


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 Eurocodes. The principal feature of the Handbook is the 
collection of over 200 full-page tables and charts, covering all 
aspects of 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 ofBS 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 multi-bay frames, shear walls, 
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arches and containment structures. Miscellaneous 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, culverts and subways. 
All of the design tables and charts in this section ofthe 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rent British codes are due to be withdrawn from 2008 onwards, 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 least 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 cementlcombination 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 Eurocodes. 

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 European codes. The decimal point is shown by a 
full stop (rather than a comma) 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 material that was no 
longer relevant, and to revise the entire text to reflect modern 
design and construction 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 I to the tables that are found in the 
rest 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 I, 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 large range of structural forms. This material is largely 
independent 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 Eurocodes, 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 to 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 many 
sources past and present. Although the selection inevitably 
reflects the personal experience of the authors, the information 
has been well tried and tested. lowe 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 

A, Area of concrete section 
A, Area of tension reinforcement 
A' , Area of compression reinforcement 

A" Area of longitudinal reinforcement in a column 
C Torsional constant 
E, Static modulus of elasticity of concrete 
E, Modulus of elasticity of reinforcing steel 
F Action, force or load (with appropriate 

subscripts) 
G Shear modulus of concrete 
Gk Characteristic permanent action or dead load 
I Second moment of area of cross section 
K A constant (with appropriate subscripts) 
L Length; span 
M Bending moment 
N Axial force 
Qk Characteristic variable action or imposed load 
R Reaction at support 
S First moment of area of cross section 
T Torsional moment; temperature 
V Shear force 
Wk Characteristic wind load 

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) 

10k Characteristic (cylinder) strength of concrete 

lou Characteristic (cube) strength of concrete 
fyk Characteristic yield strength of reinforcement 
gk Characteristic dead load per unit area 
h Overall depth of cross section 

Symbols and 
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. 

Radius of gyration of concrete section 
k A coefficient (with appropriatesubs9ripts) 

Length; span (with appropriate subscripts) 
m Mass 

qk Characteristic imposed load per unit area 
r Radius 
llr Curvature 

Thickness; time 
u Perimeter (with appropriate subscripts) 
v Shear stress (with appropriate subscripts) 
x Neutral axis depth 
z Lever arm of internal forces 

a,{3 Angle; ratio 
a, Modular ratio EIE, 
y Partial safety factor (with appropriate subscripts) 
8, Compressive strain in concrete 
8, Strain in tension reinforcement , 
8, Strain in compression reinforcement 

'" 
Diameter of reinforcing bar 

'P Creep coefficient (with appropriate subscripts) 
A Slenderness ratio 
v Poisson's ratio 
p Proportion of tension reinforcement A/bd 
p' Proportion of compression reinforcementA~/bd 
(T Stress (with appropriate subscripts) 

'" 
Factor defining representative value of action 

BS British Standard 
EC Eurocode 
SLS Serviceability limit state 
UDL Uniformly distributed load 
ULS Ultimate limit state 
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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), or 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 calculations 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. 

Structural design is largely controlled by regulations or codes 
but; even within such bounds, the designer needs to exercise 
judgement 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 
concrete' (BS 8ll0: Parts I, 2 and 3) and 'Loading on build­
ings' (BS 6399: Parts I, 2 and 3). For other types of structures, 
'Design of concrete bridges' (BS 5400: Part 4) and 'Design of 
concrete Structures for retaining aqueous liquids' (BS 8007) 
have been used. Compliance with the particular requirements of 
~e.BuildingRegulations and the Highways Agency Standards 
l~,~also~n{!cessary in many cases. 
;;;Sillcethe last edition of this Handbook, a comprehensive 

set:of;:harmonised Eurocodes (ECs) for the structural and 
: design of buildings and civil engineering works 

h~isll)een'le,'eillD~'rl The Eurocodes were first introduced as 

>;~~~E:~:~~:j: (BNV) standards, intended for use in 
a national application document (NAD), as 

national codes for a limited number of years. 
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These have now been largely replaced by Buronorme (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 Ee 0: Basis of structural 
design, EC I: Actions on structures, and BC 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 I 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 u.nit prices. Economy in the use of fOrIDwork is 
generally achieved by unifonmity 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 fonn 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 
different 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 years, but grade 500 is now 
produced as standard, available in three ductility classes A, B and 
C. It is always uneconomical in material tenus 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 countetforts 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 Structural 
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 layout 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 relation 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 should 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 to 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 20HI6-03-1S0Bl. This represents 20 nUlnbior 
grade 500 bars of 16 mm nominal size, bar mark 03, spaced 
150 mm centres in the bottom outer layer. The bar mark is 
number that uniquely identifies the bar on the drawing and 
bar bending schedule. Each different bar on a drawing is 
a different bar mark. Each set of bars is described only once 
the drawing. The same bars on a cross section would be derlOt',,! 
simply by the bar mark. Bar bending schedules are prepared 
each drawing on separate forms according to re(,ornmlendali0I1S 
in BS 8666 Specification for scheduling, dimensioning, be,ndl'ng, 
and cutting of steel reinforcement 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 both 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 process. 

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 enongh to withstand the effects of accidental loads, due 
to,an unforeseen event such as a collision or explosion, without 
disproportionate collapse. At the SLS, the effects in normal use 
ofdefiection, cracking and vibration should not cause the 
structureJo'deteriorate or become unserviceable. A deflection 
limit,ofspanl250 applies for the total sag of a beam or slab 

level of the supports. A further limit, the lesser of 
sP'IIl!:SOO or 20 mm, applies for the deflection that occurs after 
me,~ppli"ati!on of finishes, cladding and partitions so as to avoid 
g~'!i'l.ge'to these elements. A limit of 0.3 mm generally applies 

",?:;,t(jtthewi(ith of a crack at any point on the concrete surface. 
,0$;Ip;13~;;5401), an additional partial safety factor is introduced. 

,t.ls,,"pp,lied to the load effects and takes account of the 

i~~~s';!:~t~~~ analysis that is used. Also there are more 
combinations to be considered At the SLS 

specified deflection limits but the c~acking limit; 
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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 contaimnent vessel. 
A crack width limit of 0.2 mm normally applies to all cracks, 
irrespective of whether or not they pass completely through the 
section. Where the appearance of a structure is considered to be 
aesthetically critical, a limit 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. 



6 

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 811 0 characteristic dead, imposed and wind loads 
are taken as those defined in and calculated in accordance 
with BS 6399: Parts I, 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 21101 (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 bigher in the Eurocodes 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 EC I, and the factors to be used to determine representative 
values are given in EC O. 

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 I: 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 contaiued 
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 I: Part 1.1. 

2.4.1 Floors 

For most buildings the loads imposed on floors are specified in 
loading standards. In BS 6399: Part I, 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-pennanent 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/m2 

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 forna 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 used for the design of beanas 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 given in EC I: Part 1.1. 

In all buildings it is advisable to affix a notice indicating 
the imposed load for which the floor is designed. Floors 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- 't'iiore 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 I 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, rhythmic 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. 
limited guidance on dynamic loads caused by activities such 
jumping and dancing is provided in BS 6399: Part 1, Annexe 
To avoid resonance effects, the natural frequency of vi·ibnltion. 
of the unloaded structure should be greater than 8.4 Hz for 
vertical mode, and greater than 4.0 Hz for the horizontal 

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

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

Live loads (variable actions) 

2.4.3 Parapets. barriers 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 I 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 l.l m above a 
datum level, taken as the finished level of the access platforna 
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 uniformly distributed over any length of 1.5 m of 
the barrier. By the fundamental laws of dynamics: 

F = 0.5mv'/(lib + Ii,) (in kN) 

m = gross mass of vehicle (in kg) 
v = speed of vehicle normal to barrier, taken as 4.5 mlsec. 
lib = deflection of barrier (in mm) 
Ii, = 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 (lib = 0), 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: 

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

(b) a redistributed (or unevenly deposited) snow load, likely to 
OCcur 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 
gIVen in Table 2.4. For other roof shapes and for the effects of 
local drifting of snow behind parapets, reference should be 
IIladoto BS 6399: Part 3 for further information. 
".Minimum loads are given for roofs with no access (other than 
thatnecessary for cleaning and maintenance) and for roofs 
Where access is provided. Roofs, like floors, should be designed 
for the worst effects of either the distributed load or the 
~_~~r~,ntr~ted load. For roofs with access, the minimum load 
~ ~ exceed the snow load in most cases. 

c, is used for purposes such as a cafe, playground 
the appropriate imposed load for such a floor 

.;:i;~~~~~"~r~~;~~~~For buildings designed to the Eurocodes, 

."~ in EC I: Part 1.3. 
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2.4.5 Columns, walls and foundations 

Columns, walls and foundations of buildings are designed for 
the sanae 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 sanae 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 increases with the number of 
floors supported as given in Table 2.3. 

2.4.6 Strnctures 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 (mls2), the resulting load on the supporting structure is 
approximately F (I + 0.098a). The average acceleration of 
a passenger lift may be about 0.6 mis' 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 Uuited 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 traffic, 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. Notional 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) Regulations. 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 (kN/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 loads. 

The loads are multiplied by lane factors, whose values 
depend on the particular lane and the loaded length. This is 
defined as the length 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 
for 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. Each 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 principal 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 HE 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 37/01. 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 21101, 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 21101. 

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 kN/m2 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 required in cases where exceptional crowds could 
occur. For elements of highway bridges supporting footwaysl 
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 footwaylcycle 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 37101, 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 vertical direction and 
1.5 Hz for the loaded bridge in the horizontal direction. When 
the fundamental natural frequency of vertical vibrationf, does 
not exceed 5 Hz, the maximum vertical acceleration should 
be limited to 0.5"';10 m/s'. Methods for determining the natural 
frequency of vibration and the maximum vertical acceleration 
are given in Appendix B ofBD 37/01. Where the fundamental 
natural frequency of horizontal vibration does not exceed 
1.5 Hz, special consideration should be given to the possibility 
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 particularly 
susceptible to such vibrations. ' 

Railway bridges. Details oflive loads to be considered 
design of railway bridges are given in Table 2.6. Two types 
standard loading are given in BD 37101: type RU for 
line railways and type Rl. for passenger rapid transit systenllM, 
A further type SWIO is also included for main line railW"Ys,i"Cl 

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 loads 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 10 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 80 km/h, heavy wagons at speeds up to 120 km/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 50 kNlm 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 are 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 
loading type, and information on other loads to be con­
in the design of railway bridges, due to the effects of 

nosing, centrifugal action, traction and braking, and in the event 
deraihnent, reference should be made to BD 37/01. 

Dispersal of wheel loads 

from a wheel or similar concentrated load bearing on a 
definite area of the supporting surface (called the 

~Pl~tact:!lrea) may be assumed to be further dispersed over an 
.!ll;~i~phat depelld~ on the combined thickness of any surfacing 
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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 slab surface. It is nearly 
zerO for steel tyres on steel plate or concrete. The maximum 
contact length is probably obtained with an iron wheelan loose 
metalling or a pneumatic tyre on an asphalt surface. 

The wheel loads, given in BD 37101 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/mm2 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 slab, 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 adj acent sleeper 
on either 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 built above ground level are affected by the 
wind to 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 annual risk (probability) of being exceeded of 0.02 
(i.e. a mean recurrence interval of SO 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, mis, which is used to 
calculate an appropriate dynamic pressure q = 0.613V,2 N/m2 

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 should 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 location of the structure in relation 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 building 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 surfaces, the frictional 
drag forces on surfaces parallel to the direction of the wind, and 
a dynamic augmentatiou factor that depends on the building 
height and type. 

Details of the dimensions used to define surface pressures 
and forces, and values for dynamic augmentation factors and 
frictional drag coefficients are given in Table 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 I: 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 factoris taken as 1.05, 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 elements 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, J"-_ ...• 

piers, docks and similar maritime structures include those 
to winds and waves, blows and pulls from vessels, the 
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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 
impact 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 mis, a 10 000 tonne vessel at 0.2 mls 
and a 100000 tonne vessel at 0.15 mls. The kinetic energy of a 
vessel displacing F tonnes approaching at a speed V mls is 
equal to 0.514FV2 kNm. Hence, the kinetic energy of a 
2000 tonne vessel at 0.3 mis, and a 5000 tonne vessel at 0.2 mis, 
is about 100 kNm in each case. If the direction of approach 
of a vessel is normal to the face of a jetry, 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[(Vsin8)' - (pw)'], with 8 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 w 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 
stmcture and the fendering. The force to which the structure is 
subjected is calculated by equating the product of the force and 
half 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 
or suspended fenders can, however, absorb a large 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 a 
vessel moored to a jetty is usually transmitted by the vessel 
pressing directly against the side of the structure or by pulls 
on mooring ropes secured to bollards. The pulls on bollards 

to the foregoing causes or during berthing vary with the 
>"'O; .• ~ of the vessel. For vessels of up to 20000 tonnes loaded 

bOllards are required at intervals of 15-30 m with 
10aa .cap',cities. according to the vessel displacement, of 100 kN 

tonnes, 300 kN up to 10 000 tonnes and 600 kN up 
tonnes. 

effects of wind and waves acting on a marine structure 
l(e .. .mIlCh reduced if an open construction is adopted and if 
)J:o'~isiion is made for the relief of pressures due to water and air 

below the deck. The force is not, however, related 
to the proportion of solid vertical face presented to 
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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 appropriate 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 
value 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/m2 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 I 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 surface 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"z = 'YwZ, where Yw 
is uuit 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 

'T = c' + a' n tanq?' 

where c'is effective cohesion of soil, cp' is effective angle of 
shearing resistance of soil, 0"' n is effective normal pressure. 

Values of c' and q/ 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 adop~ a soil model with c' = O. Such a 
model gives a conservative estimate of the shear strength ofthe 
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 constmction, or the 
soil has been prevented from lateral movement during placement, 
an at-rest state of equilibrium exists. Additional 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 equilibrium. 
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The problem of detennining 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 detennined 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. Caquot and Kerisel produced tables of 
earth pressure coefficients derived by a method that directly 
integrates the equilibrium equations along combined planar and 
logarithmic spiral failure 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 
controlled 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 moistnre 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 moistnre-content of 80--100% of the optimum 
value. For further guidance on the suitability of fill materials, 
reference should be made to 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 distributions on unyielding walls, and on rigid 
walls free to translate or rotate about the base, are shown in 
Table 2.11. For a normally 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 '1/ value (c' = 0) is used, the 
procedures for cohesionless soils apply. If tangent parameters 
(c', cp') 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 Fnrther 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 specialist books and BS 8002. For the pres­
sures to be considered in the design of integral bridge abutments, 
as a result 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 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. When a deep container is filled, 
a slight settlement 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 vertical 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 constant, and a Rankine coeffi­
cient is generally used. Eccentric filling (or discharge) tends to 
produce variations in lateral pressure round the silo wall. An 
allowance is made by considering additional patch loads taken 
to act on any part of the wall. 

Unloading a silo distnrbs the equilibrium of the contained 
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' 
Hawing 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 material! 
These patterns are termed funnel How (or core flow) and mass 
flow respectively. In the former, a channel of flowing ... 
develops within a confined zone above the outlet, the material 
adjacent to the wall near the outlet remaining stationary. 
flow channel can intersect the vertical walled section of the 
or extend to the surface of the stored material. In mass 
which occurs particularly in steep-sided hoppers, all the 
material is mobilised during discharge. Such flow can 
at varying levels within the mass of material contained in 
tall silo owing to the formation of a 'self-hopper', wlltD .Olg 

local pressures arising where parallel flow starts to di,rer:gefro 
the walls. Both flow patterns give rise to increases in 
pressure from the stable, filled condition. Mass 
in a substantial local kick load at the intersection of the 
and the vertical walled section. 

Eurocade 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 minimum consistent coefficients of friction should be used. 
Data taken from EC I: 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 stmctnres 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, including 
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, 
calcium 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 strength continnes as long as moisture is 
present to maintain the chemical reaction. 

Chapter 3 
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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, are pulverized-fuel ash (pfa) to 
BS 3892, fly ash to BS EN 450, ground granulated blastfumace 
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 "thei-have been used 
primarily to reduce the temperature rise of the concrete, with 
corresponding reductions in temperature 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 minlmising 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 early stages 
under normal temperatures, and at low temperature the reac­
tion, particularly in the case of ggbs, can hecome 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 impernaeability 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, is 
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 th~, 
recently introduced notation system includes a unique code 
identifies both composition and production method. The typW:; 
of cement and combinations in most common usage are 
with their notation in Table 2.17. 

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

o Portland cement CEM I, 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 I 42,5N, where 42,5 (N/mm2) is the 
standard strength and N indicates a nornaal early strength, 

The most common standard strength classes for cements are 
42,5 and 52,5. These can take either N (nornaal) 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 I 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 52,5 strength class. These 
cements are often used 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 a Portland 
cement with a low tricalcium aluminate (C,A) content, for 
which the British Standard is BS 4027. When concrete made 
with CEM I 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 C3A content in SRPC, cement with a superior resistance 
to sulfate attack is obtained. SRPC nornaally has a low-alkali 
content, but otherwise it is similar to other Portland cements in 
being non-resistant to strong acids. The strength properties of 
SRPC are similar to those of CEM I 42,5N but slightly less 
early heat is nornaally produced. This can be an advantage in 
massive concrete and in thick sections. SRPC is not normally 
used in combination with pfa or ggbs. 

Bl"stfurnace slag cements. These are cements incorporating 
ggbs, which is a by-product of iron smelting, obtained by 
qu~nching selected molten slag to form granules. The slag can 
l?~inter-ground or blended with Portland cement clinker at 
F~.:tain cement works to produce: 

'iI!·.Portland-slag cement CEM IIIA-S, with a slag content of 
conformimg to BS EN 197-1, or more commonly 

I~stfuma,ce cement CEM III! A, with a slag content of 
confornaing to BS EN 197-1. 

'm',tiv,o]v the granules may be ground down separately to a 
~,Plow'der with a fineness similar to that of cement, and then 

in the concrete mixer with CEM I cement to produce 
)!wna"e cement. Typical mixer combinations of 40-50% 

CEM I cement have a notation CIlIA and, at this level 
28-day strengths are similar to those obtained with 

'~I'IL.,5N. 

IS 

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 blastfumace 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 III! A and CIlIA 
become CEM IIIIB and CIIIB respectively. These were known 
formerly as high-slag blastfumace 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 pernait the development of strength. 

Pulverized-fuel ash and fiy ash cements. The ash resnlting 
from the burrting 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 electrostatic 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 cement 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: 

o 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 tbree months is likely 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. 

o The water demand of pfa for equal consistence may be 
less than that of Portland cement, 

o The density of pfa is about three-quarters that of Portland 
cement. 

o 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, 

I 
I , 
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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 concrete for most purposes. They are likely to have 
a slower rate of strength development compared with CEM 1. 
When the cement contains 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 IIIA-L or CEM 
IIIA-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 natural 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. Manufactrned light­
weight aggregates are also sometimes used. 

Aggregates should be hard and 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 aad sands are usually washed 
by the suppliers to remove excess fines (e.g. clay and silt) aad 
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 particularly 
important for the sand - aad 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. Fat 
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 have 
a maximum size of 20 mm. Smaller aggregate, usually with '. 
maximum size of 10 mrn, may be needed for concrete that is t9 
be placed through congested reinforcement, and in thin sections 
with small covers. In this case the cement content may hav-e 
to be increased by 10-20% to achieve the same strength 
workability as that obtained with a 20 mm m"xilllum-,siz"d, 
aggregate. because both sand and water contents usually ha'le'",<', 
to be increased to produce a cohesive mix. Larger ag!;rel~atl'" 
with a maximum size of 40 mm, can be used for fOlmdlati'Dn! 
and mass concrete, where there are no restrictions to the 
of the concrete. It should be noted, however, that this sort, 
concrete is not always available from ready-mixed 
producers. The use of a larger aggregate results in a 
reduced water demand, and hence a slightly reduced 
content for a given strength and workability. 

The proportions of the different sizes of particles 
up the aggregate, which are found by sieving, are 
the aggregate 'grading'. The grading is given in terms 
percentage by mass passing the various sieves. 
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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 0.25 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. Overall 
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 batch 
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 aad 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 unmixed 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 
lintits vary according to the aggregate size indicated as diD, in 
millimetres, where d is the lower limiting sieve size and D is 
the upper lintiting 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 (medium), 
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 surface 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 still produce perfectly satisfactory concrete. Maintaining a 
reasonably uniform grading is generally more important than 
the grading limits themselves. 

>lVlatine-ilredg:ed aggregates. Large quantities of aggregates, 
obltair,ed by dredging marine deposits, have been widely and 

.·~~.~~:~ .. ~~i~: used for making concrete for many years. If 
"j sufficient quantities, hollow andlor flat shells can 
.···;il'feclt>th.e properties of both fresh and hardened concrete, and 

9'i'categOlies for shell content are given in BS EN 12620. In 
"""I'ed,]ce the corrosion risk of embedded metal, limits 

I",(c:bl()ridle content of concrete are given in BS EN 206-1 
To confonn to these limits, it is necessary for 

.<lfI,d1:ed aggregates to be carefully and efficiently 
. . water that is frequently changed, in order to 
salt content. Chloride contents should be checked 

17 

frequently throughout aggregate production in accordance with 
the method given in BS EN 1744-1. 

Some sea-dredged sands tend to have a preponderaace of 
one size of particle, and a deficiency in the amount passing the 
0.25 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 cbloride 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 
work. 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, caa 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 caa 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 reduced. The use of these 
admixtures can be beneficial in one of three ways: 

• When added to a normal concrete at normal 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. 

• 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 
air-entrainment, without necessarily increasing workability, 
and therefore may be of no benefit in the fresh concrete. 

Accelerating water-redncing 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, modem 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 admixtnres. 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. 

• 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 
or synthetic surfactants that entrain a controlled amount of 
in concrete in the form of small air bubbles. The bubbles 
to be about 50 microns in diameter and well dispersed. 
main reason for using an air-entraining admixture is that 
presence of tiny bubbles in the hardened concrete i'J lcr,eases .i~} .• ·.· 
resistance to the action of freezing and thawing, eSIJec:ial, 
when this is aggravated by the application of de-icing 
and fluids. Saturated concrete - as most external paving 
be - can be seriously affected by the freezing of 
the capillary voids, which will expand and try to burst 
concrete is air-entrained, the air bubbles, which int"rs"ct" 
capillaries, stay unfilled with water even when the COUcJre!! 
saturated. Thus, the bubbles act as pressure relief vallve,'" 
cushion the expansive effect by providing voids into 
water can expand as it freezes, without disrupting the 
When the ice melts, surface tension effects draw the wa,ter:b: 
out of the bubbles. 
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Air-entrained concrete should be specified and used for all 
forms of external paving, from maj or 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 about 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: 

• 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 tum. 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 
add~d to the concrete on site rather than at the batching or 
Ituxmg plant. Flowing concrete can be more susceptible to 
segregation and bleeding, so it is essential for the mix design 
and proportions to allow for the use of a superplasticizer. As a 
general guide, a conventionally designed mix needs to be 
rnodHjed, by increasing the sand content by about 5%. A high 
~~gre~ of control over the batching of all the constituents is 
<;s~ential, especially the water, because if the consistence of the 

c~:)~~::~~,:~ not correct at the time of adding the superplasticizer, 
e: flow and segregation will occur. 
,,,Cc ·"";c .... 

of flOWing COncrete is likely to be limited to work 
l".t'~f".tl,e advantages, in ease and speed of placing, offset the 

of the concrete - considerably more than with 
adini>ctw:es. Typical examples are where reinforcement is 

~t~~;dC'~~,:~:~t~~ making both placing and vibration 
large areas, such as slabs, would benefit 

easily placed concrete. The fluidity of flowing 
h~!!!ore'lses the pressures on formwork, which should be 

full hydrostatic pressure. 
produce high-strength concrete, reductions in 

of as much as 30% can be obtained by using 
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superplasticizers, compared to 10% with normal plasticizers: as 
a result, I-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 situ 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 fall from a considerable height. 

The workability of fresh concrete is increasingly referred to 
in British and European standards as consistence. The slump 
test is the best-known method for testing consistence, and the 
slump classes given in BS EN 206-1 are: Sl (10-40 mm), 
S2 (50-90 mm), S3 (100-150 mm), S4 (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 cracking. 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, 
especially 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 
occur 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 fonn 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 directly 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 fe-vibration is acceptable when 
the concrete is still plastic enough to be capable of being 
'fluidized' 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 
bleed water has evaporated. This is too late to prevent plastic 
shrinkage cracking, and so the only alternative is to protect the 
concrete for the first few hours with polythene sheeting. This 
needs to be supported clear of the concrete by means of blocks 
or timber, but with all the edges held down to prevent a wind­
tunnel effect. It has been found that plastic shrinkage cracking 
is virtually 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 subseqnently, 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 Table 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 influences. 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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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 I m and more, the temper­
ature rise in the core is likely to be about 14°C for every 
100 kg/m3 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 I, 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 IO'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 allow the heat generated to be 
dissipated more quickly than will timber formwork, resulting 
in lower temperature rises, especially in thinner sections. 
Timber formwork andlor additional insulation will reduce the 
temperature differential between the core and the surface of 
the section, but this differential could increase significantly 
when the formwork is struck. Retarding water-reducers will 
delay the onset of hydration, but do not reduce the total U~",'j,)j 
generated. Accelerating water-reducers will increase the rate 
heat evolution and the temperature rise. 

The problem of early thermal cracking is usually confined 
slabs and walls. Walls are particularly susceptible, be(,ause},',,! 
they are often lightly reinforced in the horizontal direction;!!,< 
and the timber formwork tends to act as a thermal im,uhltolr,j 
encouraging a larger temperature rise. The problem could 
reduced, by lowering the cement content and using 
with a lower heat of hydration, or one contaiuing ggbs 
However, there are practical and economic limits to 
measures, often dictated by the specification reC[uil:enlenlts"fp 
the strength and durability of the concrete itself. In 
cracking due to external restraint is generally dealt 
providing crack control reinforcement and contractim!'j()iJ]1 
With very thick sections, and very little external re"traint; 
the temperature differential can be controlled by 11' rrs(llatm1:"~ 

concrete surfaces for a few days, cracking can be av,oided;l/;, 
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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. II. 

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 control 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 Uuited 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 d~termiuing 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 
~amples drilled from in situ 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 
:ncretes. The proportionis affected by the aggregate used, and 

e compreSSIve strength IS therefore only a very general guide 
to the. tensile strength. For specific design purposes, in regard to 
Cracking and shear strength, analytical relationships between 
the t~nsil~ strength and the specified cylinder/cube strength are 
proVIded 10 codes of practice. 

.<The indirect tensile strength (or cylinder splitting strength) is 

J0zi:6:\(~;~~~ s.~:('!~~.d nowadays. Flexural testing of specimens may 
';>,iii,Nll.o"h_on some airfield runway contracts, where the method 

is based on the modulus of rupture, and for some 
concrete products such as flags and kerbs. 

properties. The initial behaviour of concrete under 
load is almost elastic, but under sustained loading the 

with time. Stress-strain tests cannot be carried 

~:~:~:~o:~~~: and there is always a degree of non-linearity 
strain upon unloading. For practical purpose, the 

l!!~t d'ef()rnlation is considered to be elastic (recoverable 
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upon unloading), and the subsequent increase in strain under 
sustained stress is defined as creep. The elastic modulus on 
loading defmed 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 
patticular aggregate, the value increases with the strencrth of the o 
concrete and the age at loading. ill 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 iuitial elastic value 
that occurs in concrete under a sustained constant stress, after 
taking into account other timeR 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 residual 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 occurs, 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. 
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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 fannation 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 due 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 outdoor 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 is also a function of waterJcement 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 hnmidity and 
effective section thickness (notional size), are given in Table 3.5 
for BS 8!l0 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 a relative humidity of about 70%. Values for the 
aggregate are related to their mineralogical composition. 

A value for the coefficient of thermal expansion of concrete 
is needed in the design of structures such as chimneys, 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 thennal 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 medium 
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 failure 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 unifonn 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 Durability of concrete 

Concrete has to be durable in natu;ar environments ranging 
from mild to extremely aggressive, and resistant to factors such 
as weathering, freeze/thaw attack, chemical attack and abrasion. 
In addition, for concrete containing reinforcement, the surface 
concrete must provide adequate protection against the ingress 
of moisture an~ air, which would eventually 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 full 
compaction to eliminate air voids, and effective curing. to 
ensure continuing hydration. 

Concrete has a tendency to be permeable as a result of 
the capillary voids in the cement paste matrix. In order for .the 
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 previo.u$l~ 
occupied by the excess water forms capillary voids. Provi.ded 
the concrete has been fully compacted and properly cured; .th9 
voids are extremely small, the number and the size ofthe.~oi4s 
decreasing as the free waterJcement ratio is reduced. The-.pf?i~ 
open the structure of the cement paste, the easier it is fCl:(:~ 
moisture and harmful chemicals to penetrate. .-1.' 

Carbonation. Steel reinforcement that is embedded 
concrete with an adequate depth of cover is 
against corrosion by the highly alkaline pore water 
hardened cement paste. Loss of alkalinity of the 
be caused by the carbon dioxide in the air reacting 
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neutral ising the free lime. If this reaction, which is called 
carbonation, reaches the reinforcement, then corrosion will 
occur 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 C40/50 
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 
s~lutions of sulfates present in some soils and ground waters. 

In all cases of chemical attack, concrete resistance is related to 
fr.ee 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 
contaminated brownfield sites, are incorporated in BS 8500-1. 

i\ll!:aU~siJica reaction. ASR is a reaction that can occur in 
........ c"ill're1te bet\veen certain siliceous constituents present in the 

!i~~):d~~~.¥e rel.ane.,d:etdhe alkalis - sodium and potassium hydroxide­
I: during cement hydration. A gelatinous product 

which imbibes pore fluid and in so doing expands, 
an internal stress within the concrete. The reaction 

damage to the concrete only when the following 
::~clllditi(ms occur simultaneously: 

li~~~:;::: fonn of silica is present in the aggregate in critical 
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• The pore solution contains ions of sodium, potassium and 
hydroxyl, and is of a sufficiently high alkalinity. 

• A continuing supply of water is available. 

