tuble 2.61. For the ULS, the
BS 8110 loads are dead 1.0g,, and live 0.4g, + 1.6g,. The
corresponding loads in EC 2 are dead 1.35g,, and live 1.54,.

In the foregoing, dead and live loads are applied separately,
and the resulting moments are summed. Alternatively, both
dead and live loads can be applied in a single operation, by
evaluating the basic formulaec with fixed-end moment values
corresponding to (dead+live) load on the aforesaid spans, and
dead load only on the remaining spans. To comply with EC 2,
for example, in determining the maximum support moment at 5,
the fixed-end moments Fgg, For and Fig should be calculated for
a load of 1.35g, + 1.5¢,, while Fy; should be evaluated for aload
of 1.35g, only. This method is used in the following example.

In accordance with both Codes, the moments derived from
these calculations may be redistributed if desired. It should be
emphasised that, although the diagrams on Table 2.6/ and
in the following example are for uniform leads, the method
and the formulae are applicable to any type of loading,
provided that the appropriate fixed-end moment coefficients,
obtained from Tuble 2.28 are used.

When the moments Mgy and My at the supports are known,
the positive and negative moments in the spans are obtained by
combining the diagram of free moments due to the design loads
with the diagram of corresponding support moments.

14.2.2 End spans

The formulae for any interjor span ST are rewritten to apply
to an end span AB, by substituting A, B, C and so on, for S, T,
U etc. (A is the end support and there is no span corresponding
to RS). The modified stiffness and distribution factors are given
in Table 2.61, together with the moment formulae for both
spans loaded, and load on span AB only. The dead and live
loads should be evaluated, and applied so as to obtain the
required support moments, as described in section 14.2.1.

14.2.3 Columns and adjoining spans

The outer members of the sub-frame have been taken as fully
fixed at their remote ends. Thus for a member such as RS, the
slope-deflection equation is

Mg = Kgs Osr
Since the rotation of all the members meeting at a joint is the
same, fgy = Bgy. Thus, by eliminating 8y, and rearranging,

DSR

Mg = —st'm

X [2D 5 (Fry— Frg) + 4(Fsr — Fep)]

Similarly,
D Ty

My = — Fry + ——2
w ™" 4 — DgDys

X [2Dgr(Fgr ~ Fyp) + 4(Fry — Fis)]




Frame analysis: simplified sub-frames

2.61

Arrangement of live load
{dead load on all spans)

Bending moments in beam span
(at support positions)

Stiffness factors (K) and
distribution factors (D)

Maximum moment at B

M,g=—F g+ Dan [21)(I
T 4Dl T D

)

% {Fsy— Fsp)—{4— Dsr)Frs]

Lg
x (FBC_FBA)+(4_DBA)FAB] I I
K= g H
Dy, ! R
Mpy=—~Fyg———""— 2Dl 1
4—D gD, Dy
'3? XFAE+(4—DAB)(FBC_FBJJ:| K _IA_H
H
§ 4 Liw
_‘Q Maximum moment at A, in K _ﬁ’ﬁ
= span AB, and in columns Dyp i o lak
Sl B A By ) R
BA AR
wmH 2K
x Fp,+(d— DBA)F_,_B] _ K.
Dyg=rr—————
DBA 1 KAB+ KAG +KAH
My, =—Fy, ———-—[29 3(—-*1) K
’ 4=DaaDal_ " \Dsy Daa=p 11 fK K
AR pc+ Kgs+ Kax
X FAB—(“‘“DH)FBA}
Maximum moment at S and T a
(BS8110 requirements) Mgp= —Fer+ Dsr_ ZDrs(-L— 1)
4_DSTDTSI_ ‘DST KRS_I_R§
Ins Isr
X(FTU_FTS)"'(“""Drs)(Fsr—st)] e STZIS_T
b [ (1 i
Mrg= —Frs—7——— ZD"(D__ 1)
srllrsL 7S
X (FST—FSR)+(4—Dsr)(Fru"Frs)] Ksp= ii?_ Kgp= {{‘f
lso Lgp
Maximum rmoment at 5* Koyo= frx Koy o
(EC2 requirements) Dy ! A o
Mgp= ~Fgpt———| —2Dps{ ——1 TX H
EJ; 4—DgrDrs Dsr .
g x FrgH{d—Dps)(Foy— st):l b Kor
k=l Moee _F Dys [’?D ( 1 I\ ST [Kgs+ Ksr + Kso+ Kyp
fé- Mg ST 4 DerDrs st Des  / Dy Kqr

Maximum moment in span ST
and in columns

BDgr

1
Mer=—Feptpomm———— ! w20 e |
T St 4“951'911:[. Ts(Dsr )

Mys=—Fps—

-

% Frg+ (4 — Dyg)Fgr

D 1
_is___l:j)_psr(___ _
4—DgyDrsg D

% Fgy — (4 —Dgr)Frs

)

Kgr + {Kyp + Ky + Kpy

* For maximum moment at T, put |
Yive load on spans ST and TU. In §
all subscripts, replace R by U and |
interchange Sand T. ihe

1,5 etc. length of member AB etc.

Notation: F, etc. numerical value of fixed-end moment (negative) at A etc. due to load on AB etc.
Lipete. second moment of area of member AB etc.

Note: To comply with BS8110 requirements for analysing simplified sub-frames, take £ = 0.5.

Continuous beams as frame members

The expressions for the moments in the columns are similar to
the foregoing, but Fg and Fr; should be replaced by the initial
fixed-end moment in the column concerned (normally zero),
and the appropriate distribution factor for the column should be
substituted for Dgp or Dyy.

Example. Determine the critical ultimate bending moments in
beam ST of the system shown in the following figure below,
which represents part of a multi-storey frame, in accordance
with the requirements of BS 8110 and EC 2 respectively.

Stiffness values (mm’)

_ 20,16 10°
6 X 10°
_ 21,85 X10°

8x10°

9
Z3XUY _ 53106
4% 10°

Kes = 3.36 % 10°

Kgr = Ky = 2.73 X 10°

For upper columns: X =

9

For lower columns: K =
4% 10°

Distribution factors {if stiffness values are divided by 10°)

B 273 _ 273 _

Dst = 53%336 + 273 + 053 1 0.86 _ 5.80 0.471
_ 2.73 _273 _

Drs = 5= T 035X 2.93 + 033 + 086 549 >4

Suppori-moment equations

Mg = — Fy + [0.471/(4 — 0.471 X 0.497)]
% [2 % 0.497(1/0.471 — 1)(Fpy — Frg
+ {4 — 049T)(Fer — Fyp)l
= — Fyp + 0.125[1.116(Fyy — Frg) + 3.503(Fs; — Fep)]
My = — Fr— [0.497/(4 — 0.471 X 0.497)]

x [2 X 0.471(1/0.497 — 1)(Fr — Fgp)
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BS 8110 requirements
Fixed-end moments

For dead load only: 1.0g, = 8 kN/m

FRS:FSR=8 X 62/12: 24 kNm
FSTzFTS:FTU=FUT=8 X 82/12=42.7kNm

For dead +live load:

14g, +1.6, = 1.4 X 8 +1.6 X 10 = 27.2 kKN/m
FRS = FSR =272 X 62/12 = 8]..6 kNm
Fyp = Frg= Fry = Fyp=27.2 X 8%/12 = 145.1 kNm

Maximum moments on beam ST

At S (dead +live load on all spans)

®[1.116(145.1 — 145.1) + 3.503(145.1 — 81.6)]
=—145.14+27.8 = —117.3 kNm

At T (dead +live load on all spans)

MTS = —145.1 —0.132
% [0.953(145.1 — 81.6) + 3.529(145.1 — 145.1)]
=—145.1- 8.0 = — 153.1 kNm

Mid-span (dead +live load on ST, dead load on RS and TU)