If anyone 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 construction, 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 tenns of exposure to particular actions, with 
various levels of severity in each category. The following 
categories are considered: 

1. No risk of corrosion or attack 

2. Corrosion induced by carbonation 

3. Corrosion induced by chlorides other than from seawater 

4. Corrosion induced by chlorides from seawater 

5. Freeze/thaw attack 

6. Chemical attack 

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 natural 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 static 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 perfonnance level, the 
required concrete quality expressed as a design chemical 
class (DC), and any necessary additional protective measures 
(APMs) can he detennined. The structural performance level is 
classified as low, normal or high, in relation to the intended 
service life, the vnlnerability of the structural details and the 
security of structures retaining hazardous materials. 

Concrete quality and cover to reinforcement. Concrete 
durability is dependent mainly on its constituents, particularly 
the free water/cement ratio. The ratio can be reduced, and the 
durability of the concrete enhanced, by increasing the cement 
content andlor using admixtures to reduce the amount of free 
water needed for a particular level of consistence, subject to 
specified minimum requirements 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 SO years, are given in Tables 3.8 and 4.6 
(BS 8S00), 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 hanunering. In BS 8110, 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 S mrn. In BS 
8500, values are given for a minimum cover to which an 
allowance for tolerance (normally 10 mrn) is then added. 

Concrete specification. Details of how to specify con­
crete, and what to specify, are given in BS 8S00-1. Three 
types - designed, prescribed and standardised prescribed 
concretes - are recognised by BS EN 206-1, but BS 8S00 
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 mrn or 
ISO mm cubes, which in BS 8S00 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 8S00-2. Whilst conformity does 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 8S00-2. 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. Nonnal reinforcement 
relies entirely upon the alkaline environment provided by a 
durable concrete cover for its protection ~gainst corrosion. hi 
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 mainly for external strengthening and 
damage repair applications. 

3.2.1 Barreinforcement 

In the United Kingdom, reinforcing bars are generally specified, 
ordered and delivered to the requirements of BS 4449. This 
caters for steel bars with a yield strength of SOO MPa in three 
ductility classes: grades BSOOA, BSOOB and BSOOC. 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 grade, and can b~ 
used as a means of identification. Information with regard 
to the basic properties of reinforcing bars to BS 4449, whicn 
is in general conformity with BS EN 10080, is given in 
Table 2.19. '. , 

All reinforcing bars are produced by a hot-rolling processi,~ 
which a cast steel billet is reheated to 1100-1200°C, and 
then rolled in a mill to reduce its cross section and imp"1t~~f 
rib pattern. There are two common methods for aclilievin.~., 
the required mechanical properties in hot-rolled 
heat treatment and micro-alloying. In the fanner m"thoO, ~I'l! 
is sometimes referred to as the quenoch··and-s:elt-tem!,er \';t';' 
process, high-pressure water sprays quench the bar 
exits the rolling mill, producing a bar with a hard 
outer layer, and a softer more ductile core. Most rp;,nforc 
bars in the United Kingdom are of this type, and ac1rie',e 
or class C ductility. In the micro-alloying m',th"d,' 
is achieved by adding small amounts of alloying 
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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 
fonn 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 straight lengths, 
billets are also rolled into coil for diameters up to 16 mrn. In 
this fonn, 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 oflongitudinal bars 
and cross bars welded together at their intersections in a shear 
resistant manner. In the United Kingdom, fabric is produced 
under a closely controlled factory-based manufacturing process 
to the requirements ofBS 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 
2S0 MPa, and plain, indented or ribbed wires with a yield 
strength of SOO 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 
(long) mesh that can be used in pavements, and in two-way 
Spanning slabs by providing separate sheets in each direction. 
TYpe D is a rectangular (wrapping) mesh that is used in the 
coricrete encasement of structural steel sections. The stock size 
'If'standard 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 

the preferred range of standard fabric types are given 
iifTa.ble 2.20. 

"'ffirpo,se'·m'lde fabrics, specified by the customer, can have 
of wire size and spacing in either direction. In 

may sub-divide purpose-made fabrics 
special (also called scheduled) and bespoke 

Special fabrics consist of the standard 
combinations, but with non-standard overhangs and 

up to 12 m X 3.3 m. Sheets with so-called 
err,ds":areused to facilitate the lapping of adjacent sheets. 

fabrics involve a more complex arrangement in 
size, spacing and length can be varied within the 

products are made to order for each contract as a 
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 to failure. Micro-alloy bars are characterised 
by high ductility (high level of unifonn elongation and high ratio 
of tensile strength/yield strength). For QST bars, the stress-strain 
curve is of similar shape but with slightly less 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-strain 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 SO, with preferred 
sizes of 8, 10, 12, 16, 20, 2S, 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 fonned around standard mandrels on 
bar-bending machines. In BS 8666, the minimum radius of 
bend r is standardised as 2d for d:5 16, and 3.Sd for d 2': 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 value 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 SoC 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 wanned 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 cutting, bending and 
fixing of the bars. Details of the deductions to be made to allow 
for these deviations, and calculations to deterntine 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 stainless steel reinforcement only marginally 
increases construction costs, while significantly reducing the 
whole-life costs of the structure and increasing its usable life. 

Stainless steels are produced by adding elements to iron to 
achieve the required compositional balance. The additional 
elements, besides chromium, can include nickel, manganese, 
molybdenum and titanium, 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 applications. 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 sarne characteristic 
strengths and range of preferred sizes as normal 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 to 
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 ofreinforcement 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 trimnting 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. Each 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 IS 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. 

The need to provide punching shear reinforcement in solid 
flat slabs in the vicinity of the columns has resulted in several 
proprietary reinforcement systems. Vertical reinforcement i~ 
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-consunting to set out and fix. Single-legged' 
links are provided with a hook at the top and a 90' bend at the 
bottom. Each link has to be hooked over a top bar in the slall; 
and the 90' bend pushed under a bottom bar and tied in placei' 

Shear ladders can be used, in which a row of sin,~I"-le:gg,ea' 
links are connected by three straight anchor bars "",]rl.,dtO 
form a robust single unit. The ladders provide the required 
reinforcement and act as chairs to support the top bars. Th.o:si:'~W 
spacing and height of the links can be varied to suit the,de"ltp 
requirements. Shear hoops consist of U-shaped Jinks wel.de'.4cl' 
upper and lower hoops to form a three-dimensional 
using hoops of increasing size, shear reinforcement 
provided on successive perimeters. 

Shear band strips, with a castellated profile. are m"de,·(i:<Or 
25 mm wide high-tensile steel strip in a variety of g3l1ge]'3J 
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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 ofrods. 
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 
elintinating 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 I 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. 
For stability, the elements of the structure need to provide 
a- specified minimum period of fire-resistance in relation to a 
standard test. The required fire period depends on the purpose 
group of the bnilding and the height or, for basements, depth of 
:e. building relative to the ground, as given in Table 3.12. 

.uildmg insurers may require longer fire periods for storage 
fa T' Cllttes, where the value of the contents and the costs of 
rdnstatement of the structure are particularly important. 
,·rn<BS81J0, design for fire-resistance is considered at two 

Part 1 contains simple recommendations suitable for 
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 I 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 sufficient to delay the time taken 
to reach a temperature likely to result in structural failure. 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 mm, additional measures should be considered and several 
possible courses of action are described in Part 2 of BS 8110. 
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 nontinal 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 mm 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 ouly 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 lintit-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 methods to solve 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 andlor 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 deflection at the position of the prop due to the 
action of the applied loads: 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 detennined. If 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 displacements 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 systematic elimination process, is ideally suited to 
computer technology. 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 
compatible 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 to 
obtain painstakingly precise results by over-complex methods 
is unjustified in view of the many uncertainties involved. 

To determine at any section the effects of the applied loads 
and support reactions, the basic relationships are as follo""s: 

Shear force 
= 1:(forces on one side of section) 
= rate of change of bending moment 

Bending moment 
= 1:(moments of forces on one side of section) 
= J (shear force) = area of shear force diagram 

Slope 
= (curvature) = area of curvature diagram 

Deflection 
= J (slope) = area of slope diagram 

For elastic behaviour, curvature = M/EI where M ., ,'YCC",!,· 

moment, E is modulus of elasticity of concrete, I l>,;~'c"" 
moment of area of section. For the purposes of 
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analysis to detennine bending moments due to applied loads, 
1 values may normally be based on the gross concrete section. 
In determining deflections, however, due allowance needs to be 
made for the effects of cracking and, in the long term, for the 
effects of concrete creep and shrinkage. 

4.1 SINGLE-SPAN BEAMS AND CANTILEVERS 

Formulae to detennine 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 obtained 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 usually a 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 
obtain 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 detennine 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 member, 
a full range of charts is contained in Examples of the Design of 
Reinforced Concrete Buildings. The charts give deflection and 
moment coefficients for beams (freely snpported 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 detennining 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 
thes~ approaches, such as the theorem of three-moments and the 
~ethods of fixed points and characteristic points, were included 
m!theprevious edition of this Handbook. If beams having two, 
~"or four spans are of uniform cross section, and support 
lOads that are symmetrical on each individual span, formulae 

j~~~;~~'~~~can be derived that enable the support moments 
by direct calculation. Such a method is given 

. More generally, in order to avoid the need to solve 
','~gei';¢ts?f simultaneous equations, methods involving succes-

atl~:~~'~~~~s have been devised. Despite the general use 
ji hand methods can still be very useful in dealing 
'!WU""e problems. The ability to nse hand methods also 

the engineer an appreciation of analysis that is 
applying output from the computer. 

berldi'[ 19 moments are calculated with the spans taken 
,o[stane<>s between the centres of supports, the critical 
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negative moment in monolithic fonus 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 beam should be treated as fixed at the support. 

The second moment of area of a reinforced concrete beam 
of uuiform 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 uniform 
depth, and use the value of I 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 
continuous 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 
tenninate 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 afmament 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 811 0 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 equal 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. lu 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 
various 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 requirements of BS 8110 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 occur 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 always 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 
indetenninate 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 811 0 and EC 2 are given, for..bending moments and 
shearing forces on uniformly loaded bearns 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 be 
considered to be without redistribution. 

4.3 MOVING LOADS ON CONTINUOUS BEAMS 

Bending moments caused 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 tWOj' 
three, four and five or more spans to be drawn. By plotting the 
position of the load on the beam (to scale), the bending moments 
at the section being considered can be derived, as explained,in 
the example given in Chapter 12. The curves given 
spans can be used directly, but the corresponding curv.es 
unequal spans need to be plotted from the data tabulated. .' 

The bending moment due to a load at any point is 
the ordinate of the influence line at the point 
product of the load and the span. the length of the sh'Jrt,,,t:,p,,, 
being used when the spans are unequal. The influence 
the tables are drawn for a symmetrical inequality of .,n:ms:cTli 
symbols on each curve indicate the section of the 
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 uuit 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 Table 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 ultimate bending moments and shearing forces, according 
to BS 8110 and EC 2, are given in Table 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 m2 

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 
loaded with maximum load and minimum load. The implicit 
redistribution of the span moments, the effect of which on the 

stress under service loads would be detrimental 
"~".c .•.. deflection of the beam, is ignored in the subsequent 

In EC 2, this simplification is not included and the 
given for the span moments are the same as those for 

;1l"~s'in'Table 2.29. 

is made in Table 2.42 for conditions where a 
!ljf.,..contimlous with the end support. The restraining 
~~nt"nlay vary from a substantial wall to a small edge 

allowance has been made for both eventualities. 
moment is given as -O.04FI, but the reduced 
is based on the support moment being no more 
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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 Iy 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(l - x/l), x being the distance from the nearer support 
to the section under consideration and I the span. Thus, the 
maximum width at mid-span is equal to the load width plus 
0.61. Where the concentrated load is near an unsupported edge 
of a slab, the effective width should not exceed 1.2x(l - x/{J 
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 
4.v'l(1 - x/I) 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 elastic 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 Of 

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 and/or 
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 polar 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 Elastic methods 

The so-called exact theory of the elastic bending of plates 
sparming 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 solutions 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 mechartism 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 
yield 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 collapse 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 uuyielding. 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 mechartisms to form in which the yield lines pass 
through the supporting beams. These beams wonld then become 
part of the mechanism considered, and such a possibility should 
be taken into account when using colJ-apse methods to analyse 
beam-and-slab construction. 

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 ai, on diagram (iv)(a) in Table 2.49) 
may then be adjusted to obtain the maximum ultimate resistance 
for a given load (Le. the maximum ratio of M/FJ. 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 a, the maximum ratio of 
MIF may be read from a graph relating a to MIF. Another 
method is to use calculus to differentiate the equation and then; 
by setting this equal to zero, determine the critical value of a, 
This method cannot always be used, however (see ref. 23). 

As already explained, although such processes enableth~ 
maximum resistance for a given mode of failure to be foun~f 
they do not indicate whether the yield-line pattern considered i~ 
the critical one. A further disadvantage of such a method is that; 
unlike Hillerborg's method, it gives no direct indication of th~; 
resulting distribution of load on the supports. Although it 
possible to use the yield-line pattern as a basis for aplloritioIUn,[ 
the loaded areas of slab to particular supports, there is nOiFe~~ ....... 
justification for this assumption (see ref. 23). In spite 
shortcomings, yield-line theory is extremely useful. A 
erable advantage is that it can be applied relatively 
solve problems that are almost intractable by other mean>;.·, 

Yield-line theory is too complex to deal with ad"quateIYl!l.q 
Handbook; indeed, several textbooks are completely or. 
completely devoted to the subject (refs. 23-28). In section 
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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 affirtity 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 equilibrium method of yield-line 
analysis.) In Hillerborg's original theory (now known as the 
simple strip method), it 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 theory 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 at 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 
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. 
The-method results in sets of simultaneous equations (usually 
eight), the solution of which requires computer assistance. 

4;:5.3 Rectangular panel with uniformly 
distributed load 
\"i_'-" 

.Thei.bending moments in rectangular panels depend on the 

. "~;~~~::e~:'~~::~~t~ and the ratio of the lengths of the sides of 
,':::, The ultimate bending moment coefficients given in 
•• :::"'i0UU are derived from a yield-line analysis, in which the 

coefficients have been adjusted to suit the division 
teJ'an,elilntn middle and edge strips, as shown in Table 2.42. 
!Orcelne,"t to resist the bending moments calculated from 
~!ltighlen in Table 2.43 is required only within the middle 

are of width equal to three-quarters of the panel 
.'«',,"';n 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 details 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 
moment 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 
reqrtired 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 0.2. 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 triangularly 
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 urtiform 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 0.2, 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 comers is needed. 

An alternative method of designing the panels would be to 
use yield-line theory. If 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 
suppotted 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 different 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 concentrated 
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 comers, and 
carrying a load uniformly 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 
slab, or farther down to the mid-depth of the slab, as described 
in section 2.4.9. The dimensions ax and ay of the resulting 
boundary are used to determine a/Ix and a,lIy, for which the 
bending moment factors IXx4 and £¥y4 are read off the curves. 
according to the ratio of spans k = lyllx. 

For a total load F acting on the area ax by a" the positive 
bending moments per unit width of slab are given by the 
expressions in Tables 2.46 and 2.47, in which the value of 
Poisson's ratio is normally taken as 0.2. The curves are drawn 
for kvalues of 1.0,1.25,;/2 (= 1.41 approx.), 1.67,2.0,2.5 and 
infinity. For intermediate values of k, the values of IXx4 and IXY4 

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 to a 
square panel, is explained in section 13.3.2. 

The curves for k = = apply to panels where I, is very much 
greater than Ix. 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.far.one-wayslabs given in Table 2.45, 
as menttonedin-secifon 4.4.2. 

For pinels 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 Table 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 nltimate load n. 

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 moments can be 
determined from Table 2.28. 

4.7 NON-RECTANGULAR PANELS 

When a panel that is not rectangular is supported along all 
edges and is of such proportions that main reinf,)roem.enl'''~~i 
two directions seems desirable, the bending moments. 
determined approximately from the data given in Table 
The information, derived from elastic analyses, is aplPli,;able1 

a trapezoidal panel approximately symmetrical 
to a panel that in plan is an isosceles triangle (or neim~I"'J"-
to panels that are regular polygons or circular. The 
triangnlar panel, continuous or partially restrained alo,ng·uu.' 
edges, occurs in pyramidal hopper bottoms. For thio,,-Cl'" 
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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 truJy 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 mutually 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 
conveniently 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. 

'1,,8 FLAT SLABS 

The design of fiat slabs, that is, beamless slabs supported 
directly on columns, has often been based on empirical rules. 
Modem codes place much greater emphasis on the analysis of 

structures as a series of continuous frames. Other methods 
as grillage, finite element and yield-line analysis may be 

,'~'fuployed. The principles described hereafter, and summarised 
',,,,ctl,on 13.8 and Table 2.55, are in accordance with the 
mplifi"d method given in BS 8110. This type of slab can be 
'.tiniform thickness throughout or can incorporate thickened 

at the column positions. The columns may be of 
cross section throughout or may be provided with an 

· •• ,H. __ 
as indicated in Table 2.55. 

le'Sim]plified method may be used for slabs consisting of 
19u1ar. panels, with at least three spans of approximately 

in each direction, where the ratio of the longer to 
side of each panel does not exceed 2. Each panel is 
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divided into column and middle strips, where the width of a 
column strip 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 dinaensions 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 critical 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 ofiimited dimensions may be formed in certain 
areas of the slab, according to recommendations given in BS 
811 O. Larger openings should be appropriately framed with 
beams 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 Table 2.56. Critical 
perimeters for punching shear occur at distances of l.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 columns, 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 statically determinate if the forces and bending 
moments can be determined by the direct application of the 
principles of equilibrinm. 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 redundancy 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 indetenninate 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 moments. 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 
assmned to occur at the centres of all the beams and columns 
(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. 

Structural analysis 

The finite-element method of analysis is particularly 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 using approximate 
methods, an exhaustive exact analysis may be undertaken by 
employing an established computer program. 

4.9.1 Building code reqnirements 

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 Table 2.57. BS 8110 
distinguishes between frames subjected to vertical loads only, 
because overall lateral stability to the structure is provided by 
other means, such as shear walls, and frames that are required 
to support both vertical and lateral loads. Load combinations 
consisting of (I) 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 separate 
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 th~. 
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 th~ 
method is 'exact', the calculated bending moments may be 
redistributed within the limits permitted by the Codes. The 
method is dealt with in more detail in Examples of the design 
of reinforced concrete buildings. 

BS 8110 also allows analysis of the beams at each floor as a 
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 
obtained by considering, at each joint, a sub-frame COllSj"ting 

of the upper and lower columns together with the adjac"nt 
beams, regarded as fixed at their remote ends and with 
stiffness taken as one-half of the true value. 

For frames that are required to provide lateral stability 
structure as a whole, load combinations I and 3 
considered. For combination 3, the following two-stage meth~Jg: 
of analysis is allowed for frames of three or more 
mately equal bays. First, each floor is considered as a 
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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 I. 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-distribntion 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 is 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. It 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 
k)ading 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. 

The advantages of precise moment distribution are largely 
~lJllified if sway occurs, but details of the procedure in such 
£ases are given in ref. 35. 
: To determine the moments in single-bay frames subjected to 

Side Sway, Naylor (ref. 36) devised an ingenious variant of 
distribution, details of which are given in Table 2.59. 

method can also be used to analyse Vierendeel girders. 

Slope-deflection method 

of the slope-deflection method of analysing a 
member are given in Table 2.60 and section 14.1, 

with 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 formulae 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 settle­
ment) a of one support relative to the other, there are as many 
fonnulae 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 a = 0 is reasonably correct. If the founda­
tions or other supports settle unequally under the load, this 
assumption is not justified and the tenn a must be assigned a 
value for the members affected. 

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 fonnulae to 
enable the additional unknowns to 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 811 0, 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 (MAB + MBA)ilAB, 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 
MABilAB. 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 relate 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 Oile 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 
Table 2.67 for three-hinged frames. Approximate expressions 
are also given for certain modified fonns 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 nonnally 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 
elements (usually triangular or rectangular in shape), which are 
then considered to be inter-connected only at their corners 
(nodes). Although the resulting 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 pattern 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-colurrm 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 
column are fixed, as indicated in Table 2.60. The minimum 
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 maximum 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 O.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 colnmns 

For the frames of ordinary buildings, the bending moments on 
the upper and lower internal columns can be computed from th~ 
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 continuous system on knife-edge supports, as descri?e~ 
in clause 3.2.1.2.5 of BS SHO. When the spans are unequal, th~ 
greatest bending moments on the column are when the value o~ 
Me< (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 column~!: 

according to the Code requirements, is to use the simplified 
sub-frame formulae given on Table 2.61. Then COllSi(!ennl! 
column SO, for example, the column moment is given by 

(
2DTSF; + 4F;) 

Dso 4 - DsrDTS 

where Dso, DST and DTS are distribution factors, F; and 
fixed-end moments at S and T respectively (see 
This moment is additional to any initial fixed-end 
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 TV 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 colnmns 

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 colnmns 

Comer columns are generally subjected to 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 
moments in beam-and-column construction with rigid joints 
involve significant calculation, including the second moment 
of area of the members. Oft~n 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 total column load at any particular level, the load from the 
floor immediately above that level should be multiplied by the 
toUlowing factors: internal columns 1.25, end columns 1.5 and 
corner column 2.0. 

~.11 COLUMNS IN SWAY FRAMES 

In exposed structures such as water towers, bunkers and silos 
an~ in frames that are required to provide lateral stability to ~ 
bUIlding, the columns must be designed to resist the effects of 

When conditions do not warrant a close analysis of the 
. 'l"Ildirlg moments to which a frame is subjected due to wind or 

forces, the methods described in the following and 
Table 2.62 are sufficiently accurate. 

. Open braced towers 

(of identical cross section) with braced comers 
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 2Mb divided by the length of 
the brace being considered. 

4.11.2 Colnmns snpporting massive 
superstructures 

The case illustrated at (b) in Table 2.62 is common in silos and 
bunkers where a superstructure 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 
Fh/2J, where I 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 anyone 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 amouut. If I, is the number 
of columns with second moment of area II' 12 is the number of 
columns with second moment of area 12 and so on, the total 
second moment of area!1 = Ii, + 1,1, + and so on. Then on 
any column having a second moment of area Ij, the bending 
moment is Fhlj/22:I 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 Aj is 
FhAj/2!A, where!A is the sum of the cross-sectional areas of 
all the columns resisting the total shearing force F . 

4.11.3 Bnilding 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 column; 
see diagram (c) in Table 2.62. In a building frame subjected 
to wind pressure, the forces on each panel (or storey height) 
Fjo F

2
, F, and so 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 ('tF + F/2)1( J, - 1), where'tF = F, + 
F2 + F, + .... + F, _ ,. The bending moment is then the shearing 
force multiplied by half the storey height. 

in the long direction. In buildings of square plan fonn, a strong 
central service 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 thennal movements of floors and roof should be carefully 

considered. 
ill 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. lf 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 configurations of shear walls and core uuits, with 
notes on their suitability are shown in Table 2.69. 

A bending moment and a corresponding shearing force are 
caused on the floor bearns, 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 detenniuing 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 WAIL AND FRAME SYSTEMS 

In 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 fonn 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 
members 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 fonns 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 structnres 

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 shonld 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 lateral 
loads acting on the wide faces, with rigid frames or infill panels 

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 defonnation is less than 10% of the total, for 
HID > 3 in the case of plane walls, and HID > 5 in the case of 
flanged walls with BID = 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 
lateral load F applied at the shear centre of a system of parallel 
walls, the shearing force on an individual wallj is F~/'t1j. 

The position of the shear centre along a given axis y can be 
readily detennined. 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, = 't1j y/'t1j . 

If the total lateral load acts at distance Yo along the axis, th~ 
resulting horizontal moment is Flyo-y,). Then, if the torsioll 
stiffness of individual walls is neglected, the total shearing 

force on wall j is 

Fj = F~/'t1j + F(yo - yol~y/'t~ (yj - y,)2 

More generalised fonnulae, in which a wall system is related t~ 
two perpendicular axes are given in Table 2.69. The abov!> 
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 of 
the individual wall sections is coupled to a variable degree. The 
connections between the individual sections are provided 
by beams that fonn part of the wall, or by floor slabs, 
combination of both. The pierced wall may be an'lly,;ed,b~ 
elastic methods in which the flexibility of the coupling elemelii(i;, 
is represented as a continuous flexible medium. AlternativeJl¥;{ 
the pierced wall may be idealised as an equivalent plane 
using a 'wide column' analogy. 

The basis of the continuous connection model is de,;cribe( 
section 15.2, and analytical solutions for a wall c011tainin, 
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 defonnation of solid walls is mainly 
flexural, whereas pIerced walls defonn in a shear-flexure mode 
and frames defonn in an almost pure shear manner. As a result' 
towards the bottom of a building, solid walls attract load whils; 
frames and, to a lesser extent, pierced walls shed load Th 
behaviour is reversed towards the top of a building. Thus" 
although the distribution of load intensity between the differen; 
elements is far from unifonn up the building, the total lateral 
force reSIsted by each varies by a smaller amount. 

As a first approximation, the shearing force at the bottom of 
each I~ad-resisting element can be determined by considering a 
smgle mteraction force at the top of the building. Fonnulae, by 
whIch the effecllve sllffness of pierced walls and frames can be 
deternuned, are given in section 15.3. 

4.13 ARCHES 

Arch construction in reinforced concrete occurs sometimes in 
roofs,. but mainly in bridges. An arch may be three-hinged, 
two-hlllged or fixed-ended (see diagrams in Table 2.71), and 
may be symmetrical or unsymmetrical, right or skew, single 
or one of a seri~s of arches mutually dependent upon each 
other. The folloWlllg consideration is limited to symmetrical and 
unsymmetncal three-hinged arches, and to symmetrical two­
hing~d and fixed:end arches; reference should be made to other 
pubhcatlOns for mformation on more complex types. 

Arch construction may comprise an arch slab (or vault) or a 
senes of parallel arch ribs. The deck of an arch bridge may be 
supported by columns or transverse walls carried on an arch 
slab 'b h or n s, w en the structure may have open spandrels; or the 
deck may be below the crown of the arch, either at the level of 
the spnnglllg (as in a bowstring girder) or at some intennediate 
:~~l. A bowstring girder is generally regarded as a two-hinged 

. ' WIth the honzontal component of thrnst resisted by a tie, 
which nonnally forms part of the deck. If earth or other filling is 
proVIded to support the deck, an arch slab and spandrel walls are 
reqwred and the bridge is a closed or solid-spandrel structure. 

Three-hinged arch 

arch ·th h' . WI a mge at each springing and at the crown is 

b
stallc.a1ly deterruinate. The thmsts on the abutments and the 

endmg mo t d h . ' men sans earmg forces on the arch itself are 
not affected by all ' 
th 

a sm movement of one abutment relative to 
e other This ty f h . po,ssiloilitv' pe 0 arc IS therefore used when there is a 

F 
of unequal settlement of the abutments. 

Or any I d' .. be oa, m any pOSItIon, the thrust on the abutments 

t~O'g:enldere'atlemuned by the equations of static equilibrium. For 
~rtical:lv. h ca.se of an unsymmetrical arch with a load acting 

onzontally or at an angle, the expressions for the 

the 10'Nmand vertical components of the tbrusts are given 
part of Table 2.71. For symmetrical arches, the for­

. . Table 2.67 for the thrusts on three-hinged frames 
sI~Ilar formulae can be obtained from the general 

m Table 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 actin~ 
on one SIde of the section. The thrust at any section is the sum 
of the loads and reactions, resolved 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 c,an be determined by 
constructing a series of influence lines. A typical influence line 
for a three-hinged arch, and the fonnulae necessary to construct 
an mfluence hne 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 abutments 
so that, as m a three-hinged arch, only thmsts are transmitted to 
the abutments, and there is no bending moment on the arch 
at the springing. The vertical component of the thmst from a 
symmetncal two-hinged arch is the same as the reaction for 
a freely supported beam. Formulae for the thrusts and bending 
moments 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 
honzontal thrusts, a bending moment on the abutments. Like a 
two-hmged arch and unlike a tbree-hinged arch, a fixed-end 
arch IS stallcally 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 
bendmg moment and a thmst, the magnitudes of which have to 
be deternuned. The design of a fixed arch is a matter of trial d ~ an 
a ~ustment, 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 a 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 fonnulae for thrusts and bending moments on a 
symmetncal fixed arch of any profile are given in Table 2.72, 
and notes on the application and modification of the fonnulae 
are given in section 16.3. The calculations necessary to solve 
the general and modified fonnulae are tedious, but are eased 
somewhat by preparing them in tabular fonn. The fonn given 
m. Table 2.72 IS parllcularly suitable for open-spandrel arch 
bndges, because the appropriate formulae do not assume a con­
stant value of alo 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 thmst at the crown, the springing, and the 
quarter pomts 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 
applyiug the formulae for this condition, The effect of the dead 
load, aud of the most adverse disposition of Imposed load: cau 
be readily calculated from these diagrams. If the specified 
imposed load includes a moving concentra~ed load, such, a,s a 
KEL, the influence lines are almost essenlial fo~ deternun~ng 
the most adverse position. The case of the poslttve bending 
moment at the crown is an exception, when the most ad:e:-se 
position of the load is at the crown. A method of deternumng 
the data to establish the ordinates of the mfluence lines IS given 

in Table 2.73. 

is loaded. In the expressions given in section 16.4.4, the imposed 
load is expressed in terms of au equivalent UDL. . 

When the normal thrusts aud bending moments on the mam 
sections have been detennined, the areas of reinforcement and 
stresses at the crown and springing can be calculated. All 
that now remains is to consider the intennediate sectlOns and 
determine the profile of the axis of tbe arch. If the dead load 
is uniform throughout (or practically so), the aXIs will be a 
parabola; but if the dead load is not uniform, the aXIs must be 
shaped to coincide with the resultmg lme of thrust. ThiS can 
be obtained graphically by plotting force-and-lmk polygons, 
the necessary data being the magnitudes of the dead load, the 
horizontal thrust due to dead load, aud the vertical reaclion 
(equal to the dead load on half the spau) of the springing. The 
line of thrust, aud therefore the axis of the arch, havmg been 
established, aud 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 parabohc vanatlOn of 
thickness between the two extremes. 