MST= —145.1+0.125
X [1.116¢42.7 — £45.1) + 3.503(145.1 — 24.0)]
—145.1+38.7=—106.4 kNm

i

Mype—=—145.1 —0.132
+ (4 = 0471 (Fyy — Fry)] X [0.953(145.1 — 24.0) + 3.529(42.7 — 145.1)]
= — Fpo— 0.132[0.953(F g, — Fyp) + 3.529(Fyy— Frg)) = —145.1 +32.5 = —112.6 kNm
F =213 % 10° mm*
for all upper columns
SRS P g=10kNm = =8
20.16 X 10% mm* e fo o T_
ST =4TU —
£:=8 kN/m 21.85x 10° mm* 4m
— SRR EEERCECARAOR RSO L RERARTA O ORRRRTEER LD N SRRV —
R b T 19)
4m
- 6m -t Sm - 8m —
7 /A T 7

1=23.42 3% 10° mm*
for all lower colamns
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Maximum positive span moment is then approximately

1.5Fg — 0.5(Mgr+ M) = 1.5 X 1451 — 0.5(106.4 + 112.6)
=217.6—109.5=108.1 kNm
Maximum moments on column at S (dead +live load on ST,

dead load on RS and TU). Distribution factors for lower and
upper columns respectively are:

0.86
5.80

0.53

580 = (.091

Do = 20 = 0148 D =

Bending momeats for 1ower and upper columns respec-
tively are:

o = [0.148/(4-0.471 X 0.497)

X |2 X 0.497(145.1-42.7) + 4(145.1-24.0)]
= 23.1 KNm
Mg = [0.091/4-0.471 X 0.497)]

x [2 X 0.497(145.1-42.7) + 4(145.1-24.0))
14.2 kNm

Alternatively, using the method shown on Table 2.60 for an
interior column, when the adjoining beams are analysed as
a continuous system on knife-edge supports,

EKS = O'SKRS +0.5 KST +¥K50 + KSP

= (1.68 + 1.37 + 0.53 + 0.86) X 10° = 4.44 X 10° mm®

0.86 0.53
4.44 444

Maximum unbalanced fixed-end moment at S

Dgp = = {).194 Dy = = 0.119

(Fsp—Fgg) = 145.1-24.0 = 121.1 kNm
MSO = 0.194 X 121.1 = 23.5 kNm
Mg =0.119 % 121.1 = 144 kNm

It will be seen that, in this example, the results obtained by the
two methods are almost identical.

EC 2 requirements
Fixed-end moments. For dead load only:

1.35g, = 1.35 X 8 = 10.8 kN/m
Fpe = Fop = 10.8 X 6412 = 32.4 KNm
F _FTS_FTU_FUT 108X82/12—5761{Nm

For dead +live load:

1358, +1.5¢, = 1.35 X 8 +1.5 X 10 = 25.8 kN/m
Fos = Fop = 25.8 X 6¥12 = 77.4 kNm
FST = FTS = FTU = FUT =258 X 8¥12 = 137.6 kNm

Framed structures

Maximum moments on beam ST. At S (dead +live load on RS
and ST, dead load on TU)

Mg = —137.6 +0.125
X[1.116(57.6 — 137.6) + 3.503(137.6 — 77.4)]
= —137.6 +15.2=—122.4 kNm
At T {dead +live load on ST and TU, dead load on RS)
M= —137.6 —0.132
x{0.953(137.6 — 32.4) + 3.529(137.6 - 137.6)]
= ~1376-132 = —150.8 kNm
Mid-span (dead +live load on ST, dead load on RS and TU)
Mer=—137.6+0.125
X [1.116(57.6 — 137.6) + 3.503(137.6—32.4)]
= —137.6+ 349 = - 102.7 kNm
Mp=—-1376-0.132
®[0.953(137.6—32.4) + 3.529(57.6 — 137.6)]
=—1376+24.0=—113.6 kNm

Maximum positive span moment is then approximately

1.5F¢ —0.5(Mgr +Mps) = 1.5 X 137.6—0.5(102.7 +113.6)
= 206.4—108.1 = 98.3 kNm

Maximum moments on column at S (dead +live load on ST,
dead load on RS and TU)