4.13.4 Fixed parabolic arches 

In Table 2.74 aud in section 16.4, consideration is given to 
symmetrical fixed arches that can have either open or solid 
spandrels, aud be either arch tibs 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 load. 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 cau therefore be used only when the 
designer is free to select the profile of the arch. The parabolic 
form may not be the most econontic for large spaus, .alth~ugh 
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 crown to springing is of a parabolic 
form, only the bending moments aud thrusts at the crown 
and the springing need to be investigated. The necessary 
formulae are given in section 16.4, where these mclude a senes 
of coefficients, values of which are given in Table 2.74. The 
application of the method is also illustrated by au. example 
given in section 16.4. The component forces and moments 
are considered in the following treatment. 

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 dne to. arch 
shortening may be excessive. This can be overc~m~ by lU~O­
ducing temporary hinges at the crown and the sprmgmg, which 
eliminate all bending stresses due to dead load. The hmges 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 to 
produce the maximum stresses in the critical se~tions, can be 
determined from influence lines, and the followmg values are 
approximately correct for parabolic arches. The maximum 
positive moment at the crown occurs when the ntiddle third of the 
arch is loaded; the maximum negative moment at a S?n~gl~g 
occurs when four-tenths of the spau adjacent to the spnngmg IS 
loaded; the maximum positive moment at the springing ?cc:rrs 

when six-tenths of the spau furthest away from the spnngmg 

4.14 PROPERTIES OF MEMBERS 

4.14.1 End conditions 

Since the results given by the more precise methods of elastic 
aualysis vary considerably with the conditions of restramt at 
the ends of the members, it is i~portant that the assu~ed 
conditions are reasonably obtained in the actual constructlo~. 
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 uearly the condition of a hinge, aud should normally be 
considered as such. A continuous beaua supported mtemally 
on a beam or column is only partly restrained, aud where the 
support at the outer end of au end span is a beam, ahinge should 
be assumed. With the ordinary type of pad foundatIOn, deSigned 
simply for a uniform ground bearing pressure under the dlrect 
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 verlical 
reaction (upwards aud downwards) and the hotizontal thrust cau 
be resisted by the piles. The foot of a column cau be cons~dered 
as fixed if it is monolithic with a substantial raft foundatiOn. 

In two-hinged aud three-hinged arches, hinged frames, an~ 
some bridge types, where the assumption of a hmgedjomt. muse 
be fully realised, it is necessary to form a defimte hmge III thr 
construction. This can be done by inserting a steel hmge (?: 
sintilar), or by forming a hinge within the frame. 

4.14.2 Section properties 

For the elastic analysis of continuous structures, the ~ecti~: 
P

roperties need to be known. Three bases for calculattng, 
. egen­

second moment of area of a reinforced concrete sectIon ar "'~':;'" 
erally recognised in codes of practice, as follows: ". 

.' b t ignofijlg 1. The concrete sectwn: the entIre concrete area, u 

the reinforcement. 

Earthquake-resistant structures 

2. The gross section: the entire concrete area, together with the 
reinforcement on the basis of a modular ratio, (i.e. ratio 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 aud 3, the modular ratio should be based on au 
effective modulus of elasticity of concrete, taking account of 
the creep effects of long-term loading. In BS 8110, a modular 
ratio of 15 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 beaua behaves as a f1auged section in the spaus where 
the bending moments are positive, but is designed as a rectan­
gular section towards the supports where the bending moments 
are negative. 

Method I 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 aualysis 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 
overall 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 EARTHQUAKE·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 resulting horizontal load, aud also dissipate the imparted 
kinetic energy over successive deformation cycles. It would be 
uneconomical to design the structure to withstand a major 
earthquake elastically, and the normal approach is to provide it 
with sufficient strength and ductility to withstaud such an event 
by responding inelastically, 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 recent 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 aud the available 
ductility of the structure. Design load effects in the structure 
are determined either by linear·elastic structural aualysis 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 
detailing 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 
reinforcement, 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 aud elevation, without 
re-entrant angles and discontinuities in transferring vertical 
loads to the ground. Unsymmettical layouts resulting in large 
torsion effects, flat slab floor systems without auy beauas, and 
large discontinuities in infill systems (such as open ground 
storeys) should be avoided. Footings should be founded at the 
sauae level, and should be interconnected by a mat foundation 
or by a grid of foundation beauas. Only one foundation type 
should in general be used for the sauae structure, unless the 
s!mcture 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 beatings, so that the period of vibration of 
the combined structure aud supporting system is long enough 
for the structure to be isolated from the predominaut earthquake 
ground motion frequencies. In addition, extra damping is 
introduced into the system by mechauical 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. 



Chapter 5 

Design of structural 
members 

5.1 PRINCIPLES AND REQUIREMENTS 

In modem 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 BC 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 is normal 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 columns 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 BC 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. 

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 

are 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 proportional 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. 

• Stress-strain relationships for concrete in compression, and 
for reinforcement in tension and compression, are those 
shown in the diagrams on Table 3.6 for BS 8110 and 
BS 5400, and Table 4.4 for BC 2. 

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

o 
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Strain distribution at ULS in Ee 2 

For sections subjected to pure axial compression, the straiIl,i_~ 
limited to 8,2' For sections partly in tension, the 
strain is limited to Beu' For intermediate conditions, the 
diagram is obtained by taking the compressive strain as 
level equal to 317 of the section depth from the more 
compressed face. For concrete strength classes 
limiting strains are 8,2 = 0.002 and 8" = 0.0035. For 
strength concretes, other values are given in Table 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 BC 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 from 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 BC 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 xl d, where x is the neutral axis depth and d 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 allowed 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 xld:5 (f3b - 004) should be satisfied, where 
f3b is the ratio of design moment to maximum elastic moment. 
Thus, for reductions in moment of 10%, 20% and 30%, xld 
must not exceed 0.5, 004 and 0.3 respectively. In BC 2, as 
modified by the UK National Annex, similar restrictions apply 
for concrete strength classes :5C50/60. 
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Strain diagram 

The figure here shows a typical strain diagram for a section 
,:C::<Jntaining both tension and compression reinforcement. For 
:the. bi-linear stress-strain curve in BS 8110 the maximum 
design stresses in the reinforcement are f yll.15' for values of 8, 

and "';;;':fyll.15E,. From the strain diagraro, this gives: 

:5 "',,/(8," + f,/1.15E,) and d'lx:5 (8,"-fy/1.15E,)18" 

5400 the reinforcement stress-strain curve is tri-linear with 
'. design stresses of f/1.15 in tension and 20'00f/ 

10 compression. These stresses apply for values of 
.,..U.UUL + f,l1.15E, and 8;;;': 0.002, giving: 

x/d:5 8,,/(8," + 0.002 + f y/1.15E,) and 

d'/x:5 (8,,-0.002)18," 

0.0035,fy = 500 N/mm2 and E, = 200 kN/mm2, the 
are xld=0.617 and d'ix = 0.38 for BS 8110, 
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and xld = 0.456 and d'ix = 0.43 for BS 5400. For design to 
BC 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 d, and (h - 2d,), 
providing resistance to the bending moment M and the axial 
force N respectively, where 0 < d,:5 0.5h. 
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Section Forces 

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

M = b4,(d - 0.54,)!cd 

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

N:5b(h - 2d,)/od 

Combining the two requirements gives 

N:5 bh/od - 2M/(d - 0.5d,) 

In the limit, when d, = 0.5h, this gives 

N :5bh/od - 2MI(d - 0.25h)-=bhfod - 3Mlh 

For BS 8110, the condition becomes N:5 OA5bhf" - 3Mlh, 
which being simplified to N:50.1bhf," is reasonably valid for 
Mlbh2f,":5 0.12. For BC 2, the same condition becomes 
N:5 0.567bhf,k - 3Mlh, which may be reasonably simplified to 
N:5 0.12bh/ok for Mlbh'/ok:5 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 
quadratic 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. 

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. 

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 
fy=500N/mm2, 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.S for BS 8110, BS 5400 and EC 2 
respectively. These tables use non-dimensional parameters and 
are applicable for values offy:O; 500 N/mm2

• 

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 EC 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 
to 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 xld,; 0.456 in BS 5400. The design stresses in 
any compression reinforcement are taken as 0.87fy in BS 8110 
and O.72fy 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 beam 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 

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 

25kN/m 50kN/m lOOkN/m 

Cantilever 9 7 5 

Simply supported 18 14 10 

Continuous 22 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 a 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 250b,2Id, 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 25b, or 100b/ld, whichever is the lesser 
one. In the foregoing, b, is the breadth of the compression fac~ 
of the beam (measured midway betweeu restraints), or 
cantilever. In EC 2, second order effects in relation to lateral 
stability may be ignored if the distance between lateral 
restraints is not greater than 50b,(hlb,)113 and h ,; 2.5b,. 

5.2.3 Slabs 

Solid slabs are generally designed as rectangular strips 
width, and singly reinforced sections are normally suJ'fi"ieqtr·.·· 
Ribbed slabs are designed as flanged sections, of width 
to the rib spacing, for sagging moments. Continuous 
slabs are often made solid in support regions, so as to 
sufficient resistance to hogging moments and shear 
Alternatively, in BS 8110, ribbed slabs may be designed 
series of simply supported spans, with a minimum 
of reinforcement provided in the hogging regions to 
the cracking. The amount of reinforcement 

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 

Span conditions 
Characteristic imposed load 

5 kN/rn2 lOkN/rn' 

Cantilever 11 10 
Simply supported 

One-way span 27 24 
Two-way span 30 27 

Continuous 
One-way span 34 30 
Two-way span 44 40 

Flat 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 may 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 length, 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 
conditions of restraint at the ends of the column. A clear distinc­
tion exists between a braced column, with effective height:5 
clear height, and an unbraced column, with effective height <': clear 
height. A braced column is one that is fully retrained in position 

the ends, as in a structure where resistance to all the lateral 
in a particular plane is provided by stiff walls or bracing. 

unbraced column is one that is considered to contribute to 
lateral stability of the structure, as in a sway frame. 

ii.··.lll •. "~ 8110 and BS 5400, a slenderness ratio is defined as 
Ih"efifective height divided by the depth of the cross section in 

of bending. A column is then considered as either 
slender, according to the slenderness ratios. Braced 
are often short, in which case second order effects may 

"igl[lored. In EC 2, the slenderness ratio is defined as the 
length divided by the radius of gyration of the cross 

are subjected to combinations of bending moment 
force, and the cross section may need to be checked for 

one combination of values. In slender columns the 
inG,ments, obtained from an elastic analysis of the struc~re, 

by additional moments induced by the deflection 
""urnn In BS 8110 and EC 2, these additional moments 

47 

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 neutral 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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Section Forces 

Resolving forces, and taking moments about the mid-depth of 
the section, gives the following equations for 0 < x ,; h. 

N = kjbxj, + A,Ii,1 - A,,J;, 
M = k,bxj,(O.5h - k2x) + A,lhl (0.5h - d') + A'2h2 (d - 0.5h) 

where hi and 1" are determined by the stress-strain curves for the 
reinforcement and depend on the value of x. Values of kl and k, 
are determined by the concrete stress-block, and f, is equal to 10, 
in BS 8110 and BS 5400, andf,k in EC 2. 

For symmetrically reinforced sections, As} = As2 = Ascf2 
andd'= h - d. Design charts based on a rectangnlar stress-block 
for the concrete, with values offy = 500 N/mm', and dlh = 0.8 
and 0.85 respectively, are given in Tables 3.17 and 3.1S for 
BS 8110, Tables 3.27 and 3.2S 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 six bars spaced equally around the circumference. Six is the 
minimum number of bars recommended in the codes, and solu­
tions based on six bars will be slightly conservative if more bars 
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. 
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Section Forces 

The fol1owing analysis is based on a uniform stress·block for 
the concrete of depth Ax and width hsina at the base (as shown 
in the figure). Resolving forces and taking moments about the 
mid-depth of the section, where h, is the diameter of a circle 
through the centres of the bars, gives the following equations 
for 0 <x:5 h. 

N = [(2a - sin2a)/8Wfod + (A,,/3)(hI -1,2 -1.3) 
M = [(3sina - sin3a)172]h31,d + 0.433(A,J3)(1d + h3)h, 

where hI ,J,2 and 1'3 are determined by the stress-strain curves 
for the reinforcement and depend on the value of x. Values of fod 
and A respectively are taken as 0.451" and 0.9 in BS 8110, 
O.4fou and 1.0 in BS 5400, and 0.51/ok and 0.8 in EC 2. 

Design charts, derived for values of 1y = 500 N/mm2, and 
h/h = 0.6 and 0.7 respectively, are given in Tables 3.19 
and 3.20 for BS 8110, Tables 3.29 and 3.30 for BS 5400, and 
Tables 4.13 and 4.14 for BC 2. Sections subjected to biaxial 
moments M, and My can be designed for the resultant moment 
M = V(M~ + 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:5 O.4Qf,uAc + 0.67A;Jy. 

Columns supporting symmetrical arrangements of beams 
that are designed for uniformly distributed imposed load, and 
have spans that do not differ by more than 15% of the longer, 
may be considered adequate if N:5 0.351"A, + 0.60A,Jy' 

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 

Design of structural members 

braced structures are typical1y square in cross section, with 
sizes being detennined 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% 3% 4% 

C25/30 300X 300 1370 1660 1950 2240 
350X 350 1860 2260 2650 3050 
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 
400X400 3070 3580 4090 4600 
450 X450 3880 4530 5170 5820 
500 X500 4790 5590 6390 7190 

C40/50 300X300 2080 2360 2650 2930 
350 X 350 . 2830 3220 3600 3990 
400 X 400 3700 4200 4710 5210 
450X450 4680 5320 5960 6600 
500X500 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 1y = 500 N/mm2

• 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, comer 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 thi,s 
research, various theories have been proposed to explain the 
mechanism of shear transfer in cracked sections, and provide' a 
satisfactory basis for designing shear reinforcement. In'the 
event of overloading, sudden failure can occur at the onset:df 
shear cracking in members without shear reinforcement.-As:'li 
consequence, a minimum amount of shear reinforcement in\~e 
form oflinks is required in nearly all beams. Resistance to shear 
can be increased by adding more shear reinforcement but, e-v~~l 
tually, the resistance is limited by the capacity of theinc~Il~,d 
struts that form within the web of the section.'Y:i9t 

5.1.1 Members without shear reinforcement 

In an uncracked section, shear results in a system of mU1fIj,IW !: 
orthogonal diagonal tension and compression stresses. 
the diagonal tension stress reaches the tensile strength 

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 = Vlbd: 
where b 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 no 

- " 
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 supports, 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 ttansmitted 
by direct strut 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 mclmed, 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 bendmg 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 sec~on ~ithout shear reinforcement. Equations are given 
for upnght links based on concrete struts inclined at about 45u 
and for bent-up bars where the inclination of the concrete strut; 
m~ybe varied between specified limits. In BS 5400, a specified 
~lIDum amount of link reinforcement is required in addition 
'toth t . ". a needed to cater for the difference between the shear force 
,,:,~d the shear resistance of the section without shear reinforce­
',~ent. The forces in the inclined concrete struts are restricted 
. by limiting the maximum value of the nominal shear 

specified values. 
0li]lnrlc 2, shear reinforcement is required to cater for the entire 
Y!"ar:forc, and the strength of the inclined concrete struts is 

explicitly. The inclination of the struts may be varied 
SpeCIfied Jimits for links as well as bent-up bars. In 

'",v,here upright links are combined with bent-up bars, the 
LDC:lin"tion needs to be the same for both. 

of deSign procedures in Codes of Practice are given 
3.33 for BS 8110, Table 3.36 for BS 5400 and 
for BC 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, Tables 3.37 and 3.38 for BS 5400 
and Table 4.19 for EC 2. 

5.4 RESISTANCE TO TORSION 

In normal heam-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 equilibrium, 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 flow. 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, Table 3.39 for BS 5400 and 
Table 4.20 for BC 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. 
10 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. 

assumptions made in their derivation, provide a useful basis 
for estimating long-term deflections of members in buildings, 

as follows: 

Load 

Cracking 

load 

1 
/ 

1 
1 
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Deflection 

Schematic load-deflection response 

In BS 81l0, 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 I N/mm2 for short-term loads, and 
0.55 N/mm2 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,01> and second for a cracked section ignor­
ing tension in the concrete, 02' The deformation of the section 
under the design loading is then obtained as: 

where ~ is a distribution coefficient that takes account of the 
degree of cracking according to the nature 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 
Ee.off = EJ(I + <p), where Ee is the short-term value and <p 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 roles in the form of 
limiting span/effective depth ratios are provided in BS 8110 and 
BC 2. These are considered adequate for avoiding deflection 
problems in normal circumstances and, subject to the particular 

. actual span/effective depth ratio 1250 
Deflecllon = . .. . . X span 

ilnutmg span/effectIve depth rallo 

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 BC 2. 

5.6 CRACKING 

Cracks in members under service loading should not impair 
the appearance, durability or water-tightness of a structure. In 
BS 81l0, for buildings, the design crack width is generally 
limited 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 mm applies. 

In BC 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:O; 5, reducing uniformly to 0.05 mm 
for hydraulic gradients;=: 35. 

In order to control cracking in the regions where tension is 
expected, it is necessary to ensure that the tensile capacity of 
the reinforcement at yielding is not less than the tensile force in 
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. 

Crack widths are influenced by several factors including the 
cover, bar size, bar spacing and stress in the reinforcement. 'fh:e 
stress may need to be reduced in order to meet the crack width. 
limit. Design formulae are given in Codes of Practice in whicD, 
strain, calculated on the basis of no tension in the concrete,;:,!,~ 
reduced by a value that decreases with increasing arnounts .. qf 
tension reinforcement. For cracks that are caused by appli~4i 
loading, the same formulae are used in BS 81l 0, BS 5400ari~ 
BS 8007. For cracks that are caused by restraint to 
effects and shrinkage, fundamentally different formul'Le ·,'W 
included in BS 8007. Here, it is assumed that bond slip 
at each crack, and the crack width increases in direct Pfl)PC)rti.'?~ 
to the contraction of the concrete. 

Reinforcement considerations 

Generally, for design to BS 8110 and BC 2, there is no need 
to calculate crack widths explicitly, and simple roles 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 Table 3.43 for BS 8110 andBS 5400 
Tables 3.44 and 3.45 for BS 8007 and Tables 4.23-4.25 fo; 
BC 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 BC 2. 

5.7 RE[NFORCEMENT 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. Th~ 
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 81l0, Table 3.59 
for BS 5400 and Table 4.28 for BC 2. 

5.7.1 Anchorage lengths 

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: 

lb,req ~ (design force in bar)/(bond stress X perimeter of bar) 
~!,d ('TT</}14)/fbd (mp) = (!,d1fbd)(1>/4) 

.where!,d is the design stress in the bar at the position from 
,which the anchorage is measured. The design bond stress ibd 

on the strength of the concrete the type of bar and in 
2 " .. ,the location of the bar within the concrete section during 

For example, the bond condition is classified as 
in the bottom 250 mm of any section, and in the top 

mm of a section> 600 mm deep. [n other locations, the 
is classified as 'poor'. Also in BC 2, the basic 

length, in tension, can be multiplied by several 
:fjjc:ients that take account of factors such as the bar shape, 

and ~he effect of transverse reinforcement or pressure. 
·of dl~meter > 40 mm, and bars grouped in pairs or 
addlllOnal considerations apply. Details of design 
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anchorage lengths, in tension and compression, are given in 
Table 3.55 for BS 8110, Table 3.59 for BS 5400 and Tables 4.30 
and 4.32 for BC 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 BC 2, for bars in tension or compression, the lap coefficient 
varies from 1.0 to 1.5, according to the percentage oflapped 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 Table 3.55 for BS 8110, 
Table 3.59 for BS 5400 and Tables 4.31 and 4.32 for BC 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 radius 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 1> 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 900

, and 
continues beyond the end of the bend for a length not less than 
81> in BS 81l0, and 101> in BC 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 BC 2. 
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5.7.4 Curtailment of reinforcement 

In flexural members, it is generally advisable to stagger the 
curtailment points of the tension reinforcement as allowed by 
the bending moment envelope. Bars to 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. 

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 centred over each internal support. 

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 

slabs 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 centre 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, anchor­
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 at 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, at = 0.5zcotO where z is the lever arm, 
and 0 is the inclination of the concrete struts (see section 35.1.2). 
Taking z = 0.9d, a] = 0.45dcotO, where cotO is selected by the 
designer in the range 1.0:=; ~otO:=; 2.5. If the value of cot 0 used 
in the shear design calculations is unknown, a] = 1.125d can be 
assumed. For members with no shear reinforcement, al = d is 
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=O.5VcotO, and F= 1.25V 
can be conservatively taken in all cases. Details of the curtailment 

requirements are given in Table 4.32. 

5.8 DEEP BEAMS 

In BS 8110, for the design of beams of clear span less than 
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 the result of 
extensive experimental work by various investigators are given 
in ref. 42, and a comprehensive well-produced design guide is 

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 
transverse bending, where the design vertical load is less than 
0.1[," times the area of the cross section, are treated as slabs. 

5.10 DETAILS 

It 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 inBS 8110 and BS 5400 for nibs, corbels and 
halving joints is included, and supplemented by informatt~n 
given elsewhere. In general, however, detaIls that are pnmany 
intended for precast concrete construction have not be~n 
included, as they fall outside the scope of this book. 

5.11 ELASTIC ANALYSIS OF CONCRETE SECTIONS 

The geometrical properties of various figures, the 

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, 

which conform to the cross sections of common reinf,orce~ 
concrete members, are given in Table 2.101. The data 
expressions for the area, section modulus, second mlJmen' 
area and radius of gyration. The values that are derived 
these expressions are applicable in cases when the 

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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fanner 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 structnres, 
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 structnre, 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 Robustness and provision of ties 

The progressive collapse of one comer of a London tower block 
in 1968, 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 to 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 structnre 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, continuous horizontal and vertical ties 
should be provided throughout the building to resist specified 
forces. The magnitnde of the force increases with the number 
of storeys for buildings of less than 10 storeys, but 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 floors 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 
beam and column positions, are to be properly anchored at 
the 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 
requirement. Details of the tying requirements are given in 
Table 3.54. 

For in situ construction, proper attention to reinforcement 
detailing is all that is normally necessary to meet the tying 
requirements. Precast forms of construction generally requue 
more care, and recommended details to obtain continuity',.of. 
horizontal ties are given in the code of practice. If ties 
be provided, other strategies should be adopted, as de,;criibedjll 
Part 2 of the code. These strategies are presented in the cOllte,'! 
of residential buildings of five or more storeys, where 
element that cannot be tied is to be considered as nOliollallYr· 
removed, one at a time, in each storey in tum. The re(luireol,n\: 
is that any resulting collapse should be limited in 
the remaining structure being able to bridge the gap 
by the removal of the element. If this requirement cannot/~ 
satisfied, then the element in question is considered as 
element. In this case, the element and its connections 
be able to resist a design ultimate load of 34 kN/m', 
to act from any direction. BS 8110 is vague with re"arlU 
extent of collapse associated with this approach, but 
clearly defined statement is given in the building 
Here, a key element is any untied member whose 
would put at risk of collapse, within the storey in 
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and the immediately adjacent storeys, more than 15% of the 
area of the storey (or 70 m' ifless). 

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 8110 
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 fOlmwork 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 used, 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 situ 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 fonners 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 structnral 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 
exceed these minimum values, or a non-structural screed added 
at a later 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 
are'contained in ref. 44. 

BS 8110 and EC 2 contain recommendations for both solid 
slabs, spanning between beams or supported directly 

'Y·(:olulmrls(flat slabs). Ribs in waffle slabs, and ribs reinforced 
wilu·alslngile bar in trough slabs, do not require links unless 
1l"!'dedJor.,h".Tor fire-resistance. Ribs in trough slabs, which 

i~iJnforced with more than one bar, should be provided with 
to help maintain the correct cover. The spacing of 

9!.llIlR" rrtavbe in the range 1.0--1.5 m, according to the size 
bars. Structnral toppings are normally reinforced 

!",."ld"d steel fabric. 
:!}Ilatil)fl on the weight of concrete floor slabs is given in 

and details of imposed loads on floors are given 
Detailed guidance on the analysis of slabs is 

Chapters 4 and 13. More general guidance, including 
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 
pennitted afterwards, unless done under the supervision of a 
competent engineer. Small isolated holes may generally be 
ignored structnrally, 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 comers 
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 Table 3.37. 

6.1.4 Stairs 

Structnral stairs may be tucked away out of sight within a fire 
enclosure, or they may form a principal architectural feature. In 
the fonner 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 structnre and, when detailing 
the reinforcement for the resulting stairs, additional bars should 
be included to limit 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 structnre, 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 longitndinally (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 semi-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 asphalt 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 a 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. If 
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 to 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 tangeutially 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 result of membrane 
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 0.5), 'long" 
(where lIr exceeds 2.5) and 'intermediate'. For short shells, 
the influence of the edge forces is slight in comparison wim 
membrane action, and the stresses can be reasonably taken a's 
those due to the latter only. If the shell is long, the membrane 
action is relatively insiguificant, 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 equivalent 
short -cut method has yet been devised. The standard method of 
solution is described in various textbooks (e.g. refs 45 and46)l 
Such methods involve the solution of eight simultaneouS 
equations if the shell or the loading is unsymmetrical, or fourJf 
symmetry is present, by matrix inversion or other means. _,. 
making certain simplifying assumptions and providing tables 
coefficients, Tottenham (ref. 47) developed a popular 
design method, which is rapid and requires the solution of 
simultaneous equations only. J D Bennett also 
method of designing long and intermediate shells, based 
analysis of actual designs of more than 250 roofs. The 
which involves the use of simple formulae i' nc,ofJlor;an~ 
empirical coefficients is summarised on Tables 2.93 and 
For further details see ref. 48. 

Buckling of shells. A major concern in the design 
shell is the possibility of buckling, since the loads at 
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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(hlr)2, where E is the elastic modulus of 
concrete, and h is the thickness and r the radius of the dome. 
For a shallow dome with span/rise =' 10, p = 0.15E(hlrf. A 
factor of safety against buckling of 2 to 3 should be adopted. 
Synclastic shells having a radius ranging from r1 to r2 may be 
considered as an equivalent dome with a radius of r = ,jeri r2)' 

For a cylindrical shell, buckling is unlikely if the shell is 
short. In the case of long shells, p = 0.6E(hlr)', 

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(chf/2ab, where a and b are the lengths 
of the sides of the shell, c is the rise and h 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. 
The expressions have been developed from those in ref. 50 for 
uniform loads, and ref. 51 for concentrated loads. In both cases, 
the results have been recalculated to take into account values of 
G= O:4E and C = 112. 

',:.',',.-. 

~'ii:,8 Load-bearing walls 

In'building codes, for design purposes, a wall is defined as a 
load-bearing member whose length on plan exceeds 

t:~ourtime, its thickness. Otherwise, tbe member is treated as a 
'1:o1iLilrln: in which case the effects of slenderness in relation to 

ltn'm"im and minor axes of bending need to be considered 
A reinforced wall is one in which not less 

'lhier,eC()lll1mend,ed minimum amount of reinforcement is 
and taken into account in the design. Otherwise, the 

treated as a plain concrete wall, in which case the 
""',m,nt is ignored for design purposes. 

planar wall, in general, can be subjected to vertical 
riziDntal in-plane forces, acting together with in-plane 

moments. The in-plane forces and moment can 
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 wan can 
now be designed as a column subjected to vertical load, 
combined with bending about the minor axis due to any 
transverse 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 fioors and/or 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 
IS for a braced Wall, or 10 for an unbraced wall. Otherwise, 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 5328. 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 sununarised 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 otherreferences for furtherreading. 

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 offramed 
bridge, and is particularly 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 

T~ 
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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 situ 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-bearns, 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 ill. Composite forms of construction consisting 
typically of a 200 mm thick cast in 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 fonn 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 
fonned 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 anyone time is reduced, by 
dividing each span into a series of transverse segments. These 
segments, which can be cast in situ or precast, are normally 
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 fanned to make the spans continuous. During erection, 
the leading segments are supported 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 situ 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 treatment 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 
intennediate piers, where the positions of the supports and the 

Buildings, bridges and 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 proportions 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 
fonn an abutment wall in cases where the wall is to be fonned 
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 
construction time. A facing of in situ or precast concrete or 
blockwork will normally be required after excavation. Reinforced 
earth construction can be used where there is 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 structure 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 
one foundation. 

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 the:i 
forms is possible. Raking piers and abutments can help 19: 
reduce spans for higb bridges, but they also require expensive'; 
propping and support structures. This in turn complicates the' 
construction process and considerably increases costs. 

The choice of foundation to abutments and piers is usuLall,V{ 
between spread footings and piling. Where ground cOllditiQ~~,,' 
permit, a spread footing will provide a simple and eC'Jll()!ni~' 
solution. Piling will be needed where the ground cOlldiltiOI 
are poor and cannot be improved, the bridge is over a 
estuary, the water table is high or site restrictions prevent 
construction of a spread footing. It is sometimes . 
improve the ground by consolidating, grouting or 
surcharge by constructing the embankments well in ad'iance 
the bridge structure. Differential settlement of foundations 
be affected by the construction sequence, and needs 
controlled. In the early stages of construction, the 
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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, continuous structures are 
generally more durable than structures with discontinuous spans. 
Tbis 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, all 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 
beam and slab construction, continuity of the deck slab ouly. 

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 tbat 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 Desigu considerations 

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

• Self-weight, and loads from surfacing, parapets, and so on 

• Environmental (e.g. wind, snow, temperature effects) 

• Traffic 

• Accidental 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 structural 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 anyone area of a bridge 
deck 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 
~pread across the deck, depends on the bending, torsion and 
shear stiffness of the deck in the longitudinal and transverse 
directions. Computer methods are generally used to analyse 

i:~UI:~~c~~~ for load effects, the most versatile method being 
:i analysis, which treats the deck as a two-dimensional 
.;;"'lle"of beam elements in both directions. This method can 

for solid slab, beam and slab and voided slabs where 
area of the voids does not exceed 60% of 

',~'oa 'U1 the deck. Box girders are now generally fonned as 
cells without any transverse diaphragms. These are 

lly qULite stiff in torSion, but can distort under load giving 
J:'WarninQ stresses in the walls and slabs of the box. It is 
\ecessary to use three-dimensional analytical methods 

space frame, folded plate (for decks of uniform 
Sec:tion). 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 abutments. 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 estuaries 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. Prefonned bituminous 
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 BC I: 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 BC 2: Part 3, as indicated in sections 21.3 
and 29.4 respectively. In the following notes, containers are 
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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 stmcture should also be investigated for 
possible flotation, if the earth can become waterlogged. Earth 
pressure at-rest 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 causing 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 
deflection 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 a long 
flexible cantilever. 

6.3.2 Cylindrical tam .. 

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 2 is given by 
n = 1'2r, where 1'is the unit weight of liquid, and r 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 radius 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 little 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 fioor slab are made continuous, 
and it is necessary to 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/rk> where rk is the radius of relative stiffness defined in 
section 7.2.5. The value of rk is dependent on the modulus of 
subgrade reaction, for which data is given in section 7.2.4. 
Taking rtrk = 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 straight sides 
instead of being circular, the formwork may be less costly but 
extra reinforcement, and possibly an increased thickness of 
concrete, is needed to resist the horizon tal 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 
q P.1l2 at the corners and q 12/24 at the centre, where I is tbe 
length of the side and q is the 'effective' lateral pressure at depth 
z. If the wall is free at the top and free-to-slide at the bottom, 
q = yz. In other cases, q = nlr where n is the ring tension at 
depth 2, and r 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" hi and 12, h2, the horizontal bending moment at the junction 
of any two sides is 

6.3.4 Rectangular tanks 

The walls of large rectangular reservoirs are sometimes built.in 
discontinuous lengths in order to minimise restraints to the 
effects of early thermal contraction and shrinkage. If the wijll 
base is discontinuous with the main fioor slab, each wall unitj,s 
designed to be independently stable, and no slip membrane'is 
provided between the wall base and the blinding 
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 
between the top of the wall and the underside of the sl'IO·t:!ll.· 
such forms of constmction, except for the effect of any 
junctions, the walls span vertically, either as a caJltil.evIOf,'i 
with ends that are simply supported or restrained, delperldilrrg·' 
the particular details. 

A cantilever wall is statically determinate and, if 
a roof, is also isolated from the effect of roof movement. 
defiection at the top of the wall is an important 
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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 a 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 Table 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 Tables 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 
either hinged or free, and the bottom is either hinged or fixed. 
The edge conditions are generally uncertain, and tend to vary 
with the loading 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 bearuless 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 settlement of 
the foundations of columns supporting an elevated tank, and a 
raft should be provided in cases where such problems could 
OCCur. In addition to the bending moments and shear forces due 
to the 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. 
The values of the thrusts and tensions can be calculated from 
~fexpressions given for columns supporting elevated tanks in 
~7.ction 17.4 .2. 

Effects of temperature 

of a tank are subjected to significant temperature 
due to solar radiation or the storage of warm liquids, the 

moments and forces need to be determined by an 
lr9priate analysis. The structure can usually be analysed 

for temperature change (expansion or contraction), 
~rIip'''ature differential (gradient through section). For a 

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

M = ±. Ela8/(l- v)h 

where: E is the modulus of elasticity of concrete, 1 is second 
moment of area of the section, h is thickness of wall, a is the 
coefficient of thenna! expansion of concrete, 8 is temperature 
difference between the two surfaces, p is Poisson's ratio. For 
cracked sections, v may be taken as zero, but the value of I 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 effect 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 outer walls. For 
various arrangements of intermediate walls, expressions for 
the negative bending moments on the outer walls of tbe 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 negative bending moments at 
the wall comers 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 
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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 eccentric 
force on the inside face of the wall, due to the proportion of the 
weight of the contents 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 Hopper 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 moment 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 each 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 
ofload 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 illustrated 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 detennine from an inspection of the site, 
together with field data on soil profiles and laboratory testing of 
SOlI 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 
not 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 load 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 underlying 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 
know ledge of the strata is obtained should be not less than one 
and a half times the width of an isolated foundation or the 
width of a structure with closely spaced footings. ' 

The nature ofthe ground can be determined by digging trial 
holes, by sinking bores or by driving piles. A trial hole can be 
taken down to only moderate depths, but the undisturbed soil 
can be examined, and the difficulties of excavation with the 
Il~ed or otherwise of timbering and groundwater pumping can 

Bores can be taken very much deeper than trial 
and stratum samples at different depths obtained for 

r~b()l.rat()rv testing. A test pile does not indicate the type of 
It has been driven through, but it is useful in showing the 

tlJadne:" of the top crust, and the depth below poorer soil at 
a firm stratum is found. A sufficient number of any of 

tests should be taken to enable the engineer to ascertain 
the,. m,h,,·o of the ground under all parts of the foundations. 

should be made to BS 5930: Code of practice for site 
1fti.gations, and BS 1377: Methods of test for soils for civil 
:in.'''TiinR purposes. 

~.)Be;iIl:in2 pressnres 

pressure that can be safely imposed on a thick stratum of 
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 strnctures, should be 
taken down at least 1 m below the ground surface, in order to 
obtain undisturbed soil that is sufficiently consolidated. In clay 
SOlis, a depth of at least 1.5 m is needed in the Uuited 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 usually 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 Fonndation types 

The most suitable type of foundation depends primarily on the 
depth at which the bearing stratnm 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 hearing stratnm 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 structnre should also be considered. Sometimes, it 
may be decided to accept the risk of settlement in preference to 
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 probable 
settlement 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 structnre 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 raft 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 structnre 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 settlement, 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 usually 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 uuiformly 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 Table 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. Suitable 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 som,e 
conditions of loading on the columns, the total load on the bas.e 
may be concentric, while for other conditions the total load is 
eccentric, and both cases have to be considered. Some notes_ 0H 
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 centraJI;n 
under a column owing to restrictions of the site, and wileD, tot') 
such conditions the eccentricity would result in in"d[nissibl~; 
ground pressures, a balanced foundation as shown in Tables 
and 2.84, and described in section 18.1.3, is provided. A 
is introduced, and the effect of the cantilever moment 
by the offset column load is counterbalanced by load 
adjacent column. This situation occurs frequently for 
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. In 
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 moments 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 Tabl£ 2.83. Some notes on these 
bases in relation to the diagrams in Table 2.84, together with an 
example, 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 18.104. 

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 floor, 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 
wall and the floor of the basement monolithically. In most 
cases, although the average ground pressure is low, the spans 
~elarge resulting in high bending moments and a thick floor, 
if the total load is taken as uniform over the whole area. Since 
the greater part of the load is transmitted through the walls, 
and any internal columns, it is more rational and economical 

. the load on strips and pads placed immediately 
the Walls and columns. The resulting cantilever action 

~e:termi'nes the required thickness of these portions, and the 
relIlaind." of the floor Can generally be made thinner. 

basements are in water-bearing soils, the effect of 
OJ;<lSUltic pressure must be taken into account The upward 

pressure is uniform below the whole area of the floor, 
must be capable of resisting the total pressure less 

:'W"lglhtofthe floor. The walls must be designed to resist the 
pressures due to the waterlogged ground, and the 

must be prevented from floating. Two conditions need 
le"'orlshlered. 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 floor, 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 I 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 where 
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 structnre 
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 he 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. It 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 construction 
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 
1.5-5 m 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 piers are impractical by reason of the depth at 
which a firm stratum occurs, Of due to the nature of the ground, 
short bored piles can be used. 

7.1.12 Wall footings 

Wben 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 
bendllg 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. to 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 finn stratum, plain concrete fill is nonnally used. 

7.1.13 Fouudations for machines 

The area of a concrete ba-se 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 should not be transmitted to 
adjacent structures, either directly 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 
area of concrete ground floor. 

With light machines the ground bearing pressure may not be 
the factor that detennines 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 stratum, and there is enough thick­
ness to 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 anyone 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. Wbere 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 abuttnents and piers adjacent 
to water 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 ground in the fonn of, either a prefonned 
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 infonnation on piles, including aspects such as 
pile driving, load testing 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 connected 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 
fanning 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 reinforcement in 
the bottom of the cap to form a space frame. The struts are 
usually taken to intersect at the top of the cap at the centre 
of the loaded area, but expressions have also been developed 
that take into account the dimensions of the loaded are!" 
Information regarding the design of such pile-caps, and 
standardised arrangements and dimensions for groups of twO 
to five piles, are given in Table 3.61. 

The thickness of a pile-cap designed by dispersion the'onds .••• 
usually determined by shear considerations along a veltiC'iU 
section extending across the full width of the cap. If the 
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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 ~ 
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 Fv and the piles are coincident, each 
pile will be equally loaded, and will be SUbjected to a load F,In. 
If the centre of gravity of the load is displaced a distance e from 
the centre of gravity of the piles. the load on anyone pile is 

where La2 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 a1 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 = MIFv . 