=[0.148/4 - 0.471 x 0.497)]

% [2 % 0.497(137.6 — 57.6) + 4(137.6 —32.4)}
= 19.7 kNm
= [0.091%4 — 0.471 x 0.497)]

X [2 X 0.497(137.6 — 57.6) + 4(137.6 — 32.4)]
=12.1kKNm

14.3 EFFECTS OF LATERAL LOADS

For many structures, a close analysis of the bending moments
to which a frame is subjected due to wind or other horizontal
loads is unwarranted. In such cases, the methods illustrated in
Table 2.62 are sufficiently accurate. Further information on the
use of these methods is given in section 4,11.

14.4 PORTALFRAMES

General formulae for the bending moments in single-storey,
single-bay rigid frames are given in Table 2.63 (rectangular
frames) and Table 2.64 (gable frames). The formulae, which
relate to any vertical or horizontal load, cater for frames with
the columns fixed or hinged at the base. Formulae for specific
load cases are given in Tables 2.65 and 2.66. Formulae for the
forces and bending moments in frames with a hinge at the base
of each column and one at the ridge (i.e. three-hinged frames)
are given in Table 2.67.

2.62

Frame analysis; effects of lateral loads

(a)  Open braced tower (b}  Substructure of silo (or similar structure)
—
- —_—
”r——' — Tank .
I .
T h E —iF I Superstructure
hy i M, =xFh, F > (massive)

A/ e
}Mb F(hy+ hy) ::
F

WITM_
> B
-mémél

. - ﬁ A 4 A L A
Y
Y _ /éTme\ Z A [~ v
—R ; X .
i Fh Rmax —Ri' L +Rl +Rmax
tR=7 [ R =nil
if J is odd
Shearing f FHx;
caring forces: R=—
g . iT 32
on colummn: V=5 F S .
I; moment of inertia of any column f
on brace: V), = 2M,/l (columns of different sizes.)
Assumption: both columns of same size and

J total number of columns supporting supersiructure
Shearing force on column j: V; = FI /31
If all colurnns are same size: M, = Fh/2J

vertical or nearly vertical.

{c)  Frame of maltistorey building

Fl—'— -{

. =~ LFFR{h
-1 2

T
?4% W“UUH? “ﬁ;j
I

My =5 (0 + M5)

—
0.5F, ?
Fopmp 3 é by Example with J, = 4:
0.5F, Fih
- 2 H m”\n\ mm%\ 1 M= L

12

o h
s hy Mz=gz‘ (F1+3F)

For e ¢
0.5F3é
A
-
0.5F, }
Fy—— % : = M
O.SFgé 2 —

Assumption: exterior columm subjected to half shearing force on interior column.
J, total nomber of columns in frame

)
,
=4

b 1
My =2 (F, +F, ) Fy) et

?“ 6
hy Mb1=%M1
Myy =3 (M\ + M)

Myy = 1My + My) et

Note: Explanations of the effects of wind forces (or other lateral loads) on the structures illustrated in Table 2.62 are given in section 4.11.




Gable frames: general cases
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Rectangular frames: general cases
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2.66

: special cases

Gable frames
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2.65

Rectangular frames: special cases
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Three-hinged portal frames

‘Three-hinged frame with

normal loading

H,oh

F o HRES+20(1-8)] —Ryed

Hyoh

H3=;_BF

Ry = BHFA

Three-hinged frame carrying crane

Hybh

Three-hinged frame with overhang

Rg=oF

Ry= BF/I

Three-hinged frame with tie-rod

form of bending-moment
C diagram depends on loading

W=k

h
i
A _¥
1-8)

Njy=Hy~ M

Hy=0h

S Hy= Hy M(1-9)

R:A=RA R’B=RB

Hy+ Hy
2(1—8)+ GIE F/A, E(5hY

Force in tie-rod = N =

Stress in tie-rod = N/A ;.

Hy, Hp Ry and R Reactions for three-hinged fr