The total load that can be carried on a 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 supported 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 
tparitime structures are subjected are dealt with in section 2.6. 
Such structures can be solid walls made of plain or reinforced 
~~~crete, 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, 
9,~:it Can be an open-piled structure similar to a jetty. The loads 
o.n groups of inclined and vertical piles for such structures are 
~p,t;lsidered in Table 2.85. 
.';'For each probable condition of load, the external forces are 

into horizontal and vertical components, Fh and Fv, 

of application of which are also determined. If the 
i4ifection of action and position are opposite to those shown in 

dia.grams, the signs in the formulae must be changed. It is 
that the piles are surmounted by a rigid pile-cap or 

per·StnJcbore. The effects on each pile when all the piles are 
are based on a simple. but approximate, method of 
Since a pile offers very little resistance to bending, 
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structures with vertical piles only are not suitable when Fh is 
dominant. In a group containing inclined piles, Fh 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 desigas 
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 
platfonn 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 equipment 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 occurs in factories, 
retail outlets, 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, such 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 a concrete slab of appropriate thickness providing 
a suitable wearing surface. Various construction methods can be 
used to fonn the concrete slab. 

Large areas of floor up to several thousand square metres in 
extent can be laid in a continuous operation. Fixed fonns 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 
floor has been laid and finished, the area is sub-divided into 
panels, typically on a 6 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 
cuts 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 are 
plotted as the load increases until the first crack and then 
decreases with increasing deflection. The ductility 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 
yield 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 50% in the value of k, have only 
a small effect on the slab thickness required for flexural design. 
However, deflections are more sensitive to ks values, and long­
term settlement due to soil consolidation under load can be 

much larger than the elastic deflections calculated as part of the 
slab design. 

In principle, the value of k, 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 mm. 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 + 0.3ID]2ko.75 

where D is the diameter of the loaded area, and ko.75 is a value 
for D = 0.75 ill. This gives values of k,lko.75 as follows: 

D (m) 0.3 0.45 0.75 1.2 = 

k/ko.75 2.0 1.4 1.0 0.8 0.5 

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/m3) 
Soil type 

Lower Upper 

pjne or slightly compacted sand 15 30 
Well compacted sand 50 100 
Very well compacted sand 100 150 
Loam or clay (moist) 30 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 by' 
elastic methods using equations developed by Westergaard i; 
the 1920s. Such slabs are relatively thick and an assessment '?~ 
deflections and other in-service requirements has generan~· 
been unuecessary. Using plastic methods of analysis, thinner 
slabs can be designed, and the need to investigate in-serviG¥ 
requirements and load-transfer across joints has become 
important. The use of plastic analysis assumes that the slab 
adequate ductility after cracking, that is, it contains suJ'ficieIl,f 
fibres or reinforcement, as described in section 7.2.3, to I!JVO.W> 

equivalent flexural strength ratio in the range 0.3-0.5. 
concrete slabs, and slabs with less than the minimum 
mended amounts of fibres or reinforcement, should still 
designed by elastic methods. 

Westergaard assumed that a ground-supported cOlocrete,s\' 
is a homogeneous, isotropic elastic solid in equilibrium, 
the sub grade reactions being vertical only and pflJp()rti.onai 
the deflections of the slab. He also introduced the concept 
radius of relative stiffuess rko given by the relationship: 

where E, is the short-term modulus of elasticity of 
h is the slab thickness k, is the modulus of sub grade 
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and v is Poisson's ratio. The physical significance of rk 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 value at the load 
position. Along radial lines, it remains positive reducing to zero at 
rk from the load. It then becomes negative reaching a maximum 
at 2rk 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 3rk from 
the load. 

o 

+ 

Approximate distribution of elastic bending moments for 
an internal concentrated load on a ground-supported slab 

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 ductility, 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 moments 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 iuformation on the analysis and design 
method with fully worked examples, see ref. 61. 

7.3 RETAINING WAILS 

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 desigu of walls 

. retain soils and materials with similar engineering properties. 
. designing to British Codes of Practice, the geotechnical 
.. of the design, which govern the size and proportions of 

structure, are considered in accordance with BS 8002. 
Mobili".tie,n factors are introduced into the calculation of the 

strengths, and the resulting pressures are used for both 
,~ervice"bi'l ity and ultimate requirements. For the subsequent 

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 
geotechnical aspects of the design, and to the earth 

. for the Structural design. 

.. : Types of retaining wall 

retention systems can be categorised into one of two 
according to whether the earth is stabilised externally 
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or internally, as shown in Table 2.86. An externally stabilised 
system uses an external structural wall to mobilise stabilising 
forces. An internally stabilised system utilises reinforcements 
installed 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 stiffness 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 (usually reinforced concrete), soil reinforcement (in 
the form of flat strips, anchors or grids, made from either 
galvanised steel or synthetic material) and soil (usually 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 reiuforcement 
and spray applied concrete. Holes are drilled into the soil, and 
reinforcement in the form of steel bars installed and grouted. 
With both reiuforced 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 !intit 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 to 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 soil 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 
each 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 estimated with the aid of the 
graph given in Table 2.86. 

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 strength are taken. Allowance is made for a nrinimum 
surcharge of 10 kN/m2 applied to the surface of the retained 
soil, and for a minimum depth of unplanned earth removal in 
front of the waH 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 overturuing 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 distribution 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 waH along with it. The 
strength and stability of the retaining wall have no bearing 
on such failures. The precautions 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 

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 backfills 
of medium to low permeability, and for cohesive soils, it is usual 
to provide a drainage layer behind the waH. 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 geotextile 
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 should be at 
least 75 mm in diameter, and at a spacing not more than 1 m 
horizontally and 1-2 m vertically. 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 until 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 situ and placed by tremie: it is vital 
that the wet concrete flows freely without segregation so as t() 
surround the reinforcement and displace the bentonite. ' 

Cantilever walls are suitable for only moderate height, andit 
is preferable not to use cantilever walls when services .o~ 
foundations are located whoHy or partly within the active soil 
zone, 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 pari: 
of the wall. They can be designed to have fixed or free earth. 
support at the bottom, as stability is derived mainly from the,' 
anchorages or props. ~ 

Traditional methods of design, although widely used, 
have recognised shortcomings. These methods are outliIled 
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, , 
further information the reader should refer to BS 
Highways Agency BD 42/94 and ref. 62. 

Culverts and subways 

7.4 CULVERTS AND SUBWAYS 

Concrete culve~, which can be either cast in situ or precast, 
are usually of CIrcular or rectangular cross section. Box type 
s~ctures can ~lso be used to form subways, cattle creeps or 
bndges over ITImor roads. 

7.4.1 Pipe culverts 

For conducting small streams or drains under embankments 
cul~erts 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 
resist longitudinal bending resulting from unequal vertical earth 
press~re an~ unequal settlement. Due to the uncertainty 
aSSOCiated Wlth the magnitude and disposition of the earth pres­
s?res, an accurate analysis of the bending moments is imprac­
ucable. 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 0.0625qd', where d is the diameter 
of the circular pipe, and q 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 ~ 
horizontal plane. 

7.4.2 Box culverts 

The load on the top of a box culvert includes the weights of the 
earth covenng 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 
~onzontal 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 
a~ .. nst the sides of the culvert can be calculated in accordance 
WIth the mfonnation in section 9.1, consideration being given 
to the risk of the ground becoming waterlogged resulting in 
~creased pressure and the possibility of flotation. Generally, 

ere are only two load condItIons to consider: 

l. CUlvert empty: maximum load on top slab, weight of the 
walls and maximum earth pressure on walls. 

2. C~lvert full: minimum load on top slab, weight of the walls, 
nrrnunum earth pressure and maximum internal hydrostatic 
pressure on walls (with possible upward pressure on top slab). 

some circumstances, these conditions may not produce the 
load effects at any particular section, and the effect 

probable combination should be considered. The cross 
should be designed for the combined effects of axial 

bending and shear as appropriate. A simplistic analysis 
usedt dt' . o e enmne the bendmg moments produced in a 

8nO'lItillic rectangular box, by considering the four slabs as 
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 
mto the following cases: 

I. A uniformly distributed load on the top slab, and a uniform 
reactIOn from the ground under the bottom slab. 

2. A concentrated imposed load on the top slab and a uniform 
reaction from the ground under the bottom slab. 

3. Concentrated loads due to the weight of each wall and a 
unifonn 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 ofthe 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 Table 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 structure~ 
where the walls are propped by the top slab, are covered by 
recommendations in Highways Agency standard BD 31187. 
!hese recommendations do not apply to structures that are 
mstalled 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 tban the weight of 
fill dIrectly above It. An allowance for this effect is made, by 
c~nsldenng a mmlmum load based on the weight of material 
directly above the structure, and a maximum load equal to the 
mIlllmum load multiplied 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 
CO?ffiClent 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, irrespective 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 
sttuctures where the depth of cover is in the range 200-600 mm, 
full hIgh,;ay 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 (Le. 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'), 
where 1 kN may be taken as 102 kilograms. 

8.1 DEAD LOAD 

The data for the weights of construction materials given in the 
following tables has been taken mainly from EC 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 nonnal weight concrete with normal percentages of 
r~inforcement, but a value of 25 leN/m3 is recommended in 
EC 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. 

8.1.2 Other construction materials and finishes 

loads include such permanent weights as those of the 
and linings on walls, floors, stairs, ceilings and roofs; 
and other applied waterproofing layers; partitions; 

windows, roof and pavement lights; superstructures of 
"~I "0l·K. masonry or timber; concrete bases for machinery 

fillings of earth, sand, plain concrete or hardcore; 
other insulating materials; rail tracks and ballasting; 
linings and road surfacing. In Table 2.1, the basic 

of various structural and other materials including 
timber and rail tracks are given. 

aV''''',e equivalent weights of various cladding types, as 
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 to 
consider the lintel as supporting the entire wall above; it is 
sufficient to allow only for the triangnlar 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
titian 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 arcbing 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 
Ee 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 bnildings 

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 
Tvoe Material Weight Material Weight 

Normal weight kN/m' Lightweight (density ,,; 2000 kglm
3
) kN/m' 

" (2000 kg/m3 < density"; 2800 kg/m3) low strength (insulating) 4-8 
~ 

" ~ plain or lightly reinforced 24 medium strength (blockwork) 8-16 
u 

" 0 reinforced: 2% reinforcement 25 high strength (structural) 16-20 
U Heavyweight (density> 2800 kglm3) 30-50 

4% reinforcement 26 

Aluminium 27 Iron: wrought 76 
~ 83-85 Lead 112-114 

"@ Brass, bronze 
t: Copper 87-89 Steel 77-79 
:;s 

Iron: cast 71 73 Zinc 71-72 

Basalt 27-31 All-in aggregate 20 

" Granite 27-30 Hardcore (consolidated) 19 

" Limestone: dense 20--29 Quarry waste 14 
0 
~ Stone rubble (packed) 22 f/l Sandstone 21-27 

Slate 28 Soils and similar fill materials Table 2.10 

Baltic pine, spruce 5-6 Particleboard: 

Douglas fir, hemlock 6-7 chipboard 7-8 

Larch, oak (imported), pitch pine, teak 7-8 cement-bonded particle board 12 

S Oak (English) 8-9 flake board, strand board, wafer board 7 

:§ Fibre building board: Plywood: 
E-< hardboard (standard and tempered) 10 birch plywood 7 

medium density fibreboard 8 b10ckboard, laminboard, softwood 5 

softboard 4 Wood-wool 6 

Asphalt: mastic 18-22 per unit area kN/m2 

~ hot-rolled 23 Asphalt, 20 mm thick 0.4 

[5 Asphaltic concrete' 24-25 Brickwork and blockwork Table 2.2 

" 1.2 
.§ Ballast (normal, e.g. granite) 20 Concrete paving, 50 mm thick 

'i3 Cork (compressed) 4 Granolithic screed, 40 mm thick 1.0 
u 
~ Glass (in sheets) 25 Lead sheet, 2.5 mm thick 0.3 

~ 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 mc 60 with prestressed concrete sleepers and track fastenings 6.0 
~ 
oj 2 rails UIC 60 with timber sleepers and track fastenings 3.1 
b 

'8 Tracks without ballasted bed: 

~ 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 
DeDthmm I 100 I 125 150 200 250 300 

Weight kN/m' I 2.4 I 3.0 3.6 I 4.8 6.0 7.2 

Ribbed slabs (rib spacing 600 mm, rib width 125 mm minimum, rib draw each side 10', flange thickness 75 mrn) 
Note. For thicker{or thinner) flanges, add (or deduct) 0.6 kN/m

2 
ner 25 mm concrete .. 

Denth mm 250 325 400 475' 

Weight kN/m': 100% ribbed 3.0 3.6 4.3 5.0 

75% ribbed, 25% solid 3.8 4.7 5.6 6.6 

~ WaIDe slabs (rib spacing 900 mm, rib width 125 mm minimum, rib draw each side 1/5, flange thickness 75 mm) .g 
Vi Note. For thicker flanges, add 0.6 kN/m2 Der 25 mm concrete 

" DeDthmm 300 400 500 
..... 

~ 

" 
-

~ 

Weight kN/m": 100% waffle 3.6 4.8 6.0 u 

" 0 75% waffle, 25% solid 4.5 6.0 7.5 
u 

Precast hollow-core units (nominal width 1200 mm) 
..... 

Note. For slabs with structural topping, add 0.6 kN/m2 per 25 mm concrete (minimum thickness 50 mm) 
...... 

Depthmm I 110 I 150 200 I 250 300 400 .... ·.il 

Weight kN/m' I 2.2 I 2.4 2.9 3.7 I 4.1 4.7 ":;) ;; 

Precast double-tee units (nominal width 2400 mm) 
.:C:!. , 

Note. For slabs with structural topping, add 0.6 kN/m2 per 25 mm concrete (minimum thickness 50 mm) 
825 ". A' 

DeDthmm I 325 I 425 525 625 725 

Weight kN/m' I 2.6 I 2.9 I 3.3 3.7 4.1 I 4.5 .: .. L 
c< 

Weights of roofs and walls 2.2 
per unit area 

Steel roof trusses in spans up to 25 m 
Corrugated asbestos-cement or steel sheeting, steel purl ins etc. 
Patent glazing (with lead-covered astragals), steel purlins etc. 
Slates or tiles, battens, steel pur lins etc. 

ditto with felt etc. 
per per unit area 

Blockwork: 200 mm thick 
clay: common 

: hollow 
concrete (autoclaved aerated) 
ditto (light-weight aggregate): solid 

: hollow 
ditto (normal-weight aggregate): solid 

: hollow 

3.8 
2.3 

1.2-1.5 
2.6 
2.2 
4.3 
2.9 

Brickwork: 125 mm thick 
ca1cium-silicate 
clay: engineering 
concrete 
refractory 

Gypsum panels, 75 mm thick 
Plaster: 2 coats gypsum, 13 mm thick 
Plasterboard: 13 mm thick 

Corrugated asbestos-cement or steel sheeting (including bolts, sheeting rails etc.) 
Steel wall framing (for sheeting or brick panels) 

ditto with brick panels and windows 
ditto with asbestos-cement or steel sheeting 

Doors (ordinary industrial type: wooden) 
Windows metal or wooden 

The following symbols are used in the expressions given below: 

e effective width of strip supporting partition in m 
h distance from face of partition to free edge of slab in m 
h,. thickness of partition in m 
/ effective span of slab in m 
w, equivalent uniformly distributed load in kN/m' 
wp weight of partition in kN/m 

Position of partition unknown - consider as imposed load with w, = w/3 

Minimum allowance for demountable partitions (offices): w, = 1.0 kN/m2 

area 

Typical allowance for 150 mm solid blockwork with 13 mm gypsum plaster both sides: w, = 2.5 kN/m' 

Position of partition known - consider as dead load as follows: 

Partition parallel to span: w, = w"le 

e = h,. + h + 0.3/ :0; h,. + 0.61 

Note. For ribbed slabs, smaller values of e may 
be appropriate but not less than h,. + 1.0 m 

Partition normal to span: treat as concentrated load 

Lintels supporting brickwork 
(or similarly bonded walls) 

Shading denotes area 
of wall considered to 
be supported by lintel 

Area=O.433Z 2 

Free 

h :1>0.31 

__ --+_"v 
0.31 

1.0-2.0 
0.4-0.5 

0.4 
0.7-0.9 
0.8- I.l 

2.3 
2.6 
2.7 
1.3 
4.4 
2.2 
I.l 

4.3 
2.4-3.4 

24 
7.2 
3.8 
2.4 

, 
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C Areas where people may congregate 
D Shopping areas 
B Areas susceptible to the accumulation of goods 
FIG 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 solid 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 infonnation. 

With certain exceptions, the imposed loads on beams may be 
reduced according to the area of floor supported. Loads on 
columns 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 snrfacing 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 BC 2: Part 1, details of imposed and snow loads are given in 
BC 1: Parts 1.1 and 1.3 respectively. 

8,2.2 Imposed loads on highway bridges 

The data given in Table 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 
load whose value varies with the 'loaded length', and a single 
KEL that is positioned so as to have the most severe effect. 
The loaded 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 HE 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 HE loading, and details of other loads to be considered on 
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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. 

8.2.4 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/o apply to main line railways, 
type SW/O 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 rectangular buildings, as defined in Table 2.8, are 
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 to assess wind loads on 
structures, and the data to be used for effective wind speeds 
drag coefficients, are given in BD 37/01. For designs to BC 
wind loads are given in EC I: Part 1.2. 

Imposed loads on floors of buildings 

Type of use/occupancy for 
part ofbuildinglstructure 

A Domestic and residential 
use (also see category C) 

B Offices and work areas 
not covered elsewhere 

Examples of specific use 

All usages within self-contained dwelling units. 
Communal areas (including kitchens) in blocks 
of flats with limited use (see note I); for such 
areas in other blocks of flats, see cate a C3 
Bedrooms and dormitories except for those in 
hotels and motels 
Bedrooms in hotels and motels. Hospital wards. 
Toilet areas 
Billiard rooms 
Communal kitchens (except in blocks of flats as 
covered b note I 
Balconies Single dwelling units and communal 

areas in blocks of flats with limited 
use see note 1 
Guest houses, residential clubs and 
communal areas in blocks of flats 
exce t as covered b 

Hotels and motels 

without stora e 

Kitchens, laundries, laboratories 
Rooms with mainframe com uters or similar 
Machine halls, circulation s aces therein 
Projection rooms 

Factories, workshops and similar buildings 
eneral industrial 

Foundries 

Catwalks 
Balconies 

Fly galleries 

Uniformly distributed 
load kN/m2 

1.5 

1.5 

2.0 

2.0 
3.0 

1.5 

Same as rooms to which 
they give access but not 

less than 3.0 
Same as rooms to which 
they give access but not 

less than 4.0 
2.0 
2.5 
2.5 
3.0 
3.0 
3.5 
4.0 
5.0 

5.0 

20.0 

Same as rooms to which 
they give access but not 

less than 4.0 
4.5 kN/m run uniformly 
distributed over width 

2.3 
Concentrated 

load kN 

1.4 

1.8 

1.8 

2.7 
4.5 

1.4 

1.5/m run 
concentrated 
at outer ed e 

1.5/m run 
concentrated 
at outer ed e 

4.5 
1.8 
2.7 
2.7 
4.5 
4.5 
4.5 

Determine for 
s ecific use 

4.5 

Determine for 
s ecific use 

1.0 at 1m ctrs. 
1.5/m run 

concentrated 
at outer ed e 

Ladders I 5 I d N' - .runoa 
an~e I. Communal areas m blocks of flats with li~ited use refers to blocks of flats not more than three storeys in height, 
im Wlth not more than four self-contamed dwelhng umts per floor accessible from one staircase. For further details of 
b posed floor loads apphcable to act1V1ty/occupancy categories C to G, and details of horizontal imposed loads on parapets 

amers and balustrades, reference should be made to BS 6399: Part I. ' 

Note 2 F d t'l f' d fl . . . or e aI s 0 Impose oar loads to be used when deslgnmg to Eurocode 2, see BS BN 1991-1-1. 

Reduction in total distributed imposed floor load according to area of floor or number of floors supported 

do not apply to loads due to plant or machinery, ?r to storage. Otherwise, reductions apply to all imposed 
any add,tIOnal umformly dlstnbuted Imposed partItIOn load) for activities described in categories A to D. 



Imposed loads on roofs of buildings 2.4 
Type of roof Twe of access Unifonnly distributed load Concentrated load 

kN/m2 kN 

No access (except for cleaning and maintenance) f.L'So <: q, 0.9 Flat or monopitch 
Note. Above loads assume that spreader boards will be used while any cleaning or maintenance work 

Site altitude 
A 

< 100m 
> 100m 

is in progress on fragile roofs 

Note. Where access is required for specific usage, above loads should be replaced by the appropriate 
values for floors, including any appropriate reductions, as given in Tab/es 2.5 -2. 7. 

Site snow load Snow load shape coefficient and minimum load 

So Angle of pitch of roof a as 30° 30° < a < 60° 60° s a 
kN/m2 (measured from horizontal) 

Sb (see isopleths on map) 
Sb + (0. 15b+ 0.09)(Afl 00 -1) 

Sha coefficient 0.8 0.8(2 - al30) 0 
Minimum load kN/m q, 0.6 0.6(2 - al30) 0 

Note. For A > 500 m, seek specialist advice. Note. Where parapets occur, local snow drifting should be considered. 

4 
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Basic snow load on the ground Sb kN/m2 
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Imposed loads on bridges - 1 2.5 

'" " '" ." .;: 
.c 
» 
~ 

-" 

'" .;c 

OJ) 
c 
:0 
'" .2 
< 
::J: 

Type HA consists and a or 
single wheel . The carriageway is divided into notional lanes and the and KEL values given for 
one notional lane are multiplied by appropriate lane factors. Loadings are interchangeable between lanes and a 
lane or lanes may be left unloaded if this causes a more severe effect. The UDL varies with the loaded length and 
the KEL extends over a length equal to the width ofthe notional lane. The alternative single wheel load is placed 
at any point on the carriageway and applied over a circular (340 mm diameter) or square (300 mm side) contact 
area (1.1 N/mm2 pressure). Dispersal may be taken at spread-tn-depth ratios of I horizontally to 2 vertically 
through asphalt or similar, and I horizontally to I vertically down to the neutral axis of structural concrete slabs. 

20 <L ,;;40 
40 < L s50 

50<Ls 112 andN<6 
50<L,;; 112 andN,,6 

L> 112 and N < 6 
L> 112 and N" 6 

on 

a, 
1.0 

7.II../L 
1.0 

0.67 
.0 

0.6a, 
0.6 
0.6 
0.6 
0.6 
0.6 

roads), except for bridges carrying one-way traffic only, where N is taken as twice the number of notional lanes. 
Note 2. al = 0.274 bL and a2 = 0.0137[bL(40 - L) + 3.65(L - 20)]. 
Note 3. Where there is only one notional lane, the loading on the rest of the carriageway is taken as 5 kN/m'. 

Loaded length m LoadkN/m Loaded length m LoadkN/m Loaded length m LoadkNim 
2 211.2 25 38.9 100 22.7 
4 132.7 30 34.4 200 21.2 
6 1OI.2 35 31.0 300 20.4 
8 83.4 40 28.4 400 19.8 
10 71.8 45 26.2 500 19.3 
12 63.6 50 24.4 600 19.0 
14 57.3 60 23.9 700 18.7 
16 52.4 70 23.5 800 18.5 
18 48.5 80 23.2 900 18.2 
20 45.1 90 23.0 1000 18.1 
25 38.9 100 22.7 1600 17.2 

HA uniformly distributed load 

A single is taken to occupy any transverse position on one 
notional lane or straddling two or more notional lanes. No other live loading is taken fur a length extending from 
25 m in front ofthe leading axle to 25 m behind the rear axle and a width extending each side ofthe vehicle to 
the edge of the notional lane occupied wholly or partially by the vehicle (but not more than 2.5 m either side). 
Outside this area, HA loading is applied. For further details of the loading arrangements, refer to B037/0 1. 

~ 1------------------------------------------------rNO~.(On~e~uwn~ittOfkm~~G<~j,ffiJ.;~tooi 
.: rLimitoh,hid, 025m 10 kN per axle (Le. 2.5 kN per wheel). A ] !i! ! 11 I;fm circular Or square contact area, assuming 
(Q .• _ _ +. _ 1.1 N/mm2 pressure, and load dispersal at 
::c I unit Innit 1 unit 1 unit 1 m spread-to-depth ratios of] horizontally to 

J~ ! ! ~I ,~ 2 vertically through asphalt or similar, and 
m 1 horizontally to 1 vertically down to the 

o.2m+Um+ ~6,1l, 16, 21 or 26m-------" +L8m+ _o.2~0.25m neutral axis of structural concrete slabs 
(whichever has most critical effect) 

may be considered. For public roads in the 
HB vehicle - plan and axle arrangement for one unit of loading UK, between 30 and 45 units of loading 

are to use. 



Imposed loads on bridges - 2 2.6 
Loaded length L (m) Uniformly distributed load (kN/m") Horizontal load on pedestrian parapets 

L:;; 36 5.0 
36<L:;;50 50WI(L + 270) where W~ 336 (IlLr' 1.4 kN/m length applied at top of parapet 

50 < L < 1600 50WI(L + 270) where W~ 36 (l/I)olO 
~ Note 1. Where exceptional crowds are expected and I> 36 m, loading is to be agreed with appropriate authority. 

~5t 
0-0 Note 2. Consideration to be given to both vertical and horizontal vibration, that could be induced by resonance 
:>. .-o ~ with the movement of users or by deliberate excitation ~.c 
0-" Note 3. For elements of highway or railway bridges supporting footwayslcycle tracks, the uniformly distributed o " 
u..~ loads shown above apply for loaded widths not exceeding 2 m. Where the width of the footway/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 barner, 
the effect of an accidental wheel loading should also be considered. 

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 below is I(m) 3.6 zi 3.6 < L :;; 67 L >67 

to be multiplied by the dynamic filctors given in the 
0.73 + 2.16/(VL - 0.2) 1.00 table, where I is the length of the influence line for Moment 2.00 

deflection of the element under consideration. For Shear 1.67 0.82 + 1.44/(..JL - 0.2) 1.00 

further information, refer to B037/0l. 

CI) 

" 250 250 250 250 KN 

] 

T 
80kNim 

1 1 1 1 
80kNIm 

t :J 

I I ex:: 

NO LIMITATION 10.8m 11.6ffi 1.6m 1.6m a.8m NO LIMITATION 

Type SWIO loading applies to continuous bridges on main line railways, 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. 

~ 

" OIl Oll 
-0 " 133kNlm ·c :0 133kN/m 
.c " 

I I I 
:>. .s 

I '" 1 ~ 'a 

.\ 
ex:: (J] 

\. . \. \. IS.Om 5.3m IS.Om 

Type RL loading applies only to passenger rapid transit 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 ballast where, for rail bearers and single-track cross girders, the factor is 104. The distributed 
load may be applied in any number oflengths, but the total length of 50 kN/m intensity should not exceed 100 m 
on anyone 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 
this gives a more severe condition. 

OIl 

" :0 
'" 200kN .s 

! -l 
ex:: 15 kN/m 

t 
25 kN/m 

I I 
25 kNlm + 

.1. .I. No limitation 100m No limitation • • • I 

I' 

Wind speeds (standard method of design) 

Symbols: 

Vb is basic wind speed in mls 
(see adjoining map) 

V, is site wind speed 
~ V"s,SdS,Sp m/s 

V, is effective wind speed 
~ V,Sb mls 

where 

S, is altitude factor 

Sd is direction factor 

Ss is seasonal factor 

Sp is probability factor 

Dynamic pressure 

q, ~ 0.613V,2 N/m' 

Values of wind speed factors 

2.7 
Relationship between 
effective wind speed 

and dynamic pressure 

V,mls q, N/m' 

20 245 
22 297 
24 353 
26 414 
28 481 
30 552 

32 628 
34 709 
36 794 
38 885 
40 981 

42 1080 
44 1190 
46 1300 
48 1410 
50 1530 

52 1660 
54 1790 
56 1920 
58 2060 
60 2210 

S, In terrain with upwind slopes exceeding 0.05, the effects of topography can be significant in the detennination of S, 
for 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 Ll, where Ll, is the site altitude in metres above sea level. 

Sb Values of Sb are given in the table below according to the effective height, the site terrain and proximity of the site 
to the sea. For buildings with height H 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). 

Sd When 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, Sd should be taken as 1.0 in all directions . 

S, 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 . 

Sp The risk of the basic wind speed being exceeded from the standard value of Q ~ 0.02 annually can be changed (see 
BS 6399: Part 2, Annex 0). For all nonnal design situations, So should be taken as 1.0. 

Effective 
height H, Closest distance to sea (km) 

height H, 
Closest distance to sea (km) 

m m 
1.48 lAO 1.35 1.26 :;;2 1.18 1.15 1.07 
1.65 1.62 1.57 1.45 5 1.50 1045 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 15 1.85 1.82 1.71 
1.90 1.90 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.D4 2.04 2.D4 1.95 50 2.04 2.04 1.95 
2.12 2.12 2.12 2.07 100 2.12 2.12 2.07 

. For in country conservatively in town the effective He is taken as 
maximum height of the building, or particular part of the huilding, above ground level. Alternatively, for buildings in 

terrain, the effective height can be reduced as a result of the shelter afforded by structures located upwind of the site 
BS 6399: Part 2). Interpolation may be used within each table. 

the directional method of should be used BS 6399: Part 



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 

Internal pressure 

q, is dynamic pressure (see Table 2.7) 
Cp, is external pressure coefficient (see Table 2.9) 
Cp, is internal pressure coefficient (see Table 2.9) 
C, is a size effect factor (see Table 2.9) 

Net surface pressure for enclosed building p~p,-p, 

Net surface load (normal to surface) P~pA 

A is loaded area (see figure below for diagonal dimension) 

a 

a 

(a) Diagonals for load on 
individual faces 

(b) Diagonal for total load OIL 

combined faces 

For shear at base of shaded part 

For cladding panel 

(c) Diagonal for load on elements offaces 

Cd) Diagonal for total load on gable (e) Diagonal for total load on pitch roof 

Definition of diagonal of loaded area 

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 ~ lOx ~internal volume of storey is taken. For 

individual structural components, cladding units and their 
fixings, a ~ 5 m should be taken, unless there is adequate 
load sharing capacity to justify the use of a diagonal length 
longer than 5 m. 

Overall horizontal force on enclosed building 

Plot,! ~ 0.85(L:Pfto", - L:P ",,)(1 + C,) 

L:Pftoo, is horizontal component of surface load summed 
over windward-facing walls and roofs 

I,P"" is horizontal component of surface load summed 
over leeward-facing walls and roofs 

C, is dynamic 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 PIO",! for enclosed buildings 
on level ground. Frictional drag forces on walls parallel to 
the wind direction where D > b, and roofs where D > b12, 
should be combined with the normal forces in p lo"!' 

Frictional drag force on each surface Pf~ q,CfA,C, 

A, is area of surface swept by wind as follows: 

A, ~ (D - b)H for wall A, ~ (D - b12)B for roof 

Cf is frictional drag coefficient (see below) 

The dynamic augmentation factor depends on the bnilding 
type factor Kb and the building height H, as follows: 

Type Description Kb 
I Welded steel unclad frames 8 
2 Bolted steel and reinforced concrete unclad 4 

frames 
3 Portal sheds and similar light structures 2 
4 Framed buildings with structural walls around 1 

lifts 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, are given by the approximate equation: 

K (I0H)O.75 
C, ~ 32~ log (I OH) for 0 " C, " 0.25 and H" 300 m 

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 ofBS 6399: Part2. 

The frictional drag coefficient depends on the type of 
surface, as follows: 

no across 
Surfaces with corrugations across wind direction 
Surfaces with ribs wind . 

Pressure coefficients and size effect factors for 
rectangular buildings 2.9 

Values of external pressure coefficient C , for vertical walls 
Wind normal to face Building span ratio DIH Wind parallel to face Exposure case 
(front and rear walls) " I <: 4 (side wall) Isolated Funnelling 

Windward face (front) + 0.8 + 0.6 Zone (see A - 1.3 - 1.6 
Leeward face (rear) - 0.3 - 0.1 key below) B - 0.8 - 0.9 
Note 1. Interpolation may be used in the range I < DIH < 4. C - 0.4 - 0.9 
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 ~ B or 2H, whichever is the smaller. Where the walls of two buildings face each other and the gap between 
them is less than bl4 or greater than b, the isolated coefficient should be used. When the gap is bl2, the funnelling coefficient 
should be used. For ga s between bl4 and b12, and between bl2 and b, linear interpolation may be used. 

Plan W=D D 

~ ~~ Elevation of side face 

Wind D 

Wind on long face 

L-D 

I' 'I 
Building with D > b Building with D"5,b 

Wind on short face Key to pressure coefficient zones on side face 

Values of internal pressure coefficient Cp, 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 -0.3 

Four walls equally permeable with roof impermeable: - 0.3 

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 0.75Cp, 

Ratio of area of dominant opening to sum of areas of remaining openings ~ 3 0.90Cp, 

1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
0.96 0.95 0.96 0.95 0.96 0.95 0.94 0.96 0.94 0.95 0.96 0.94 0.95 
0.90 0.88 0.90 0.88 0.90 0.88 0.85 0.90 0.85 0.88 0.90 0.85 0.88 
0.86 0.83 0.86 0.83 0.86 0.83 0.79 0.86 0.79 0.83 0.86 0.79 0.83 
0.81 0.78 0.81 0.78 0.81 0.78 0.73 0.81 0.73 0.78 0.81 0.73 0.78 
0.75 0.70 0.75 0.70 0.75 0.70 0.64 0.75 0.64 0.70 0.75 0.64 0.70 
0.71 0.65 0.71 0.65 0.71 0.65 0.58 0.71 0.58 0.65 0.71 0.58 0.65 
0.67 0.60 0.67 0.60 0.67 0.60 0.52 0.67 0.52 0.60 0.67 0.52 0.60 

For external pressures, the diagonal dimension a is the largest diagonal of the area over which load sharing takes place 

in the figure in Table 2.8. For internal pressures in enclosed buildings, a ~ 10 x ~internal volume of storey; for 

with dominant openings, a = 0.2 x ~ internal volume of storey or room containing dominant opening or diagonal 

dominant whichever is for a~ dimension of the 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 strength 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: 

(J'=K('Yz+q) 

where 'Y is unit weight of soil, z is depth below surface, q is 
surcharge pressure (kN/m2), K is at-rest, active or passive 
coefficient of earth pressure according to design conditions. 

A minimum live load surcharge of 10 kN/m2 is specified in 
BS 8002. This may be reasonable for walls 5 m high and above, 
but appears to be too large for low walls. In this case, values 
such as 4 kN/m2 for walls up to 2 m high, 6 kN/m2 for walls 3 m 
high and 8 kN/m2 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 HA loading, 12 kN/m' for 30 units of HE loading, 
20 kN/m' for 45 units of HB loading and, on areas occupied 
by rail tracks, 30 kN/m2 for RL loading and 50 kN/m2 for 
RU loading. 

If static ground water occurs at depth Zw below the surface, 
the total pressure imposed at z > Zw is given by: 

(J' = K ['Ym2 + ('" - 'Yw)(z - zw) + q] + 'Yw(z - Zw) 

where 1'm is moist bulk weight of soil, l's is saturated bulk 
weight of soil, 'Yw is unit weight of water (9.81 kN/m3). 

Chapter 9 

Pressures due to 
retained materials 

9.1.2 At-restpressnres 

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: 

Ko = 1 - sincp' 

where '1/ 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 horizontal 
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 width. 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 - sinip')(l + sinf3) 

where f3 is slope angle. The resultant pressure, which acts in ~ 
direction parallel to the ground surface, is given by: 

(J'o = Ko 'YZ Icosf3 

9.1.3 Active pressures 

Rankine's theory may be used to calculate the pressure on a ver­
tical plane, referred to as the 'virtual back' of the wall. For; ~ 
vertical wall and a level ground surface, the Rankine horizonlljl 
earth pressure coefficient is given by: 

1- sin cpl 
K = ~---o-'-; 

a 1 + sin cpl 

The solution applies particularly to the case of a smooth wall~r 
a wall with no relative movement between the soil mass- :aq.p 
the back of the wall. The charts given in Table 2.12, which,:?Jt 
based on the work of Caquot and Kerisel, may be used generally 
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 Ym kN/m3 

Y, kN/m3 Cohesive soils 
kN/m3 

Loose Dense Loose Dense 
Gravel 16.0 IS.O 20.0 21.0 Peat (very variable) 12.0 
Well graded sand and gravel 19.0 21.0 21.5 23.0 Organic clay 15.0 
Coarse or medium sand 16.5 18.5 20.0 21.5 Soft clay 17.0 
Well graded sand 18.0 21.0 20.5 22.5 Firm clay IS.O 
Fine or silty sand 17.0 19.0 20.0 21.5 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 IS.O 20.0 clay 21.0 
Ash fill 6.5 10.0 13.0 15.0 
Note. Unit weights offill 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 

<2 2-6 >6 <2 2--{) >6 <2 2-6 >6 
coefficient 

, 
30' 32° 34' 32' 34' 36' 34' 36' 3S' rp erit 

Overburden pressure SPT value 
kN/m' (number ofblows/300 mm) 

" 10 " 3 7 13 20 
40 " 5 10 20 30 
80 " 7 13 27 40 

> 120 < 10 20 40 60 
, , 

rp' eri! + 2° rp' erit + 6° rp' erit + 9° rp max rp erit 

Note. The strength and stiffuess 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 rp' ont are given 

above, according to the angularity of the particles and grading of the soil. Estimated values of the peak effective angle of 
shearing resistance rp' max are given, according to the standard penetration test value in relation to the overburden pressure. 

Angle of shearing resistance for clay soils 

Plasticity index % 

15 
30 
50 
SO 

, 
(jJ en! 

30' 
25' 
20' 
15' 

shear clay for undrained and drained 
ccmditio,ns, may be determined from laboratory tests on representative 
(~~:~~~' in accordance with BS 1377: Parts 7 and 8. The undrained shear 
I~:'-~ may also be detennined from in-situ pressuremeter tests. For 

information, refer to soil mechanics publications and BS S002. For 
drained condition, the conservative values given above for the critical 

angle of shear resistance, according to the plasticity index of the 
may be used with the effective cohesion c' ~ O. 

Angle of shearing resistance for rock 

Stratum rp 
, 

Clayey marl 28' 
Sandy marl 33' 
Weak sandstone 42' 
Weak siltstone 35' 
Weak mudstone 2S' 
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.e. they are closely and randomly 
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. 
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level ground. The horizontal and vertical components of resultant 
pressure are given by: 

(T '" = K, yzcos( a + 8) and (T" = K, yzsin( a + 8) 

where ex is wall inclination to vertical (positive or negative), 0 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 cpl 
K = 

p 1 - sin cpl 

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 Table 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: 

(Tph = Kpyzcos(a + 8) and (Tp, = Kpyzsin(a + 8) 

where a is wall inclination to vertical (positive or negative), 0 is 
selected angle of wall friction (taken as negative). 

9.1. 5 Cohesive soils 

If a secant q/ value (c' = 0) is selected, the procedures given for 
cohesionless soils apply. If tangent parameters (c', '1/) are to be 
used, the Rankine-Bell equations may be used as follows: 

(T, = K,(yz + q) - 2c';fK, 

a p = Kp(YZ+ q) + 2c';fKp 

where c' is effective cohesion. The active earth pressure is 
theoretically negative to a depth given by: 

20 = (2c'r;fK, - q)/y 

Where cracks, which may form in the tension zone, can become 
filled with water, full hydrostatic pressure should be considered 
over the depth zoo 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 Zoo 

9.1.6 Further cousiderations 

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: 

(T= 'YwZ 

Pressures due to retained materials 

where Yw 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 walls is: 

(T= K(y- Yw)(z- 20) + YWZ 

where y is unit weight of the material (including voids), Zo is 
depth to top of material, K is material pressure coefficient. If Yo 
is unit weight of material (excluding voids), y = Yi(l + e) 
where e 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 (Yo < Yw), 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: 

• dimensions d, < 50 m, h < 100 m, hid, < 10. 

• eccentricities e, < 0.25d" eo < 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. 

• storedmaterialis free-flowing (cohesion is less than 4 kPafor 
a sample pre-consolidated to 100 kPa), with a maximum 
particle size not greater than O.3d,. 

• transition between vertical walled section and hopper is on a 
single horizontal plane. 

Dimensions h, ho• hj and z are measured from the equivalent 
surface, which is a level surface giving the same volume of 
stored material as the actual 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 a ring beam at the transition level. The vertical 
component of the force can be determined from force equilib­
rium incorporating the vertical surcharge CbPvo 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 material. The normal 
load due to Pn is supplemented, for mass flow silos only, by a . 
kick load due to p,. 

Values of material properties and expressions to detennine 
resulting pressures in the vertical walled and bottom sections of 
a silo are given in Table 2.16. For squat silos (hid, < 1.5), the 
horizontal pressure Ph may be reduced to zero at the level where 
the upper surface of the stored material meets the silo walt. 
Below this level, a linear pressure variation may be 
taking K = 1.0, until this pressure reaches the value aPl>ropriate 
to the depth z below the equivalent surface. 

Homogenizing silos, and silos containing powders in 
the speed of the rising surface of the material exceeds 10 
should be designed for both the fluidised and non-fluidised 
ditions. For the fluidised condition, the bulk unit weight of 
material may be taken as 0.8y. For information on test 
to determine the properties of particulate materials, refere.nc 
should be made to EC I: Part 4. 
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Typical cross-sections 

CONICAL HOPPER 

" 60 1---.. I 
c 50 I 

] I Funnel flow 
40 I 

'iii 30 I 
~ I'-~ , 
~ -... ...... "- r Mass flow or 0 20 
-lb M " " funnel flow 

10 ass /' " 
~ flow """ , 

" 0 
90 80 70 60 50 40 30 

Angle of inclination of wan a. 0 

Pressures 

N NsiUO! 

2.15 
A cross-sectional area of vertical walled section 

Cz Janssen coefficient 

K ratio of horizontal to vertical pressure 

N tensile force in hopper wall at transition 

P w vertical load per unit perimeter of vertical wall 

U internal perimeter of vertical walled section 

de diameter of inscribed circular cross-section 

ei eccentricity due to filling 

eo eccentricity of centre of outlet 

h overall depth measured from equivalent surface 
at maximum filling to outlet 

ho depth from equivalent surface to transition 

hi depth from equivalent surface to lowest point 
of wall not in contact with stored material 

h2 height of stored material above level hi 

lb inclined length of hopper wall 

Ph, Pn, Pp' Ps' Pt, Py, P w pressures of stored material 

x length along hopper wall measured from outlet 

z depth below equivalent surface 

Zo parameter (AJUKp) used to calculate loads 

O! angle of inclination of hopper wall to horizontal 
y bulk unit weight of stored material 

J.l coefficient of wall friction (tan ({'w) 

({' effective angle of internal friction of material 

1- - - - - - - - - -

Hopper loads and tensile force at top of hopper 

TROUGH-SHAPED HOPPER 

'. 60 1-----, .. , 
c 50 Mass "- Funnel flow 0 .p flOWOV, u 40 :E funnel "-
'iii 30 flow " 
~ ---- ) 
~ 

" I 0 20 
" " I 

~ " 10 Mass flow " I " , 
0 ' " 90 80 70 60 50 40 30 

Angle of inclination of wall a.0 

Limits of mass flow and funnel flow for conical trough-shaped hoppers 



Silos - 2 2.16 
Values of loads at depth z below equivalent surface of contained material at maximum filling 

Vertical pressure (kN/m") Pv(z) = rz,C, (z) 
-z/z 

wherez,=(AIUKf.1), C,(z)=(1-e 0) 
~ Filling loads Discharge loads " 0 Horizontal pressure (kN/m2) Ph(z)-Kpv(z) ChPh(z) "E 
" Patch pressure (kN/m2) Pp (z) = 0.2(1 + 4e1d,)CpPh (z) with e = ej ChPP (z) with e = ej or eo ~ 

.", Wall friction pressure (kN/m2) Pw(z) = f.1Ph(z) CwPw(z) " '@ Vertical wall load (kN/m) Pw (z) = y(AIU)[z-z,C, (z)] CwPw(z) 
~ 

Note. Loads are composed of fixed loads, due to Ph (z) and Pw (z), and a free load, due to Pp (z). The patch pressure is "@ 

" taken to act on any part of the wall, on two opposite square areas of side length s = O.2d, (see figure below). As a '-8 
" 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 wall stresses at that level to increase the wall stresses throughout the silo. 

For silos, where d, is less than 5 m, the patch loads may be allowed for by multiplying flh (z) by [1.0 + 0.2(1 + 4eld,)1. 
~ Vertical pressure (kN/m') hid, ~ 1.5 CbPvl 0 

~o hid, < 1.5 Cb [Pvl + (Pv2 - pv3)(1.5d, - h)/(1.5d, - hI)] (see Table 2.15) ,,<'> 
Ii: VI where <:l 

flvl = flv (z) with z = h, Pv2 = yh2, Pv3 = Pv (z) with z = h I ~ 
~ 

0 Wall normal pressure (kN/m') Po = p", + P" + (Pnl - Pnl)(xllbJ (see Table 2.15) 
t ... b' where 0 
.n "0 Po", 

Pol = Pvo (Cbcos'a + sin2a), Po2 = Cb PvoCOS2a, Po) = 3 r(AKIU v'f.1 )sin2 ex , .s ~'" <'ii ;r: <:l Pv, = Pv (z) with z = h" and x is a length between 0 and Ih 
~ 

Wall friction pressure (kN/m2) p, = f.1Pn 
Note. For mass flow discharge silos only, an additional normal fixed kick load is considered. A pressure p, = 2Ph (z), 
with z = h" is applied over a distance ofO.2d, along the inclined wall and around the perimeter. (see Table 2.15) 

Material Unit weight Pressure Wall friction Load 
r (kN/m2

) coefficient Km coefficient J.lm. magnifier Co 0 0 
Barley 8.5 0.55 0.45 1.35 0.1 0.095 
Cement 16.0 0.50 0.50 lAO 0.2 0.181 
Clinker 18.0 OA5 0.55 1.40 0.3 0.259 
Dry sand 16.0 0045 0.50 lAO OA 0.330 
Flour 7.0 0040 OAO lAS 0.5 0.394 
Fly ash 14.0 0045 0.55 lA5 0.6 OA51 
Maize 8.5 0.50 OAO lAO 0.7 0.504 
Sugar 9.5 0.50 0.55 lAO 0.8 0.551 
Wheat 9.0 0.55 OAO 1.30 0.9 0.594 
Coal 10.0 0.50 0.55 lA5 1.0 0.632 

Note. To obtain maximum loads, extreme values of K and f.1 are taken as follows: 1.1 0.667 

JlJ>!j( = 1.15Km,jI=0.9/lm), Pv (K = 0.9Km,jI = 0.9/lm), Pw (K = 1.15Km, jI= 1.15/lm) 1.2 0.699 
1.3 0.728 
lA 0.754 

Load S~uat silo Slender 1.5 0.777 
magnifiers hid, < 1.0 1.0 < hid, < 1.5 hid, > 1.5 1.6 0.798 

Cb 1.2 1.2 1.2 1.7 0.817 
Ch 1.0 1.0 + 2(C, -1.0) (hid, - 1.0) C, 1.8 0.835 
Cp 0 2(hld, - 1.0) 1.0 1.9 0.851 
Cw 1.0 1.0 + O.2(hld, - 1.0) 1.1 2.0 0.865 

Note. For silos with no discharge flow (i.e. unloaded from top), Ch - Cw - 1.0. 2.1 0.878 
2.2 0.889 
2.3 0.900 
204 0.909 
2.5 0.918 
2.6 0.926 
2.7 0.933 

Pp Pp 2.8 0.939 
2.9 0.945 
3.0 0.950 

4.0 0.982 
5.0 0.993 

Patch load on circular silo = 1.0 

10.1 CONSTITUENTS OF CONCRETE 

10.1.1 Cements 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 resulting 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 sources, in accordance with BS EN 12620, are given in 
Table 2.17. Further information is given in section 3.1.2. 

10.2 EARLY-AGE TEMPERATURES OF CONCRETE 

The calculation of early thermal crack widths in a restrained 
concrete element requires knowledge of the temperature rise due 
to the cement hydration. Some typical early temperature histo­
ries 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 
~rnenLts obtained from different works (ref. 11). The tempera­

rises given for the other cements, in concrete sections with 
: minimum dimension of 1 m, should be taken as indicative 

but could be used where other specific information is 

.einforcernerlt for concrete generally consists of steel bars, or 
steel mesh fabric, that depend upon the provision of a 
concrete cover for protection against corrosion. The 
properties of bars to BS 4449 and wires to BS 4482, 

of which are in general conformity with BS EN 10080, 

Chapter 10 

Concrete and 
reinforcement 

are given in Table 2.19. For additional information on the 
manufacture and properties of steel 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 
sets of parallel transverse ribs separated by longitudinal ribs. 
The nominal size is the diameter of a circle with an area equal 
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 

Grade B500A, B500B or B500C to BS 4449 
Grade B500A to BS 4449 
Grade B500B or B500C to BS 4449 
Grade B500C 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. 

Notation 

H 
A 
B 
C 
S 

x 

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 longitudinal 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 



Concrete: cements and aggregate grading 2.17 
Cements and combinations in general use 

Cement/combination Manufactured Mixer combination Notation 
type cement confonning conforming to 

toBSEN 197-1 BS 8500: Part 2 

Portland cement CEMI - Cement type CEM I is almost entirely of 
Portland cement clinker and gypsum set 

Sulfate-resisting SRPC conforms to - regulator. CEM II (and CII) include up 
Portland cement BS4027 to 35% of mineral addition. CEM II (and 

CIII) include> 35% of blast fum ace slag. 
Portland-fly ash cement CEM II1B-V CIIB-V CEM IV (and CIV), not in general use, 

~ (with 21-35% pfa) include> 35% of pozzolana (e.g. pfa). 

" In the notation for CEM II and CEM Ill, 
~ 

" 
Portland-slag cement CEM IlIA-S CIIA-S the relative proportions of cement clinker 

" (with 6-20% ggbs) are represented by the letters A for high, 
§ B for moderate, C for low. In CEM II, 
U 

Portland-slag cement CEM IlIB-S CIIB-S the additions are identified by the letters 

(with 21-35% ggbs) V for siliceous fly ash (e.g. pfa), S for 
blastfumace slag, D for silica fume, L or 

Blastfumace cement CEMIIVA CIlIA LL for limestone, M for more than one. 

(with 36-65% ggbs) May also conform to Strength class and strength development 

BIIVA ofBS 146 identifiers are added to this notation. The 
fun title, for example, of a manufactured 

Blastfumace cement CEM IIIIB CIlIB cement with a relatively low proportion 

(with 66-80% ggbs). May also conform to of ggbs would be Portland-slag cement: 

BIll/B ofBS 146 BS EN 197-1 CEM IlIA-S 42,5N 

The strength class is 42.5 (N/mm'), and 
Portland-limestone cement CEMIlIA-L CEMIlA-L the letters L, N, R represent low, normal 
(with 6-20% limestone) CEMIlIA-LL CEMIIA-LL or rapid early strength development. 

OveralJ grading limits for coarse aggregates 

Sieve size Percentage by mass passing ISO 565 sieve for aggregate size (dID) 

Graded aggregates (category Gc90/15) Single sized aggregates (category Gc85/20) 

(mm) 4/40 4/20 2/14 20/40 10/20 6.3114 4110 

80 100 - - 100 - - -
40 90-99 100 - 85-99 100 - -
20 25-70 90-99 98-100 0-20 85-99 98-100 100 
14 - - 90-99 - - 85-99 98-100 

~ 10 - 25-70 - 0-5 0-20 - 85-99 

] 6.3 - - 25-70 - - 0-20 -

bI) 4 0-15 0-15 - - 0-5 - 0-20 

~ 2 0-5 0-5 0-15 - - - 0-5 

'" ~ bI) 

Overall grading limits for fine aggregates (category Gp85) " i<i 
bI) 

~ Sieve size Percentage by mass passing ISO 565 sieve for aggregate size (dID) 

:t (mm) 0/4 (CP) 0/4 (MP) 0/2 (MP) 012 (FP) 0/1 (FP) Notes 

8 100 100 - - - CP, MP, FP classification 
6.3 95-100 95-100 - - - compares with the forme) , 
4 85-99 85-99 100 100 - C, M, F classes in BS 882. 

2.8 - - 95-100 95-100 - • Typical grading for sieve 
2 - - 85-99 85-99 100 sizes 1, 0.25 and 0.063 to 
I • * * * 85-99 be recorded by aggregate 

0.5 5--45 30-70 30-70 55-100 55-100 producer. ~c . 

Note. The aggregate size, e.g. (4/40), shows (lower limiting sieve size d / upper limiting sieve size D). The grading' 
category, e.g. Gc90/15, shows for coarse aggregate, the minimum % passing D / the maximum % passing d.'''': 

Concrete: early-age temperatures 2.18 

~ 

" 'J:: 

~ 
:.E 
~ 
" E 
" S 
" f-< 

~ 

1;l 
'J:: 

I 
J 

(a) Section 1 m, CC 360 kg/ro3 (b) Section 2 ro, CC 350 kg/m3 (c) Section 1 m, CC 225 kg/m3 

80 80 80 

" 
FS 

" FS " 60 Concrete 60 60 , , Concrete I , FS 
e temperature 

~ temperature " , B Concrete 

l 40 l 40 " 40 temperature • 
E 

Ambient temperature 
E Ambient temperature E' 

~ 20 ~ 20 ~ 20 

0 2 , 4 9 16 25 0 2 3 4 9 16 25 0 2 3 4 9 16 25 

Time after placing - days (log) Time after placing - days (log) Time after placing - days (log) 

(d) Section 0.4 m, CC 450 kglm3 (e) Section 0.45 m, CC 370 kglm3 (f) Section 0.5 m, CC 225 kglm3 

80 80 80 

" " " 60 60 60 , , Concrete , 
• FS • "e e Concrete B 

+ Concrete 
B 

~ " 40 ~ 40 40 temperature 
0 

8' temperature E' FS E' FS 
~ 20 ~ 20 ~ 20 I Ambient 

Ambient 

~~ttfmperyture 
temperature 

temperature 

0 2 3 4 9 16 25 0 2 , 4 9 16 25 0 2 3 4 9 16 25 

Time after placing - days (log) Time after placing -days (log) Time after placing - days (log) 

Early temperature history of various concrete walls showing section thickness and cement content 

Temperature rise CC) for Portland cement concretes in walls and slabs 

Section Walls Ground slabs and slabs 
thickness cast on plywood formwork 

Steel formwork 18 mm plywood formwork 
Portland cement content (kg/m') Portland cement content (kg/m3) Portland cement content (kg/m') 

mm 

300 11 13 IS 23 25 31 IS 17 21 
500 20 22 27 32 35 43 25 28 34 
700 28 32 39 38 42 49 32 36 43 
1000 38 42 49 42 48 56 39 44 52 

Note. The table assumes the following; (a) the formwork is left in position until the peak temperature has passed, (b) 
the concrete placing temperature is 20'C, ( c) the mean daily temperature is 15'C, (d) no allowance has been made for 
solar heat gain in slabs. For slabs cast on steel formwork, the data for walls and steel formwork may be used. 

~ r-----------------------------------------------------------------------------------1 
- Temperature rise eC) for different cements in concrete sections with a minimum dimension of 1m 

'i3 
,\; 

Cement/combination type 

Portland cement 
Sulfate-resisting Portland cement 
Portland-fly ash (35% pfa) cement 
Portland-slag (50% ggbs) cement 
Portland-slag (70% ggbs) cement 

Temperature rise for cement/combination content (kg/m') 

48 
39 
32 
28 
21 

56 
46 
38 
32 
24 

44 
36 
27 

50 
40 
30 

Note. The table assumes the following; (a) the formwork is left in position until the peak temperature has passed, (b) 
the concrete placing temperature is 20'C, (c) the mean daily temperature is 15'C. 
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Reinforcement: general properties 2.19 
Steel reinforcement to BS 4449 (in general conformity with BS EN 10080) 

Description (see Note I) Ribbed weldable reinforcing steel in the 
form of bars, coils or decoiled products. 

Characteristic yield strength (MPa) 500 

Ductility class A B C 

Grade designation B500A B500B B500C 

Characteristic tensile/yield strength ratio (see Note 2) 1.05 1.08 1.15 

~ 

Characteristic total elongation at maximum force (%) 2.5 5.0 7.5 

.~ Preferred sizes (mm) (see Note 3) 8,10,12,16,20,25,32,40 

"'" Fatigue test stress range (MPa) Bar size" 16 200 " '" (5xl06 stress cycles) 
~ 20 185 
;; 25 170 
'"" "" 32 160 0 
~ >32 150 0.> .€ 
0.> Note 1. The surface geometry of the bars, as characterised by the dimensions, number, and configuration of transverse 
8" and longitudinal ribs, meets the bond requirements ofBS 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. 

'" u Note 3. For bars smaller than 8 mm or larger than 40 mm, the recommended sizes are 6 mm and 50 mm respectively. .'" 
'" For the manufacture of welded fabric to BS 4483, the preferred sizes also include 6, 7 and 9 mm . ..c: 
'" Note 4. Absolute maximum permissible values are 650 MPa for yield strength, and 1.35 for tensile/yield strength ratio. "'" ia Note 5. Where plain round bar of grade 250 MPa is required for dowel bar applications, reference should be made to 

'" BS EN 10025-1 or, for use in concrete BS EN 13877-3. u 
"g 
-§ Steel wire to BS 4482 (in general conformity with BS EN 10080) 

0.> 

::E Description of wire Plain, indented or ribbed Plain 

Grade: characteristic yield strength (MPa) 500 250 

Wire size <8 >8 < 12 

Characteristic tensile/yield strength ratio (see Note l) 1.02 1.05 1.15 
Characteristic total elongation at maximum force (%) 1.0 2.5 5.0 

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 ofBS EN 1992-1-1. 
Even so, to avoid confusion, BS 4482 should not be used to specif'y wire for applications covered by BS EN 1992-1-1, 
or for the manufacture of structural welded fabric to BS 4483. In such cases, material should be specified to BS 4449. 

Minimum bend dimensions to BS 8666 

Nominal Minimum Minimum end P 
size of bar radius for 

General and links Normal links 
scheduling 

where bend;" 150' wbere bend < 150' 
d r 

(min 5d straight) (min JOd straight) 
mm mm mm mm 

~ 

;; 6 12 110' 110' 
'"" .S 8 16 115' 115' 
~ 10 20 120' 130 

"'" " 12 24 125' 160 0.> 
• CO 16 32 130 210 )" 

20 70 190 290 ~ 25 87 240 365 
32 112 305 465 I >5d 

40 140 380 580 
p 

50 175 475 725 

Note. Due to 'spring back' the actual radius of bend will be slightly greater than shown. Values shown' are governed. 
by the practicalities of bending bars. 

i···· 
.•......... 

· ... •••• .. ::. 
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Reinforcement: cross-sectional areas of bars and fabric 2.20 
Number Cross-sectional area of number of bars (mm') for size of bars (mm) 

of bars 
6 8 10 12 16 20 25 32 40 

~ I 28 50 78 113 201 314 491 804 1257 
0.> 

1 2 57 101 157 226 402 628 982 1608 2513 
3 85 151 236 339 603 942 1473 2413 3770 

" 113 452 1963 3217 "'" 4 201 314 804 1257 5027 
0.> 

"" 5 141 251 393 565 1005 1571 2454 4021 6283 ·0 
0.> 6 170 302 471 679 1206 1885 2945 4825 7540 p. 
~ 

.S 7 198 352 550 792 1407 2199 3436 5630 8796 
~ 8 226 402 628 905 1608 2513 3927 6434 10050 
~ 

'" CO 9 254 452 707 1018 1810 2827 4418 7238 11310 
10 283 503 785 1131 2011 3142 4909 8042 12570 
11 311 553 864 1244 2212 3456 5400 8847 13820 
12 339 603 942 1357 2413 3770 5890 9651 15080 

Spacing Cross-sectional area of bars per unit width (mm'/m) for size of bars (mm) 
ofbars 
(mm) 6 8 10 12 16 20 25 32 40 

75 377 670 1047 1508 2681 4189 6545 10720 -
OJ) 100 283 503 785 1131 2011 3142 4909 8042 12570 " .~ 125 226 402 628 905 1608 2513 3927 6434 10053 
~ 150 188 335 524 754 1340 2094 3272 5362 8378 

"'" 0.> 
175 162 287 449 646 1149 1795 2805 4596 7181 "" ·0 200 141 251 393 565 1005 1571 2454 4021 6283 0) 

p. 
225 223 349 503 894 1396 2182 3574 5585 ~ -

'" 250 - 201 314 452 804 1257 1963 3217 5027 
~ 

;; 
300 - 168 262 377 670 1047 1636 2681 4189 CO 
400 

- 196 283 503 785 1227 2011 3142 -
500 

- - - 226 402 628 982 1608 2513 
600 -

- - - 335 524 818 1340 2094 

* 6 mm is a non-preferred size. 

Standard fabric types to BS 4483 

Fabric Longitudinal bars Cross bars Mass per 
reference Nominal Pitch of Area of bars Nominal Pitch of Area of bars unit area 

bar size bars per unit width bar size bars per unit width 
mm mm mm2/m mm mm mm2/m kg/m' 

A393 10 200 393 10 200 393 6.16 
A252 8 200 252 8 200 252 3.95 
A193 7 200 193 7 200 193 3.02 

~ A142 6 200 142 6 200 142 2.22 
u . .: 

BI131 12 100 1131 8 200 252 10.90 '"" <lS 

~ 
B785 10 100 785 8 200 252 8.14 
B503 8 100 503 8 200 252 5.93 

"0 

" B385 7 100 383 7 200 193 4.53 
E 

B283 6 100 283 7 200 193 3.73 <Il 

C785 10 100 785 6 400 71 6.72 
C636 9 100 636 6 400 71 5.55 
C503 8 100 503 6 400 71 4.51 
C385 7 100 385 6 400 71 3.58 
C283 6 100 283 6 400 71 2.78 

D98 5 200 98 5 200 98 1.54 
D49 2.5 100 49 2.5 100 49 0.77 

Notes. Bars used for fabric are in accordance with BS 4449 except for D98 and D49, where wire to BS 4442 may be 
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 (long) mesh where the 
cross 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 
to 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 

Cutting of straight lengths 

Bending dimension (mm) ~ 1000 
> 1000 and ,;; 2000 

>2000 

Length of wires in fabric L ,;;5000 
L >5000 

Tolerance (mm) 

±25 

±5 
+ 5. -10 
+ 5, -25 

±25 
±L1200 

10.3.4 Shape codes and bending dimensions 

BS 8666 contains details of bar shapes, designated by shape 
codes as given 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. 
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 5d for a bob and lOd for 
most links. For each bar size, values of the minimum radius r, 
and the minimum end projection P needed to form a bend, are 
given in Table 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 prefonned radius is required 

Bar size (mm) 8 10 12 16 

Radius (m) 2.75 3.5 4.25 7.5 

Bar size (mm) 20 25 32 40 

Radius (m) 14 30 43 58 

For shape codes 12, 13, 22 and 33, the largest practical radius 
for producing a continuous curve is 200 mm and, for a larger 
radius, 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 concrete 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 pennissible deviations on 
member size and in cutting and bending of bars 

Type of bar Distance between faces of Deduction 
concrete member mm 

Links and other Not more than 1 ill 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. Where 
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 th6 
bars shown in the following beam detail. The completed bar 
schedule, for 6 beams thus, is given in Table 2.23. 

300 
If '1 

04 04 

l J~~t~:; 1 oJ:] 01 

02 02 

Section A-A 

Reinforcement 

Bar 
mark 

01 

02 

03 

04 

05 

8000 

225 14H8-05-125 200 14H8 - 05 - 300 (links) 

2H12 - 04 
04 

2H25 - 03 (U bars) 

,\01 03102 

~ 
[ 2H25-0l 

2H25 - 02 

Shape 
code 

00 

00 

13 

00 

51 

Elevation of beam 

Dimensions (rom) 

Bar requires radius of bend R = 6d as a design 
requirement. This necessitates the use of shape 
code 13, as dimension B would not provide 4d 
length of straight between two bends. 

A ~ 1800, C ~ 1300 (design requirements) 
B ~ 450 - (2 X 10) - 10 ~ 420 

Note. Dimension B is derived from dimension A 
of bar mark OS, and includes a further deduction 
of 10 rom for tolerances on cutting and bending. 

A ~ 500 - (2 X 20) - 10 ~ 450 
B ~ 300 - (2 X 20) - 10 ~ 250 
C ~ D ~ 115 (P in Table 2.19) 
r ~ 16 (Table 2.19) 
Note. Dimensions A and B include deductions 

of 10 mm for pennissible deviations. 

---
101 

150 

r* 
14H8 - 05 - 125 225 -, ,r ~ I I" 

03 04 

2H25 - 03 (U bars) 

02 03 01 , 

Cover to U bars: end 50. side 75 

Length (mm) - see Tables 2.29 and 2.30 

L~ 8000- 2 X 200 ~7600 

L~ 8000- 2 X 1250~5500 

L ~ 1800 + 0.57 X 420 + 1300 - 1.6 X 25 ~ 3300 

L ~ 8000 -2 X 200~ 7600 

L ~ 2 (450 + 250 + 115) - (2.5 X 16) - (5 X 8) ~ 1550 



Reinforcement: standard bar shapes and method 2.2 1 Reinforcement: standard bar shapes and method 2.22 of measnrement - 1 of measurement - 2 

Shape Shape T otallength of bar L Shape Shape Total length of bar L Shape Shape T otallength of bar L Shape Shape Total length of bar L 

code (along centreline) code (along centreline) code (along centreline) code (along centreline) 

A 24 A + B + (C) 35 C A + B+ C+ (E)- 63 

~Lbdlm 
2A + 3B + 2(C) -3r 

00 (C) 

I 
A and C are at 90° to 

() ~ 
0.5r - d -6d 

I 

/. one another 

I. ,I AandE C and D are to be 
A " ! "I ~ P (Table 2.19) . , A equal, :-:;; A, and 

~ P (Table 2.19) 

& ~ 
A + B + (E) ~ If C and 0 are to be minimised, · 

01 A (Stock len9ths) 25 See Note 1 use L = 2A + 38 + (14d:::: 150) 
Aand B (D) · 

I I Dimension should be ~ P (Table 2.19) 36 I' -I A + B + C + (D) r 64 A+8+C+2D+E+ 

I. ,I taken as indicative I. 
(E) 

~ {[ ~E 
2d 

B) 

(F) 3r 6d 
A ID 

only. Actual delivery AandO Aand F 
length by agreement If E is critical, schedule a 99, with ~ P (Table 2.19) ~ P (Table 2.19) 
with supplier. either A or B as a free dimension. See Note 1 

I· I ~p. 
· 

(C) 'I B See Note 2 
A + (B) -0.5r- d 26 V' A+B+(C) See Note 1 

11 

~ 
A 

A and (B) j A and C 41 

r 
A + B + C + 0 + (E) 67 ./ 

A 

~ P (Table 2.19) ~ P (Table 2.19) 

:]1 
-2r-4d 

~---~;f----~ If R exceeds value 
AandE shown in section 

I. (BJ I. A =:1 See Note 1 ~ P (Table 2.19) 10.3.4, straight bars 
c will be supplied. 

Rdi 
A+(B)-0.43R- 27 ~I t(C) 

A+B+(C) 0.5r d R 

12 B 
1.2d ~. A and C 

ID 
44 {=t A + B + C + 0 + (E) 75 

() 
Jr(A-d)+B 

AandB ~t ~ P (Table 2.19) p -2r-4d 

I. (BJ 2::R+6d and 
where B is lap length 

> P (Table 2.19) See Note 1 
AandE 
~ P (Table 2.19) 

See Note 3 C 

(C) A + 0.57B + (C) - .6d 28 B A + B + (C)-0.5r-d (B) 

13 

~o 1-Semi circular ~ ~1 Aand C A and C 46 t=i A + 2B + C + (E) 77 

~ 
CJr(A-d) 

~ B/2 + 5d and ~ P (Table 2.19) 

1~ g ~ P (Table 2.19) 
AandE If B > Af5, replace 

Q ~ P (Table 2.19) A 
B~2(r+d) 

n(A-d)by 

See Note 3 
See Note 1 C 

[(Jr(A - d))' + B't' 

~ A+(C)-4d 29 IC) 
IA 

A+B+(C) r 2d See Note 1 C = number of turns 

14 

~B A and C ~" 
A and C 47 AI!jlD) 2A+B+2C+1.5r- 98 

{f4k 
A + 2B + C + (D) - 2r 

~ P (Table 2.19) '" P (Table 2.19) 3d -4d 

C and D are to be Cand D 

I 1 1 equal, :-::; A, and ~ P (Table 2.19) 
A See Note 1 

(C) See Note 1 
B 

~ P (Table 2.19) 
If C and D are to be minimised, 

15 

~ 
A + (C) 31 A 

~~ 
A + B + C + (D) useL - 2A + B+ (21d> 240) i ; sketch 

~I~ 
II 1.5r -3d 

" 

A and C 51 A 2[A + B + (C)]- 2.5r All other shapes where standard To be calculated. 
A and D 99 ~ P (Table 2.19) 
~ P (Table 2.19) {bd]I -5d shapes cannot be used. 

C C and D are to be 
I. (C) .1 See Note 1 A dimensioned sketch should be See Note 2. 

equal, ~ A or B, drawn over the dimension columns 

.. ; 21 A+B+(C)-r-2d 32 .41 A + B + C + (0)- , P (Table 2.19) A to E of the bending schedule. 

. 
1.5r - 3d Every dimension should be shown, 

~. 
A and C 04 

If C and D are to be minimised, 

fI ~ P (Table 2.19) A and 0 

i) use L = 2A + 2B + (16d> 160) 
with the dimension that is chosen 

~ 
~ P (Table 2.19) , to allow for permissible deviations 

B i .. ; 56 C A + B + C + (D) + 2E shown in parenthesis. Otherwise, 

C 

~ 
-2.5r-5d the fabricator is free to choose the 

.... I 
dimension to allow for tolerance. 

33 (C) 2A+1.7B+2©-4d "E 
E and F are to be 

22 

s'~:rrOUl~ ~ 1 
A + B + C + (0)- equal, :-::; A or B, 

Alf 
1.5r-3d rr '" A 2:: 12d + 30 mm ~ P (Table 2.19) 

A ~ P (Table 2.19) ~ 
Semi-circular ~ " B~2(r+d) ~A 

/ C2::Bf2+5d and C ~ 2(r + d) 
P (Table 2.19) .~~~~e The values for minimum radius r, and end projection P, as given in Table 2.19, apply to all shape codes. Dimensions in parenthesis 0~C/2+5d and A 

. See Note 3 

(D) 
> P (Table 2.19) See Note 3 'fi.~'"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 

ii, 23 
Al 

A+8+©-r-2d 34 £4~(E) 
A + B + C + (E) 

~:'No~e dimenSion, the shape shall be drawn out and given a shape code 99. The length of straight between two bends shall be at least 4d. 

0.5r -d ' 1. The length equations for shape codes 14, 15,25,26,27,28,29,34,35,36 and 46 are approximate. When the bend angle exceeds 

A and C 

ID 
.: the length should be calculated allowing for the difference between the specified overall dimensions and the true length measured along 

IC) 
~ P (Table 2.19) A and E central axis of the bar. When the bend angle approaches 90°, it is preferable to specify shape code 99 with a fully dimensioned sketch. 

~ P (Table 2.19) .. 
2. Five bends or more might be impractical within permitted tolerances. 

See Note 1 I ~ B 
. .. 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 . 

Ii 
.... 
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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. 

ILl SIMPLE BEAMS AND CANTILEVERS 

The formulae for the reactions, shearing forces and bending 
moments in freely supported beams (Tables 2.24 and 2.25) and 
simple cantilevers (Tables 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 
at 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 moments, slopes and 
deflections for fully fixed spans (Table 2.25) are for elastic 
behaviour and members of constant cross section. 

11.2.1 Fixed-end moment coefficients 

Fixed-end moment coefficients CAB and C BA 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. 

l 
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Fixed-end moment coefficients: general data 2.28 
The fixed-end moment coefficients CAB and C BA can be used as follows: 
1. To obtain bending moments at supports of single-span beams fnlly fixed at both ends (Table 2.25) 

MAB = -CABIAB and MBA = -CBAIAB (With symmetrical load, MAB = MBA) 
2. To obtain fixed-end moments for analysis of continuous beams by moment distribution methods (Table 2.36) 

FEMAB = CAB lAB and FEMBA = CBAIAB (With symmetrical load, FEMAB= FEMBA) 
3. To obtain loading factors for analysis of framed strnctures by slope-deflection methods (Table 2.60) 

FAB = CABIAB and FBA = CBAIAB (With symmetrical load, F AB= FBA) 
4. To obtain loading factors for analysis of portal frames (Tables 2.63 and 2.64) 

D = CAB + C BA I and 21 2 AB 

CAB + 2CBA 

2(CAB + 2CBA) 
(With symmetrical loading, CAB = C BA and 21 = 0.5) 

Unsymmetrical loading Symmetricalloailing 

Fixed-end moment coefficients 

IA 
IAJJ ;1 Fixed-end 

I~ 
IAJJ ;1 moment 

coefficients CAJJ CBA CAB = CBA 

(j + 2) 
FI F2 F3 Flj Flj Flj Flj 12(j + 1) F 

i t i i i ! i j factor 

~J I 
:Eoc(1-a)2 F ::£oc2(1-a)F k~~.~~.~J.~J.~J 

1 O.125F 

Any number of loads (j) 2 O.UIF 
",1_ equally spaced 3 O.104F 

Any number of loads 4 a.IOOF 

F(tOtal)i r1Cit-rictl1 
(3-112) (l +0: - 5(/,2 + 30:3) (1+0: + rr - 3r:t3) 

F IIIIIIIIIIIIIIII~ --F _I~IIIIIIIII F 
12 12 24 

LocI..J Ltl-l F(total) 

O.5F a.SF 
F t t a(l-oc) 

! --F 
a(l-oc)2 F rL2(l-ct)F \-,/--1 \-at--! 2 

L,I..J 
F(total1;n 

l.F 11111111_llrrtllllllllllllllllllllll 12 F(tOtal1

L I· I .j 
(l +20:: - 7r.i + 40:3) F (1+20: - 3a2- 6clh 

F 

La/..J 
10 15 

F(to~ ~F 
48 

F(total)~ 
(I-IX - 4a2 + 30:3) 

F (3+rX - rx2 + 31(3) F(to~ 
30 F (l+ct - rJ.2) 

Lal..J 30 _-II1IIIIIII~ 12 F 
1-01.\ 1-,1'\ 

M M M M --... M M -..... ~ (1- 2a)-(a - 1)(3a- 1)- 11(2- 311)-

LalJ 1 I \-al-l lal-l 1 

Other loadings can generally be considered by combining tabulated cases, thus: 

IRnlrnmrn 111111111111111111111111111 plu, ~ 

/, 

~: ~ minus ~ 

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 BC 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 BC 2, values of either 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 Table 2.29 give the maximum positive 
moments in the spans and the maximum negative moments 
at the supports. Both BS 8110 and BC 2 consider a less 
~evere incidence of live load, when determining the maximum 
negative moments at the supports. According to BS 811 0, the 

case that needs to be considered is when all the spans are 
According to BC 2, all cases of two adjacent spans 

should be considered, but the loads shown as optional 
. ---- .• 2.29 may be ignored. 

the maximum positive moments due to live load, for 
system, are obtained by considering two loading arrange­

one with live load on all the odd-numbered spans and 
____ other with live load on all the even-numbered spans. For 

to BS 8110, the summation of the results for these two 
gives the maximum negative moments. 

should be noted that for designs to BC 2, the UK National 
allows the BS 8110 loading arrangements to be used as 

illl<;m"ti\'e to those recommended in the base document. In 
,Ccllapter, 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 [l 
for BS 8110, and the curved brackets 0 forEC 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 5 m 
with characteristic dead and imposed loads of 20 kN/m each, 
according to the requirements of BS 8110. 



Continnous beams: general data 2.29 Continuous beams: moments from equal loads 2 .3 U on equal spans - 1 

Code BS 8110 EC2' Load All spans loaded Live load (sequence of loaded spans 
(e.g. dead load) to give max. bending moment) 

~ Load Dead Live Dead Live 

'" '" .9 
Service 1.0gk 1.0qk 1.0gk (1.0 or IjiJqk 

.~ 
" Ultimate 1.0gk o .4gk + 1. 6qk (US or 1.0)gk 1.Sqk 
p 

Key: gk is characteristic dead load, qk is characteristic imposed load, Ijfis a factor whose value depends on the nature 
and frequency of the load. * Ifbearn ends with a cantilever, consider also: dead = 1.1Sgk and live = 0.2gk + I.Sqk. 

Moment Applied at A only Applied at A and K 

Number of spans 2 3 4 S 2 3 4 S 

0.125 
0.125 J.. 0.096 ... 0.096 ... J.. 0.070 ... 0.070 '" [0.100] [0.100] 

"" 
O.l17 0.117 

B 0.100 0.100 J.. O.lOl ... 0.Q75 ... 0.10l '" " "' J.. 0.080 ... 0.025 ... 0.080 '" ·E 
~ [0.107] [0.07l] [0.107] 

f 0.lO7 0.071 0.lO7 
(0.116) (0.107) (0.1l6) 
0.121 0.107 0.12l 

J.. 0.077 ... 0.036 ... 0.036 ... 0.077 '" '" 
... ... ... ... 0.099 0.081 0.081 0.099 

:0 
0.lO5 .0.079 0.079 0.lO5 [0.105] [0.079] [0.079] [0.W5] 

'" 
... ... ... ... ... (0.116) (0.106) (0.l06) (0.116) 

0.078 0.033 0.046 0.033 0.078 0.l20 O.ill O.ll1 0.120 

~ MA - 1.000 - 1.000 -1.000 - 1.000 -1.000 - 1.000 - 1.000 - 1.000 1:: 
0 MB + 0.2S0 + 0.267 + 0.268 + 0.268 + 0.500 + 0.200 + 0.286 + 0.263 
'" g Bending moment Me - - - 0.071 -0.072 - - - 0.143 -0.OS3 

'" MD - - - + 0.019 - - - - 0.OS3 
5 ME - - 0.067 + 0.218 - O.OOS - + 0.200 + 0.286 + 0.263 ., 

Mp 0 0 0 0 - 1.000 - 1.000 - 1.000 - 1.000 '" " "" '" + 1.2S0 + 1.267 + 1.268 + 1.268 + 1.500 + 1.200 + 1.286 + 1.263 ~ VAR 
$J VBL - 1.2S0 -1.267 -1.268 - 1.268 -1.500 - 1.200 - 1.286 -1.263 
" " VBR -0.2S0 - 0.333 - 0.339 - 0.340 - 1.500 0 - 0.429 - 0.316 S 
0 VeL - - + 0.339 + 0.340 - - + 0.429 +0.316 
S 
""' Shearing force VeR - - + 0.089 + 0.091 - - - 0 
0 

VHL - 0.091 0 ~ - - .- - - -
&; VIlR - - - -0.024 - - + 0.429 +0.316 
/E< VlL - + 0.333 - 0.089 +0.024 - 0 - 0.429 -0.316 

'" g. V1R - + 0.067 - Om8 + O.OOS - -1.200 -1.286 - 1.263 

" VKL + 0.2S0 - 0.067 + 0.018 - O.OOS + 1.S00 + 1.200 + 1.286 + 1.263 g 
~ 

" Key: Af Bt Kf At Bt Jt Kf ~ 
""' ~ 

'" O.lOO ... 0.079 ... 0.086 ... 0.079 ... 0.100 ... 

0.l36 
0.136 J.. 0.lO5 ... 0.lO5 ... 

'" 0.077 ... 0.077 '" [0.109] [0.109] 
0.127 0.l27 

0.109 0.109 '" O.lll ... 0.083 ... O.ll1 ... 
J.. 0.088 ... 0.028 ... 0.088 ... 

[0. 1 17] [0.078] [0.ll7] 

0.117 0.078 0.ll7 
(0.127) (0.117) (0.127) 
0.131 0.1l7 0.l3l 

J.. 0.085 . ... 0.040 ... 0.040 ... 0.085 ... J.. ... ... ... 0.lO9 ... 0.109 0.089 0.089 

0.115 0.086 0.086 0.U5 [0.115] [0.086] [0.086] [O.llS] 

'" 
... ... ... ... '" 

(0.126) (0.U6) (0.ll6) (0.l26) 
0.086 0.037 0.051 0.037 0.086 0.l31 0.121 0.l21 0.131 ;:: 

0 J.. 0.110 ... 0.087 ... 0.094 ... 0.087 ... O.llO ... 

0.145 
0.l45 J.. 0.114 ... 0.114 ... 

L J.. 0.084 ... 0.084 ... 
[0.116] [0.1161 
0.135 0.B5 

At Bt Ct Jt Kf At Bt Ct Ht Jt Kt 
0.ll6 0.U6 J.. 0.120 ... 0.090 ... 0.120 ... 

J.. 0.095 ... 0.032 ... 0.095 ... 
[0.124] [0.083] [0.124] 

Adjustment to bending moment = M coefficient" applied bending moment 
Adjustment to shearing force = (V coefficent" applied bending moment)/span 

~ 

¢ITtrq pxrnq III rTll]. E To produce maximum positive moment in span ST 

~ ¢l4oPtiO~ ~OptiOnal '" "g 
To produce maximum negative moment at support S .9 

" R ® T U V 

~ Simplifications: BS 8110: Consider live load on all spans EC2: Consider live load on spans RS and ST only 

0.124 0.083 0.124 
(0.135) (0.l24) (0.135) 
0.140 0.124 0.140 

J.. 0.092 ... 0.045 ... 0.045 ... 0.092 ... J.. ... ... ... ... 0.U8 0.096 0.096 0.118 

0.122 0.092 0.092 0.122 [0.122] [0.092] [0.092] [0.122] 

J.. 0.093 ... 0.041 ... 0.056 ... 0.041 ... 0.093 '" 
(0.135) (0.123) (0.123) (0.135) 
0.139 0.129 0.129 0.139 

J.. 0.119 ... 0.Q95 ... 0.102 ... 0.095 ... 0.119 ... 

0.151 
Uniformly loaded continuous bearn, freely supported at the ends, with three or more approximately equal spans 0.151 

'" 0.12l ... 0.121 ... 
J.. 0.090 ... 0.090 ... 

[0.121] [0.121] 
Bending moment Shearing force 0.141 0.141 

~ Position g . ., 
BS 8110 EC2 BS 8110 and EC 2 .9 

0.121 0.121 J.. 0.128 ... 0.097 ... 0.128 ... 
J.. 0.lO2 ... 0.036 ... 0.W2 ... 

[0.130] [0.086] [0.130] 
0 
~ 

" At outer support 0 0 O.4SF ., 
·1 

Near middle of end span ~ + 0.09Fl + 0.09Fl -
At first interior support 

\ 
- O.l1Fl - O.l1Fl 0.60F 

'" At middle ofinterior spans + 0.07Fl + 0.07Fl -

-<" At other interior supports -0.08Fl -0.09Fl O.SSF 

0.130 0.186 0.130 
(0.140) (O.BO) (0.140) 
0.146 0.130 0.l46 

'" 0.098 ... 0.050 ... 0.050 ... 0.098 ... J.. ... ... ... ... 0.126 0.lO3 0.103 0.126 

0.127 0.096 0.096 0.127 [0.127] [0.096] [0.096] [0.127] 

'" 
... ... ... ... ... (0.140) (0.129) (0.129) (0.140) 

0.099 0.046 0.062 0.046 0.099 0.145 0.135 0.135 0.145 
J.. 0.127 ... 0.102 ... 0.109 ... 0.W2 ... 0.127 ... 

Note: Values apply where charac" ristic imposed load does not exceed characteristic dead load and variations in span 
length do not exceed IS% oflong st span (F is total design load on span, 1 is effective span). 

I 



Continuous beams: moments from equal loads 
on equal spans - 2 2.31 

Load 

t;; 

1 
u 

0.155 

All spans loaded 
(e.g. dead load) 

.... 0.094 '" 0.094 :A. 

0.124 0.124 

Ii 0.170 A 0.040 A 0.107 .. 

0.133 0.089 0.133 

Ji 0.103 '" 0.054 '" 0.054 '" 0.103 "" 

0.131 0.098 0.098 0.131 

Ji 0.104 '" 0.050 '" 0.066 '" 0.050 '" 0.104 "" 

0.156 

Ji 0.095 '" 0.095 "" 

0.125 0.125 

.. 0.108 ... 0.042 .... 0.108 .... 

0.134 0.089 0.134 

Ii 0.104 ... 0.056 .. 0.056 .. 0.104 .. 

0.132 0.099 0.099 0.132 

Ji 0.105 ",. 0.051 '" 0.068 '" 0.051 '" 0.105 "" 

0.188 

Ii 0.156 A 0.156 ... 

0.150 0.150 

Ii 0.175 ..... 0.100 ..... 0.175 ... 

0.161 0.107 0.161 

... 0.170 .. 0.116 .... 0.116 ... 0.170 .... 

0.158 0.118 0.118 0.158 

.... 0.171 ... 0.112 ... 0.132 ... 0.112 .. 0.171 ... 

0.167 
... 0.111 :itO 0.111 .... 

0.133 0.133 

.. 0.122 .. 0.033 .. 0.122 .... 

0.143 0.095 0.143 

Ji 0.119 '" 0.056 '" 0.056 '" 0.119 "" 

0.140 0.105 0.105 0.140 

Ji 0.120 '" 0.050 '" 0.061 '" 0.050 '" 0.120 "" 

Bending moment = (coefficient) X (total load on one span) X (span) 
Bending moment coefficients: 

above line apply to negative bending moment at supports 
below line apply to positive bending moment in span 

Coefficients apply when all spans are equal (may be used also when 
shortest 2: 85% longest). Loads on each loaded span are same. 

Live load (sequence ofloaded spans 
to give max. bending moment) 

0.155 
... 0.127 ... 0.127" 

[0.124] [0.124] 
0.145 0.145 

.. 0.134 .. 0.102 .... 0.134" 

[0.133] [0.0891 [0.1331 
(0.144) (0.133) (0.144) 
0.149 0.133 0.149 

Ji 0.132 '" 0.109 '" 0.109 '" 0.132 "" 

[0.131 
(0.144) 
0.149 

[0.0981 [0.098] [0.131 
(0.132) (0.132) (0.144) 
0.138 0.138 0.149 

Ji 0.133 '" 0.107 .... 0.115 :.to: 0.107 '" 0.133'" 

0.156 
Ji 0.129 .. 0.129 .. 

[0.125] [0.125] 
0.146 0.146 

.. 0.136 A 0.104 :itO 0.136 ... 

[0.134] [0.089] [0.134) 
(0.145) (0.134) (0.145) 
0.151 0.134 0.151 

.. 0.134 .. 0.111 .... 0.111 .. 0.134 

[0.132] 
(0.145) 
0.150 

Ji 0.135 '" 0.109 

0.188 

[0.099] 
(0.113) 
0.139 

'" 0.117 

Ji 0.203 '" 0.203 "" 
[0.150] [0.150] 
0.175 0.175 

[0.099] 
(0.133) 
0.139 

'" 0.109 

Ii 0.213 ... 0.175 ... 0.213 .. 

[0.161] [0.107] [0.161] 
(0.174) (0.161) (0.1174) 
0.181 0.161 0.181 

[0.132] 
(0.145) 
0.150 

... 0.135 

... 0.210 ... 0.183 ... 0.183 ... 0.210 ... 

[0.158] 
(0.174) 
0.179 

[0.118] 
(0.160) 
0.167 

[0.118] 
(0.160) 
0.167 

[0.158] 
(0.174) 
0.179 

Ii 0.211 ... 0.181 .. 0.191 .. 0.181 ... 0.211 .. ' 

0.167 

Ji 0.139 '" 0.139 "" 
[0.133] [0.133] 
0.156 0.156 

.. 0.144 ... 0.100 .. 0.144 A 

[0.143] [0.095] [0.143] 
(0.155) (0.143) (0.155) 
0.160 0.144 0.160 

.. 0.143 .. 0.111 .. 0.111 ... 0.143 ... 

[0.140] [0.105] [0.105] [0.140] 
(0.155) (0.142) (0.142) (0.155) 
0.159 0.148 0.148 0.159 

Ji 0.144 '" 0.108 '" 0.115 '" 0.108 '" 0.144 "" 

Second moment of area is same throughout all spans. 
Bending moment coefficients in square brackets (live load) 
apply if all spans are loaded (i.e. BS 8110 requirements). 
Bending moment coefficients in curved brackets (live load) 
apply if two adjacent spans are loaded (i.e. EC 2 

Continuous beams: shears from equal loads 
on equal spans 2.32 

Load 

0.375 0.625 

All spans loaded 
(e.g. dead load) 

... 0.625'" 0.375 .... 

0.400 0.500 0.600 

... 0.600'" 0.500'" 0.400'" 

0.393 0.536 0.464 0.607 

0.393"" 

0.395 0.526 0.500 0.474 0.605 

Ji 0.605 '" 0.474 '" 0.500'" 

0.344 0.656 
... 0.656" 0.344 .... 

0.375 0.500 0.625 

... 0.625 .. 0.500" 0.375'" 

0.366 0.545 0.455 0.634 

Ji 0.634 '" 0.455'" 0.545'" 0.366"" 

0.369 0.532 0.500 0.468 0.631 

0.313 0.688 

0.350 0.500 0.650 

Ji 0.650 '" 0.500'" 0.350"" 

0.339 0.554 0.446 0.661 

... 0.661" 0.446'" 0.554"" 0.339 .... 

Live load (sequence of loaded spans 
to give max. shearing force) 

0.438 0.625 

... 0.625" 0.438 ... 

0.450 0.583 0.617 

Ii 0.617'" 0.583'" 0.450'" 

0.446 0.603 0.571 0.621 
Ji 

0.571 '" 0.603 '" 

0.447 0.598 0.591 0.576 0.620 

... 0.620'" 0.598'" 0.447 .... 

0.422 0.656 
... 0.656'" 0.422'" 

0.437 0.605 0.646 

... 0.646'" 0.605'" 0.437'" 

0.433 0.628 0.589 0.651 
A 0.651" 0.589" 0.628" 0.433'" 

0.434 0.622 0.614 0.595 0.649 

... 0.649'" 0.622" 0.434'" 

0.406 0.688 

A 0.688'" 0.406'" 

0.425 0.625 0.675 

... 0.675 ... 0.625.... 0.425 .... 

0.420 0.654 0.607 0.681 

... 0.681'" 0.607'" 0.654'" 0.420'" 

0.540'" 0.342'" 0.647'" 0.421"" 

0.333 0.667 

0.367 0.500 0.633 

Ii 0.633'" 0.500.... 0.367 '" 

0.357 0.548 0.452 0.643 
... 0.643'" 0.452" 0.548" 0.357 .... 

0.360 .0.535 0.500 0.465 0.640 

0.465 '" 0.500'" 

0.417 0.667 
Ji 

0.433 0.611 0.656 

... 0.656.... 0.611'" 0.433'" 

0.429 0.637 0.595 0.661 
... 0.661" 0.595'" 0.637" 0.429 .... 

0.430 0.631 0.621 0.602 0.659 

... 0.659" 0.602 '" 0.621 '" 

SF coefficient = (k ---t ) (l + ct - (X2) +t where k is SF coefficient for 
uniform load, read from above table. 
Eg. If a = 0.5, coefficient at central support oftwo-span beam is equal to 
(0.625 - 0.5)(1 + 0.5 - 0.25) + 0.5 ~ 0.656. 
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The design load consists of a dead load of 1.0gk = 20 kN/m and 
a live load of (O.4gk + 1.6qJ = 40 kN/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 5'= 52.5 kNm (negative) 
Imposed load: 0.105 X 40 X 52 = 105.0 kNm (negative) 
Total = 157.5 kNm (negative) 

Interior support: 
Dead load: 0.079 X 20 X 5'= 39.5 kNm (negative) 
Imposed load: 0.079 X 40 X 5' = 79.0 kNm (negative) 
Total = 118.5 kNm (negative) 

Near ntiddle of end span: 
Dead load: 0.078 X 20 X 52 = 39.0 kNm (positive) 
Imposed load: 0.100 X 40 X 52 = 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 load: 0.086 X 40 X 52 = 86.0 kNm (positive) 
Total = 109.0 kNm (positive) 

Example 2. Calculate the maximum ultimate moments for 
example I, according to the requirements of EC 2. 

The design load consists of a dead load of 1.358k = 27 kN/m 
and a live load of 1.5qk = 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 5' = 70.9 kNm (negative) 
Imposed load: 0.116 X 30 X 5' = 87.0 kNm (negative) 
Total = 157.9 kNm (negative) 

Interior support: 
Dead load: 0.079 X 27 X 5' = 53.3 kNm (negative) 
Imposed load: 0.106 X 30 X 52 = 79.5 kNm (negative) 
Total = 132.8 kNm (negative) 

Near ntiddle of end span: 
Dead load: 0.078 X 27 X 5' = 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 kNm (positive) 

Example 3. Calculate the maximum ultimate moments for 
example I, 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 2' = 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 to dead load only on cantilevers at 
critical positions is as follows: 

Penultimate support 
From Table 2.29, decrease due to moments at end supports is 
0.263 X 40 = 10.5 kNm (positive). 

Middle of end span 
From Table 2.29, decrease due to moments at end supports is 
[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 

AI; explained in section 4.2.2, for the ULS, both BS 8110 and 
EC 2 perntit the moments deterntined 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 perntitted, and 
detennine 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 equilibrium require that no changes 
should be made to the moments in a cantilever or at a freely 
supported end. 

12.3.1 Code requirements 

BS 8110 and EC 2 perntitthe 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 lintited ac(;onJiI).g 
to the amount of redisttibution. (Note that there is no re,;tticti,,,n 
on the maximum percentage increase of moment.) In EC 2, 
maximum perntitted reduction depends also on the 
of the reinforcement, being 30% for reinforcement cla.sse,s·f'. 
and C but only 20% for class A. 

In BS 8110, it is stated that the ultimate resistance mome!}t 
at a section should be at least 70% of the maximum m()m'~Ilt i 

at that section before redisttibution. In effect, the process 
redisttibution alters the positions of points of 
The purpose of the code requirement is to ensure that 
points on the diagram of redisttibuted moments (at WIll"'" 

flexural reinforcement is theoretically required), suj'fiCl~ 
reinforcement is provided to cater for the moments 
occur under service loading. The redisttibution pr<)cedure\ 
advantage of the ability of continuous beams to de'lel()Plpl, 
hinges at critical sections prior to failure, whilst also 
that the response remains fully elastic under service l<,.dirig;.· 
requirements are discussed more fully in books on 
design and in the Handbook to BS 8110. 

Redistribution of moments 

12.3.2 Redistribution procedure 

The USe of moment redisttibution 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 (c). (Note 
that the vertical scale of diagrams (c)-(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 -240 to -168, the 
span moments must be increased as shown in (e). The 70% 
requirement, discussed in section 11.3.2, detennines the extent 
of the hogging region in the end span and the ntinimum value 
of -21 in the middle span. (For the load cases in EC2, the 
maximum support moments could be reduced 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 is shown 
in (f), where the maximum moment in the ntiddle span has been 
reduced by 30%, from 120 to 84, by increasing the support 
moments from -180 to -216. (Note that the ntinimurn 
moment in the ntiddle 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 deterntines 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 
ntiddle span to -196. 

In view ofthe many factors involved, it is difficult to give any 
general rules as to whether to redisttibute 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 redisttibute the 
moment diagrams to 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 redisttibution, 

5 C"O"", affects the shearing forces at the supports, and it is 
re(ionllDlen(ied that beam sections are designed for the greater of 

forces calculated before and after redisttibution. 
use of moment disttibution in systems where the beams 

amLly,;ed in conjunction with adjoining columns requires 
consideration. In such cases it is important to ensure that, 

postulated collapse mechanism involving plastic hinges in 
coLunms. these are the last hinges to form. To this end, it is 

;oDllDlemied that column sections should be designed for the 
of the moments calculated before and after redisttibution. 
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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 
redisttibutions, in accordance with the rules of both BS 8110 
and EC 2, are tabulated against the location points indicated in 
the diagrams. For example, M12 is the coefficient corresponding 
to the maximum moment at the central support of a two-span 
beam, while M13 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 deterntined 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% redisttibution, 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 redisttibution to 10%, 
some BS 811 0 design formulae for deterntining the ultimate 
resistance moment are related to this condition. 

For design purposes, redisttibution 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 - 10% 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 gk = qk and 30% redisttibution, according 
to the requirements of BS 8110. 

The design load consists of a dead load of 1.0gk and a live 
load of (O.4gk + 1.6qk) = 2.0gk• Then, from Table 2.34, the 
ultimate bending moments are as follows: 

Before redistribution: 
Mll = (0.0708, + 0.096 X 2gk)(2 = 0.262gk(2 

After redisttibution: 
Mll = (0.085gk + 0.085 X 28k)(2 = 0.255gk (2 

% Redisttibution = -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. 
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Unifonnly distributed load (dead load -live load 1200 units per span) 

(a) Dead load only 

96 

(c) Dead + live loads 
Critical cases 
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(e) Envelope obtained with 
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the support moments -168 -168 
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the span moments -126: 

" ,t 
, ,/,: 

, 
-21 

, 

, , , 
~~----

78 

132 

222 

(b) Live load only 
Critical cases 
(forBS 8110) 

121.5 

Cd) Envelope obtained with 
some reduction of the 
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M17 

Dead load 
(all spans loaded) 

M18 

Two spans 

M17 

Equal total load F on each loaded span 
Bending moment = coefficient X F X span 

Live load 

MIS 

Diagrams are symmetrical but are not drawn to scale 

M41 

Dead load.lall spans loaded) 

BS8110 and EC2 

Redistribution nil 10% 30% 

c +0.078 
" M" -0.106 c 
0 Unifonn M" '" ;; loads M,._ 
;: M" 0 
0. 

M,. "'E 
~~ Centra) M,., o 0 - "- point M", = 0 

" a loads Ms. • ~'2 
'J:: Moo +0.113 +0.127 
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M .. +0.072 +0.082 c Third-
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M •• • 0 
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loads Mn 
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Two spans 

Dead load 
Cali spans loaded) Live load 
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M34* 

M3\ M35 
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M42 M46 M41 M46 

Moments indicated thus * do not result from loading arrangement 
prescribed in Codes, which give zero positive moment at all supports. 

Values below indicated thus(11) give maximum percentage reduction of 
span moment due to live load possible when support moments have been 
reduced by full 30% 

Live load Live load 

BS8110 EC2 

nil 10% 300/0 nil 10% 30% 

+ 0.129 +0, +0.143 + 0,129 
+0.107 + 0.10116) +0.119 +0.107 + 0.094(21} 
- 0.127 -0.099 -0.155 -0.140 -0.109 
- 0.114 -0.099 -0.072 - 0.114 -0.109 

0.000 0.000 +0.019 +0.017 +0.013 
+0.092 + 0.077'25) + 0.103 +0.092 + 0.072'>0' 
+ +0.109 + +0.076(301 

+0.083 +0.075 + 0.067''''' +0.083 +0.075 +0.058"'" 
-0.083 - 0.075 -0.058 - 0.106 -0.095 -0.074 
-0.042 - 0.050 -0.067 -0.042 -0.050 -0.067 

0.000 0.000 0.000 +0.028 +0.025 +0.020 
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-0.125 - 0.113 -0.088 - 0.159 -0.143 -0.111 
-0.063 - 0.081 -0.088 -0.063 -0.081 -0.111 

0.000 0.000 0.000 +0.043 +0.038 +0.030 

+0.111 + 0.100 + 0.089"'" +0.111 + 0.100 +0.078(30) 
-0.111 - 0.100 -0,078 - 0.141 -0.127 -0.099 
-0.055 - 0.067 - 0.D78 -0.055 -0.067 -0.089 

0.000 0.000 0.000 +0.038 +0.034 +0.027 
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Values below indicated thuS(2) give maximum percentage reduction of 
span moment due to live load possible when support moments have been 
reduced by full 30% 
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Influence lines for continuous beams 

12.4 ANALYSIS BY MOMENT DISTRIBUTION 

The Hardy Cross moment distribution method of analysis. 
in which support moments are derived by a step-by-step 
process of successive approximations, is described briefly 
and shown by means of a worked example in Table 2.36. The 
method is able to accommodate span-to-span variations 
in span length, member size and loading arrangement. The 
'precise moment distribution' method avoids the iterative 
procedure by using more complicated distribution and carry­
over factors. Span moments can be determined as described 
in section 12.1.3. 

For continuous beams of two, three or four spans, unifonn 
cross-section and symmetrical loading, the support moments 
may also be obtained by using the factors in Table 237. 

12.5 INFLUENCE LINES FOR CONTINUOUS BEAMS 

The following procedure can be used to determine bending 
moments at chosen sections in a system of continuous beams, 
due to a train of loads in any given position. 

1. Draw the beam system to a convenient scale. 

2. With the ordinates tabulated in the appropriate Table 238, 
2.39,2.40 or 2.41, construct the influence line (for unit load) 
for the section being considered, selecting a convenient 
scale for the bending moment. 
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3. Plot on the influence line diagram the train ofloads in what 
is considered to be the most adverse position. 

4. Tabulate the value of (ordinate X load) for each load. 

5. Add algebraically the values of (ordinate X load) to obtain 
the resultant bending moment at the section considered. 

6. Repeat for other positions of the load train to ensure that the 
most adverse position has been considered. 

The following example shows the direct use of the tabulated 
influence lines, for calculating the moments on a beam that is 
continuous over four spans with concentrated loads applied at 
specified positions. 

Example. Determine the bending moments at the penultimate 
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 
from the left-hand end. The end spans are 8 m long and the 
interior spans are 12 m long. 

The span ratio is 1:1.5:1.5:1 and the ordinates are obtained from 
Table 2.40 for penultimate support C. 

With load on first span (ordinate c): 
Bending moment = -(0.082 X 100 X 8) = -65.6 kNm 

With load on third span (ordinate m): 
Bending moment = + (0.035 X 100 X 8) = + 28.0 kNm 

Net bending moment at penultimate support = -37.6 kNm 
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HARDY CROSS MOMENT DISTRIBUTION 

1. 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. 

2. Where members meet, sum of bending moments must equal 
zero for equilibrium; i.e. at E, MBA + MBc = O. Since l:FEM 
(i.e. FEMBA + FEMBC) is unlikely to equal zero, a balancing 
moment of-IFEM must be introduced at each support to achieve 
equilibrium. 

3. Distribute this balancing moment between members meeting at 
a joint in proportion to their relative stiffnesses K = III by 
multiplying - IFEM by distribution factor D for each member 
(e.g. at B, DBA = KABI(KAB + Ksd etc. so that DBA + D BC = 1. 
At a free end, D ~ I; at a fully fixed end, D ~ 0). 

4. 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 

- 2:FEM X DBA at B of AB produces a moment of -(l/2)2:FEM X 
DBA at A, and so on. 

S. These carried-over moments produce further unbalanced moments 
at supports (e.g. moments carried over from A and C give rise to 
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 actual 
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. 

/",,30 kN/m Uniform moment of inertia 

t~ :. =====--6-m-_-_-_-_-_~-_-.~j)ll~'+:llIu-'II!M!1imm~~-'1II1_'1lI1 IIII~IIII~1II11 1IlIIIIIIilIIIIIIIlIiI '1II1I'1II1I1lI1!:1lJ!11--,----1-2-m-_-_-_-_-_-_-~-.j'j:.::::=---g-m--__ -_-_-_-_-_-.!.~I 
A B 4C3 2D3 E Distribution factors 1 ~ - ~ 

Fixed-end moments 0 0-203 
First distribution o - +122 +81 -
1st carry-over +61 .- 0 58-

2nd distribution 61 - _ +35 +23 _ 

1 nd carry-over +17 - --30 -12 -
3rd distribution -17 +25 +17 
3rd carry-over +13 - - 9 6-
4th distribution 13 +9 +6 
Summations 0 +152 1-152 

PRECISE MOMENT DISTRIBUTION 

1. Calculate fixed-end moments (FEMs) as for Hardy Cross moment 
distribution. 

2. Determine continuity factors for each span of system from 
general expression 

I[ K,+I ] </>,+1 ~ 1 2 + K, (2-</>,) 

where cp" is continuity factor for previous span and K" and Kn+l 
are stiffnesses of two spans. Work from left to right along system. If 
left-hand support (A in example below) is free, take </>AB ~ 0 for first 
span: if A is fully fixed, CPAB = O.S. (lntennediate 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 ¢AB for span AS, for example). 

3. Calculate distribution factors (DFs) at junctions between spans 
from general expression 

"1 f slf 0 
+203 0 0 0 0 

116 87 - 0 o - - 0 
-+40 0- - 43 0- ~ 0 
_ -23 -17 _ - +17 +26 _ 0 
--...+12 +9 - - 9 0- -+13 

-12 -9 _ - +4 +5 _ - 0 

-- +8 +2- -- 4 0- ~ +3 
-6 -4 +2 +2 0 

+106 ,.106 -33 +33 +16 

DF 
_ 1-2</>A8 

AB -
1-</>AB</>BA 

where <PAB and <PBA 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, 2:DF ~ I. 

4. Distribute the balancing moments - $FEM 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 mUltiplying the 
distributed moment at B by <P AB 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 detennine final moments. 

.. _______ -.j)lllillliiIIl!MIii~lll1III!I~IIII~IlIIi~IIIIiIllI;1II;llIi1!IIlillllllll1ljjmmi1II _____ v_n_~_o_nn_m.o-m-e-n-t O_f_i_Oe_rtI_.a ____ .-~ 
t"+.--_ 6rn .-. 9m .. +.. 12m--~.:l_j+.--- 8m---E~ 
ABC D 

I 1 1 I 
Relative stiffnesses 6 , 12 .. 
Continuity factors 1>- 0 0.300 0.305 0.220 

-1> 0.215 0.237 0.333 0.500 
Distribution factors 1.000 0.569 0.431 0.567 0.433 0.371 0.629 0 
Fixed~end moments 203 +203 t +116 +87~115 88~ Distribution carry-over O~ +34 -34 +21 -21 

36 +36 • +18 
Summations 0 +150 150 +109 109 36 \ - +36 +18 

continuous beams: unequal prismatic spans and loads 2.37 
. . . beam s stem into a number of similar systems each having one span 

DiVlde gtyen a rtic~ type of load. To fmd the bending moment a! any support 
loaded Wlth ne ~ these loads, evaluate the follo'Wing factors for the parUcular support 
due to any 0 

and type ofload: 

F total load on span being considered 

a: load factor (= unity for distributed Joad) 

Q support moment coefficient 

U moment mu1tiplier ( = unity for equal spans) 

Moment at support =a:QU x F x base span 1 

Ratios of remaining spans to base span = k1 , kz, k3 

No. 
of 

Loaded span spans 

Base ki 

A span 
unity 

B C 

2 

j ! t 
Both spans loaded with identical load 

Base I k, span k2 

A B 
unity- IC 'D 

t ! \ t 
3 

t ! \ t 
All spans loaded with identica1 load 

Bas, kl k, k, 
span 

A B C unity 

j f \ ! 
4 

t ! \ \ 

f ! ! ! 
All spans loaded with identical load 

Equal spans 
Support moment coefficients 

Q. Q. Qc 

- -0.0625 -

-0.0625 --

0.1250 

- -0.0667 +0.0167 

0.0500 0.0500 

- +0.0167 0.0667 

- -0.1000 -0.1000 

1 -0.0670 +0.0179 -0.0045 

I 

t -0.0491 -0.0536 +0.0134 

t +0.0134 -0.0536 -0.0491 

t 
-0.0045 +0.0179 -0.0670 

0.1071 0.0714 0.1071 

Type of load 

1111111111111111111111111 

F F F F 

Any number of loads 
{j) equally spaced 

Load Max. free 
factor a bending moment 

1.00 0.125 FI 

1.25 0.167 FI 

1 + ~ ->/J' 
3 4>/J' 
---£1 
24{1- ,,) 

1.50 0250FI 

1.33 0.167 FI 

Even number of 

2+j T+i) Ioads:- -. FI -- 8 I+J 1 + j 
Odd number of 

IC+i) loads:g T FI 

Unequal spans 
Moment multipliers = U 

2 
V. 

1 +kl 

2k' 
Us=--'-

1 +kl 

See note below 

U. O.5yUc 
Uc =3kiH x=k, +1 

y=kz+l 

5 
U. H(y+ k,) H~--

Uc =H(x+k1) 
4xy-1 

U. 3k~H 
UC-O.5xUB 

For two, three, or four unequal.spans loaded 
simultaneously. determine bending moment for 
each span loaded separately and add 

U. (2jI5x)(14+k,H ,z) 

UB=zH 1 

UC =2kZH 1 
x=k l +1 
y=kl +kz 

U r(6/llx)kl z=kz+k3 

x [(14k,/3) - U.J 1 

UB=zHz 
y 

4xyz-Jeiz-k5x 
Uc= 2kzHz H t =14k 1 Y 

H 2 = 14kiY(x + 1)/3 
UA -2k 1H l H l = 14kiY(k3 +z )/3 
U8 =xH3 

Uc~(6jllz)k, 
H4=14k~Y 

x [(14kz/3) - U B] 

UA =2k1H4kz 
UB=xH4kz 
Uc=2H4(4xy-kiV1S 

See note above 
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0 /' B Short span L1 " ~ D Longspan~ ~ 

~ 

A 

0.1 

0.15 

A 
o 

a b 

D 1:2 ."" 
D-l:l 

c d , 

B Short span L\ e 

B 1:1 ~ 
'-.. ~ B 1:2 

f g h J k 

D Long span~ E 

e 1:2 .--;?' '~ I ~'. 

'" 
0.10 

~ 0.15 

Section 

a 

----

Ratio 
of 

spans 
Ll:L2 

b 

-e-l:l 

c e 
0.20 

0.25 

Shorter span 

""'" - e 1:1 ~/ '/ 
"- "'-.., e_l:l.5 V/ 

V I 

~ e-l:2~ 
f g h j k 

Ordinates 

Longer span 

a bed e f g h j k 

Shorter 1:1 0.063 0.130 0.203 0.121 0.052 0.032 0.046 0.047 0.037 0.020 
span 1:1.5 0.067 0.137 0.213 0.130 0.058 0.058 0.083 0.084 0.067 0.037 
midspanB 1:2 0.070 0.142 0.219 0.136 0.062 0.085 0.124 0.125 0.099 0.054 . 

Central 1: I 0.041 0.074 0.094 0.093 0.064 0.064 0.093 0.094 0.074 0.041 
support 1:1.5 0.032 0.059 0.075 0.074 0.051 0.115 0.167 0.169 0.133 0.073 
C 1:2 0.027 0.049 0.063 0.062 0.042 0.170 0.247 0.250 0.198 0.108. 

Longer 1: I 0.020 0.037 0.047 0.046 0.032 0.052 0.121 0.203 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 
midspanD 1:2 0.014 0.025 0.031 0.031 0.021 0.082 0.210 0.375 0.235 0.113 

Unequal spaDS EqualspaDS 
Data enable influence lines to be drawn for the bending Influence lines marked 1: I can be used directly 
moments produced by a single unit load moving over two (diagram of a succession ofloads must be drawn to the 
unequal spans. same linear scale). . 

Ordinates for intennediate ratios of spans can be inter- Bending moment due to load F concentrated at any pomt. 
polaled. ~ (ordinate of appropriate influence line) 

x (shorter span L,) x F 

Continuous beams: influence lines for three spans 2.39 
Influence lines for bending moments 
at midspan B of end span AC 
and mid 

c] 0.25 
A 0.20 

0.10 

o 

span D of central span CC' 

I--f-"Cl" f ~ '\~ 

~" <9' L ~ 
Short span LJ BD 1:2:1 

A " C 

~ 0.10 
D

1
-I:I:1 B I 1:5:\ 

/' 
:::-

0.35 

0.30 
/ 1\ 

/ 

~ / :0 '" " .?, 

/ / "«.,,;---

~ ""'-
Long span~ ~ 

_tl 1 :1:1 D e' 
'):\ 

...... ..----1 y, '\ . 
a b c d e f g h J k 

Influence lines for bending moments 
at interior support C 

8. 0.05 
o 
~ 

1 Short span LJ 

e - J;2;1 
B W -- ~\.\ t--

C 
0.10 

0.20 

~ 0.25 
a b c d e 

e Long spanLz 

~ I D .---:; ~ 
\"'-

e 1:1:1 
V/ ~ \.\.501 

\ "-- e - . 1.-/ 

"'" 
.,>':-

~'i 

f g h J k 

Ordinates 

B 1 :1:1 Short span ~ 
B' 

N 
D 1:2:1 D 1; 1:1 

m n 

e 1:1:1-

C' Short span Ll B' A' 

m n 

Section End span AC Central span CC' End span C' A' 

a b c d e f g h j k m n 

Midspan B 1: I : 1 0.062 0.127 0.200 0.117 0.050 0.029 0.040 0.038 0.027 0.013 0.012 0.013 0.010 
ofeud 1:1.5:1 0.066 0.134 0.209 0.126 0.056 0.051 0.070 0.065 0.046 0.021 0.012 0.012 0.010 
span AC 1:2: I 0.068 0.139 0.215 0.132 0.060 0.Q75 0.102 0.094 0.065 0.029 0.012 0.012 0.009 

Interior I: I : I 0.043 0.079 0.100 0.099 0.068 0.057 0.079 0.075 0.054 0.026 0.Q25 0.025 0.020 
supportC 1:1.5:1 0:036 0.065 0.082 0.081 0.056 0.102 0.139 0.130 0.092 0.042 0.024 0.025 0.020 

I :2: I 0.030 0.056 0.Q10 0.069 0.048 0.151 0.204 0.188 0.129 0.058 0.023 0.023 0.019 

MidspanD I: I : I 01H6 0.030 0.038 0.037 0.025 0.042 0.100 0.175 0.100 0.042 0.037 0.038 0.030 
of central 1 :1.5:1 0.013 0.023 0.029 0.028 0.020 0.053 0.135 0.245 0.135 0.053 0.028 0.029 0.023 
span CC' I :2: I 0.010 0.019 0.023 0.023 0.016 0.063 0.167 0.313 0.167 0.063 0.023 0.023 0.019 

Unequal spaus Equal opaus 
Data enable influence lines to be drawn for bending Influence lines marked I: I : 1 can be used directly 
moments produced by a single unit load moving over three (diagram of a succession of loads must be drawn to the 
unequal spans. same linear scale). 

Ordinates for intermediate ratio of spans can be inter- Bending moment due to load F concentrated at any point 
polated. =(ordinate of appropriate influence line) 

x (end span L,) x F 
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In monolithic building construction, concrete floors can take 
various fanus, 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 directly 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 Of more nearly equal spans, approximate solutions 
for the ultimate bending moments and shearing forces, for both 
BS 8110 and EC 2, are given in Table 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 should be noted that for designs to EC 2, the 
UK National Annex allows the use of the BS 811 0 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 

At outer support 
Near middle of end span 
At interior support 

Moment 

o 
+O.08Fl 
-O.lOFI 

Shear 

OAOF 

O.60F 

For designs where elastic bending moments are required, the 
coefficients given for beams in Table 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 SllO 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 
Table 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 panel being 
considered. 

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 corners 
where either one or both edges of the panel are discontinuous. 
torsion reinforcement is required. This should consist of top and 
bottom reinforcemen~ each with layers of bars placed parallel 
to the sides of the slab and extending from the edges a minirnume 
distance of one-fifth of the shorter span. The area of reinforce-'. 
ment in each of the four layers, as a proportion of that required. 
for the positive moment at mid-span, should be three-quarter~ 
where both edges are discontinuous and three-eighth~ wher~ 
one edge is discontinuous. At a discontinuous edge, where th~; 
slab is monolithic with the support, negative reinforcemertl 
equal to a half of that required for the positive moment af,. 
mid-span should be provided. 

Where, because of differences between contiguous panel!:i~: 
two different values are obtained for the negative moment ata 
shared continuous edge, these values may be considered ~~ 
fixed-end moments and moment distribution used to obtai~ 
equilibrium in the direction of span. The revised negativ.e. 
moments can then be used to adjust the positive moments ~t 
mid-span. For each panel, the sum of the mid-span moment "'le~e 
the average of the support moments should be the sarne as ~~ 
original sum for that particular panel. e :ie! 

When the long span exceeds twice the short span, the slapJ 
should be designed as spanning in the short direction. In tIl5 
long direction, the long span coefficient may still be used f9.4; 
the negative moment at a continuous edge. '''"", 

Slabs: general data 2.42 
ONE-WAY SLABS TWO-WAY SLABS FLAT SLABS 

Solid (with beams) Solid (with beams) Solid 

Ribbed (with beams) Waffle (with beams) Solid with drops 

Ribbed (with integral beams) Waffle (with integral beams) Waffle 

Uniformly loaded one-way slab, freely supported at the ends, with three or more approximately equal spans 

Position 
Ultimate bending moment Ultimate shearing force 

BS 8110 EC2 BS 8110 EC2 

At outer support 0 0 0.40F 0.45F 
Near middle of end span + 0.086FI +0.09FI 
At first interior support -0.086FI -0.09FI 0.60F 0.60F 
At middle of interior spans + 0.063FI + 0.07FI 
At other interior supports - 0.063FI -0.08FI 0.50F 0.55F 

Notes: Support moments include allowance for 20% redistribution (F is total design load on span, I 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/m2, and area of each bay exceeds 30 m2

• Where slab is continuous with end support. the following values may be 
used: moment at outer support - 0.04FI, moment near middle of end span + 0.075Fl, shear at outer support 0.45F. 
Eurocode 2 solutions apply in cases where characteristic imposed load does not exceed 1.25 x characteristic dead load. 

I' 'I I' l~ 
r'~i--~-~~-~-~e-an-stn-l,-~~--r::::::::_l:: ::::}~~~~;c:: ~"I~ t 

Edge strip 1--1 ,~_34.:..1Y_~,~1 I, l~ E~smp _"1
00 r 

Division of uniformly loaded rectangular panel into middle and edge strips 
(For details of moments and shear forces on middle strips, see Table 2.43) 



Two-way slabs: uniformly loaded rectangular panels 
(BS 811 0 method) 2.43 

Rectangular panels supported on four sides with provision for torsion at corners 

Type of panel with moments and shears Short span coefficients 13m, and fJ." for values of Iy /Ix Long span 
coefficients 

considered 
1.0 1.1 1.2 1.3 1.4 1.5 1.75 2.0 13my and f3.,y 

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 0.33 0.36 0.39 0.41 0.43 0.45 0.48 0.50 0.33 

2. One short edge discontinuous 

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 0.36 0.39 0.42 0.44 0.45 0.47 0.50 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 moment 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 0.36 0.40 0.44 0.47 0.49 0.51 0.55 0.59 0.36 
Shear force at discontinuous edge 0.24 0.27 0.29 0.31 0.32 0.34 0.36 0.38 -

4. Two adjacent edges discontinuous 

Negative moment at continuous edge 0.047 0.056 0.063 0.069 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 0.40 0.44 0.47 0.50 0.52 0.54 0.57 0.60 0.40 
Shear force at discontinuous edge 0.26 0.29 0.31 0.33 0.34 0.35 0.38 0.40 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 0.034 0.038 0.040 0.043 0.045 0.047 0.050 0.053 0.034 

Shear force at continuous edge 0.40 0.43 0.45 0.47 0.48 0.49 0.52 0.54 -
Shear force at discontinuous edge - - - - - - - - 0.26 

6. Two short edges continuous 

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 0.26 0.30 0.33 0.36 0.38 0.40 0.44 0.47 -

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 0.45 0.48 0.51 0.53 0.55 0.57 0.60 0.63 -
Shear force at discontinuous edge 0.30 0.32 0.34 0.35 0.36 0.37 0.39 0.41 0.29 

8. One short edge continnous 

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 0.29 0.33 0.36 0.38 0.40 0.42 0.45 0.48 0.30 

9. Four edges discontinnous 

Positive moment at mid-span 0.056 0.065 0.074 0.081 0.087 0.092 0.103 0.111 0.056 

Shear force at discontinuous edge 0.33 0.36 0.39 0.41 0.43 0.45 0.48 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 Ix is short span, Iy is long span and n is design ultimate load per unit area. 

Short span: mx ~ flmx n lx', Vx ~ Ax n Ix Long span: my ~ 13my nix', Vy ~ Pry n I, 
: 

..• ,. 

Concentrated loads 

Example. Determine the bending moment coefficients in the 
short span direction for the slab panel layout shown as follows. 

A 6m B 6m C 6m D 

I· I I • -I 

-D.078 I -0.058 

I 
8 0.059 
'" 

I 0.043 0.059 

-0.058 I -0.078 

I I - -- - --

-D.066 -D.0.66 

0.065 0.035 0.065 

The upper half of the layout shows the coefficients obtained 
from Table 2.43. with Iy /Ix = 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 Band C. 
The effective stiffnesses, allowing for the effects of simple sup­
ports at A and D. and carry-over moments at Band Care: 

Span A-B (and C-D): 0.75TII Span B-C: 0.5I1l 

Distribution factors at Band C, with no carry-overs, are: 

BA (and CD): 0.75/(0.75 + 0.50) = 0.6 
BC (and CB): (1.0 - 0.6) = 0.4 

Moment coefficients at Band 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, butthis 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 
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by finite element analysis with Poisson's ratio taken as zero, 
using the following approximate relationships: 

Bending moments ax,v = axo + vayo ay,v = D!yO + VD!xo 

Torsion moments D!xy,v = (1 - v)D!xyO 

where v is Poisson's ratio, and D!xo, ayo, D!xyO are coefficients 
corresponding to v = O. Thus. if required. the tabulated values 
can be readjusted to suit a Poisson's ratio of zero, as follows: 

Bending moments "xO = 1.04 (a,.0.2 - 0.2 a y,D.2) 

"yO = 1.04 ("y.O.2 - 0.2 ",.0.2) 
Torsion moments et:xyo = 1.25 D!xy,O.2 

For rectangnlar panels. simply supported on four sides. with no 
provision to resist torsion at the comers 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: 

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 slabs 

For a slab, simply supported along two opposite edges and 
carrying a centrally placed load uniformly distributed over a 
defined area, maximum 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 be, as shown in Table 2.45. Parallel to 
the supports, a strip of width (x + 0/2) 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 load uniformly distributed over a defined 
area, 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 
(elastic analysis) 2.44 

Rectangular panels supported on four sides with provision for torsion at comers 

Coefficients for values of Iy il, 
Type of panel with moments considered 

1.0 1.1 1.2 1.3 1.4 1.5 1.75 2.0 

1. Four edges fixed 
Negative moment at fixed edge ~ 0.052 0.058 0.064 0.069 0.073 0.077 0.081 0.083 

amy 0.052 0.054 0.056 0.057 0.057 0.057 0.057 0.058 
Positive moment at mid-span ~ 0.021 0.025 0.029 0.032 0.034 0.036 0.040 0.042 

amy 0.021 0.021 0.020 0.020 0.019 0.018 0.018 0.018 

2. One short edge hinged (others fixed) 
Negative moment at fixed edge am, 0.062 0.068 0.072 0.076 0.079 0.080 0.083 0.084 

am, 0.055 0.057 0.057 0.058 0.058 0.057 0.057 0.056 
Positive moment at mid-span ~ 0.027 0.030 0.033 0.036 0.038 0.039 0.042 0.043 

amy 0.022 0.022 0.021 0.021 0.021 0.021 0.020 0.019 

3. One long edge hinged (others fixed) 
Negative moment at fixed edge ~ 0.055 0.065 0.074 0.082 0.089 0.095 0.107 0.115 

am, 0.062 0.068 0.072 0.076 0.077 0.078 0.080 0.081 
Positive moment at mid-span ~ 0.022 0.026 0.032 0.036 0.040 0.047 0.055 0.061 

amy 0.027 0.028 0.028 0.028 0.027 0.027 0.025 0.022 

4. Two adjacent edges hinged (two fixed) 
Negative moment at fixed edge am, 0.070 0.079 0.087 0.094 0.100 0.105 0.115 0.120 

am, 0.070 0.074 0.077 0.078 0.078 0.081 0.082 0.082 
Positive moment at mid-span ~ 0.030 0.034 0.038 0.042 0.046 0.050 0.056 0.059 

amy 0.030 0.030 0.030 0.029 0.029 0.029 0.028 0.027 
Torsion moment at comer (hinged edges) ~y 0.027 0.029 0.031 0.033 0.034 0.035 0.035 0.035 

5. Two short edges hinged (others fixed) 
Negative moment at fixed edge am, 0.070 0.074 0.077 0.079 0.081 0.083 0.085 0.086 
Positive moment at mid-span amx 0.032 0.035 0.037 0.039 0.040 0.042 0.044 0.045 

amy 0.022 0.022 0.021 0.021 0.021 0.021 0.022 0.022 

6. Two long edges hinged (others fixed) 
Negative moment at fixed edge amy 0.070 0.079 0.087 0.094 0.100 0.105 0.114 0.120 
Positive moment at mid-span ~ 0.022 0.028 0.035 0.042 0.049 0.056 0.071 0.085 

amy 0.032 0.035 0.037 0.040 0.041 0.042 0.041 0.040 

7. One long edge fixed (others hinged) 
Negative moment at fixed edge ~ 0.084 0.092 0.098 0.104 0.108 0.112 0.118 0.122 
Positive moment at mid-span ~ 0.037 0.041 0.045 0.049 0.051 0.054 0.059 0.062 

amy 0.031 0.030 0.029 0.029 0.028 0.028 0.028 0.029 
Torsion moment at comer (hinged edges) ~y 0.031 0.033 0.034 0.035 0.035 0.036 0.036. 0.036 

8. One short edge fixed (others hinged) 
Negative moment at fixed edge amy 0.084 0.092 0.099 0.104 0.109 0.113 0.118 0.122 
Positive moment at mid-span ~ 0.031 0.039 0.046 0.053 0.060 0.066 0.081 0.093 

amy 0.039 0.042 0.044 0.043 0.043 0.043 0.044 0.044 
Torsion moment at comer (hinged edges) ~y 0.026 0.035 0.039 0.042 0.044 0.046 0.050 0.053 

9. Four edges hinged 
Positive moment at mid-span ~ 0.044 0.052 0.060 0.066 0.073 0.079 0.091 0.102 

amy 0.044 0.045 0.045 0.045 0.044 0.044 0.044 0.045 
Torsion moment at comer ~y 0.037 0.040 0.043 0.046 0.048 0.049 0.052 0.053 

Rectangular panels simply supported on four sides with comers not held down 

10. Four edges simply-supported 
Positive moment at mid-span ~ 0.062 0.074 0.084 0.093 0.099 0.104 0.113 0.118 

amy 0.062 0.061 0.059 0.055 0.051 0.046 0.037 0.029·· 

Note: Maximum moments per unit width are given by the following relationships, where 1, is short span, Iy is long span and 
w is design load per unit area. 

Short span: mx = amx w 1/ Long span: my = amy w I,' Torsion: mxy = ~y w 1/ 

One-way slabs: concentrated loads 2.45 
~ Values 00 Coefficients for values of a/I, '$ Notation of ;., 
Ol ay/l, 0.1 0.2 0.4 ;; 0.6 0.8 1.0 

" 0.1 ~ '"5l 0.310 0.259 0.199 0.161 0.132 0.109 oj Total load F amy 0.246 ~ 0.219 0.176 0.146 0.121 0.100 
.;: 0.2 ~ 0.282 0.243 0.191 0.156 0.129 0.106 -;;; amy 0.196 0.180 0.152 0.128 ." 0.107 0.089 
" 1:: " i 'g 0.4 ~ 0.240 0.216 0.176 0.146 0.122 0.100 0 0 
P< " g: amy 0.138 0.131 " a., 0.115 0.100 0.085 §< ~ 0.070 
00 '" T '" 
j ~ 

0.6 ~ 0.211 0.192 0.161 0.136 0.114 0.094 amy 0.105 0.100 0.090 0.079 0.067 0.056 
'$ 

0.8 ~ 0.188 0.173 0.148 4-< 0.126 0.106 0.088 0 I, amy 0.082 0.079 " I- -I 
0.071 0.063 0.053 0.045 

E 
" 1.0 ~ 0.169 0.157 0.136 0.116 0.098 0.082 " 1;j amy 0.066 0.063 0.057 0.051 0.044 0.037 
." 

Note. Maximum moments per unit width are given by: oj 
0 
...l 

In direction of Ix : mx = tXmxF At right angles to I, : my ~ amyF 

- Total load F 
Note. Maximum moments per unit width are given by: 

S' n - Effective width be In direction of I, 
0 // ---- ..... mx~ FXll-~)(l-~) .;; , , 
" _ f Unsupported edge b, I, 21x S / . 

0 yI k': ; \ ~ 

~ At right angles to I, ~ 

00 --------
r/) ~- --------c a., 
P1 

:~+ T When b, = 2.4 x (I-xii,) + ily ~ 

l.2x(l-xll,) ;/ ~ 
- Fb, [ ay J 00 

." ,"--. my- 4(2x+aJ 1-~ 
" 1:: 
0 
P< Ix When b, = 1.2 x (I-xii,) +ay/2 + y g I, , I 
;., 

Fb [[ J'a] "" m ~ , 4 1--"'- - y 
§ Effective width of strip: y 4(2x+ay ) be h; 

r/) 

b, ~ 1.2x(l- xlix) + 0,12 + Y 
- Fb, ( 2y J . 

" 2.4x(l- xii,) + ily mY" - \2x + a y) 1-~ (torSIOn at unsupported edge) 

Restraint condition and moment 
Multipliers for values of a/I, 

0 0.2 0.4 0.6 0.8 1.0 

" 
Fixed at both ends negative moment 0.50 0.55 0.59 0.63 0.66 0.67 

.~ positive moment 0.50 0.45 0.41 0.37 0.34 0.33 
00 

Fixed at one end ~ negative moment 0.75 0.82 0.89 0.94 0.98 1.00 ." 

" positive moment 0.63 0.60 0.59 0.58 0.57 0.56 " '" Multi-span (interior span) <8 negative moment 0.32 0.35 0.37 0.40 0.41 0.42 " " positive moment 0.68 0.65 0.63 0.60 0.59 0.58 ;; 

" Multi-span (end span) negative moment 0.40 0.44 0.48 0 0.51 0.53 0.54 
~ positive moment 0.80 0.78 0.77 0.76 0.75 0.75 

Note. Bending moments are obtained by multiplying the moment for the simply supported case by the appropriate 
factor. For the gene~al cas~ .ofa contmuous slab, the negative moments for the fixed-end cases should be distributed 
as necessary to obtam eqUlhbnum. 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 . 
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Two-way slabs: non-rectangular panels (elastic analysis) 2.48 

II 

Calculate bending moments 
as for rectangular panel 
with k ~ 1,IIr 

~1·-_Iy2 __ -I·1 ~1·~--1'2-----1 

If I" is small compared with I" } apply rules for triangular panel 
or 1~1 is small compared with 1%1 

2bh 
d ~ diameter of inscribed circle ~ b +.j(b' +4h') 

Freely SIIppO<Ied along all edges (comers restrained~ 

Bending moment (in two directions at centre of circle) = + wdl/t 6 

h 
CoatiDOOUS along all sides: 

Bending moment (in two directions at centre of circle) ~ + wd'/30 

[. b .[ Bending moment (at sides) = -wh'/30 

Five or more sides 

10 is intensity of uniformly distributed load (or intensity of pressure at 
centre of circle if pressure varies uniformly). 

These expressions are .... alid for values of v:} 0.2. 

I® 
h diameter of inscribed circle = distance across flats 
IJI) diameter of circumscribed circle = distance across comers 
h, (h + ho)j2 ~ 1.077h for hexagon 

U14lh for octagon 
cruculate bending moments as for circle of diameter hl 

Concentric 
concentrated load 
F uniformly 
distributed over 
small area of 
diameter d 

Uniformly 
distributed load w 
over entire pane) 

Notes 

Reinforcement to resist 
positive bending moments 
to be provided in two 
directions mutually a1 
right angles. 

Freely supported edge 

Beneath loaded area 

M,=M,:I- :"[1 + (I + V)ln~] 

Beoeath unloaded area 

M,~ -~(I +v)ln~ 
4" 

F 
M,~-[(I- v) -(I + v)ln{j 

4" 

wh' 
M'~64(3 +v)(l- ~') 

wh' 
M'~64[(3+v)-(l +3vW] 

Mr moment in radial direction 
M, moment in taneential direction 

Poisson's ratio -• 
distance of point considered from slab centre 

radius of slab 

aamped edge 

Beneath loaded area 

F Ii 
M,= M, :1--(1 + v)lo-

4" d 

Beneath uu10aded area 

M ~~[(~)'(l-V)-(I+V)ln~-IJ 
' 4" 2~h 

M,~ ~[ (~S v(l-v)-(1 +V)ln~-v] 

wh' 
M'=64[(1 +v)-(3+V)~'] 

wh' 
M'=/i4[(1 +.)-(1 +3vW) 

For slab continuous at edge, average moments obtained 
by considering freely supported slab and slab witb 
clamped edge. 
If d < half the thickness of slab t. substitute 
.r~J(I.6d'+r')-O.675t for d in above fonnulae. 

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 ax ~ ay' 

£l:'x4 = £l:'y4 and the resulting bending moment in each direction is 
given by F (I + v)ax4. In other cases, coefficient a x4 is based on 
the direction chosen for ax and coefficient iYY4 is obtained by 
reversing ax and a y, 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: 

ax > ay at the centre of length ax. 
at the centre of length ay, 

ay > ax at the centre of length a" 
at the centre of length ay, 

V ~ FI(2ax + a y) 

V~Fl3a, 

V~F13ay 

V ~ FI(2ay + ax) 

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/Ix = O.S and 
a/ly = 0.2. From Table 2.47 for k ~ I, the bending moment 
coefficients are: 

For a/Ix ~ O.S and aylly ~ 0.2; a x4 ~ 0.072 
For a/Ix ~ 0.2 and aylly ~ O.S; a y4 ~ 0.103 

Maximum bending moments per unit width with v = 0.2, are: 

For span in direction of <lx, F(O.On + 0.2 X 0.103) = 0.093F 
For span in direction of ay, F(0.103 + 0.2 X o.on) ~ O.llSF 

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. Detennine, 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 lao kN, to which a partial load factor of 1.2 is applied. For 
a 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 Table2.45, are: 

For axil, ~ a,11, ~ 60012000 ~ 0.3; a mx ~ 0.206, amy ~ 0.145 

AllOWing for continuity (interior span) in the direction of Ix and 
applying a partial load factor of 1.2, the positive bending 
moments per unit width are: 

In direction of I x 

mx ~ 0.64 X 0.206 X 1.2 X 100 = 15.S kNmlm 

right angles to I, 

my ~ 0.145 X 1.2 X 100 = 17.4 kNmlm 
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For design purposes, the bending moments determined earlier 
will need to be combined with the moments due to the w~ight 
of the slab and surfacing, and any transverse effects of the 
global deck analysis. 

Note. Using the method given in BS SIlO, with x ~ 0.51" the 
effective width of the strip is: 

b, ~ 0.61x + a y = 0.6 X 2.0 + 0.6 = I.Sm 

Allowing for continuity (interior span) in the direction of Ix and 
applying a partial load factor of 1.2, the positive bending 
moments per unit width are: 

In direction of I, 

m ~ 0.64 X 1.2 X 100 X 1.0 (I-~) ~ IS IkNmI 
, 2 X I.S 2 X 2.0 . m 

At right angles to Ix 

~ 1.2 X 100 X I.S (I _ 0.6) ~ 13 9kNmI 
my 42 X 1.0 + 0.6 1.8 . 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 2S. 
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 comers 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 longer to 
shorter side length (or longer to shorter 'reduced side length': see 
section 13.4.6) exceeds '-12; 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 

(i)(a) (i)(b) 

(ii)(a) (ii)(b) 

Typical yield-line.patterns 

~I .--'---ly=6m-----·1 

I 
3M 

B 
2 

~12Lo' s M .. 
" 2 0 
-" 

1 A 
D 

Load/unit area = n 

" 
ai, 

(vii) Slab considered in numerical examples 

0.0417 0.05 0.06 

I' , I , , I , 
I , 

1.0 1.2 1.4 1.6 

Notation commonly adopted 

---- positive yield line 
... __ ............. _- negative yield line 

:;:
;;;;:;;;;:;;;;: unsupported slab edge 

/7/77/.7/77. freely supported slab edge 
XXX>WV<><I'X fixed or continuous slab edge 

, , 
1.8 

0.07 
, I 

I 
, I 

2.0 

M 

IJM 
values and direction of positive resistance moments 

provided in slab (which act at right angles to 
direction in which line is drawn). Thus as shown 
here, resistance (in plane of page) is M vertically 
and pM horizontally 

r- ai, -I r- ai, ., r- aI!' ~ ---I 
~~~~~~ 

IJM T 
Ix 

~~~1~~~~~ 
1----/,-------1.1 ~I .----I!'M --------I 
Distributed load = n Transformed distributed load:::. n 
Concentrated load:::. F Transformed concentrated load:::. F/..J p. 

(iv)(a) Orthotropically reinforced slab (iv)(b) Affine isotropiic slab 

Distributed load::::: n 
Concentrated load::::: F 

(v)(a) Skew slab 

(vi)(a) Continous slab 

0.08 
I 

3.0 

iM 

M 

~ 

0.09 

I ' " 
4 

iJM 

iI' i2> i3 etc. 

n 

F 

Transformed distributed load = n 
Transformed concentrated load = Flsin ljJ 

(v)(b) Affine rectangular slab 

1-1.--1,,---\.1 
(vi)(b) Affine freely supported slab 

Values of Mllx/ 

0.10 0.11 0.12 0.125 
, I , I , , 

I I , , , , 
1 I 

, I 
, 

5 6 7 8 910 15 20 50 ro 

Values of ly,llxr 

values and direction of negative resistance 

moments 

principal positive resistance moment 

ratio of secondary to principal resistance moment 

ratios of negative resistance moments at 

supports to positive resistance moment 

lesser and greater side lengths of slab 

reduced side lengths 

angle of skew of slab 

distributed ultimate load 

concentrated ultimate load 

Yield-line analysis 

13.4.2 Rules for postulatiug yield-line patterns 

Viable yield-line patterns must comply with the following rules: 

L 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 various areas of the slab to obtain a 
virtual displacement, to the work done by the internal forces in 
fonning 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 
dllnensions and loading can be derived. 

The so-called equilibrium 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 Virtual-work method 

As explained earlier, this method consists of equating the 
virtual 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 00' will be midway 
between AB and CD. Similarly, a = f3 and thus only one 
dimension is unknown. Consider first the external work done. 
, The work done by an external load on an individual slab 
,;,Iement is equal to the area of the element times the displace­
TI:lent of its centroid times the unit load. Thus for the triangular 
e,lement ADO with displacement 0 at 0, 

work done = (l12)(I,)(al,)(013)n = a 1,I,on16 

"'lIllJlarly, for the trapezoidal area ABOO' with displacement 0 
and 0', 

Work done = [(I,I2)(ly)(012) - 2(112)(I,I2)(al,)(2013)] 

= (3 - 4a)l,lyonI12 
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Thus, since the work done on BCO' is the same as that done 
on ADO, and the work done on CDOO' is the same as that on 
ABOO', for the entire slab 

Total external work done = 2[al,l,onI6 + (3 - 4a)I,I,onI12] 

= (3 - 2a)I,I,onI6 

The internal work done in forming a yield line is equal to the 
moment along the yield 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 AO, instead of 
considering the actual length AO and the rotation at right angles 
to AO, consider length 1,/2 and the rotation about AB plus 
length a Iy and the rotation about AD. 

Thus, considering the component about AB of the yield line 
along AOO' B, the length of the line is I" the moment is M and 
the rotation is ol( 1,12). Hence, 

work done = 2M(I,Ilx)0 

Similarly, for the yield line along DOO' C, the work done is 
again 2M(I,Ilx)0. (Length 00' 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(I,Ialy)B 

Since the work done on yield line BOC is similar, for the 
entire slab 

Total internal work done = 2M(21yll, + l,Ial,)B 

Equating the external work done to the internal work done, 

or 

(3 - 2a)I,I,onI6 = 2M(21,t1, + l,Ial,)B 

M - n I' [ 3a - 2a
2 J 

- 12 ' 2a + (I, II,)' 

To determine the critical value of aI" 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 

: = (v: -u:)!v' = 0 

simply as a means of maximising y = u/v, it is convenient to 
rearrange it in the form 

U duldx 
v dv/dx 

Thus, for the present example, 

3a - 2a' 

2a + (1/1,)2 

3-4a 
2 

This leads to a quadratic in a, the positive root of which is 
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When snbstituted in the original equation, this gives 

13.4.5 Concentrated and line loads 

Concentrated and line loads are simpler to deal with than 
uniform loads. When considering the external work done, the 
contribution of a concentrated load is equal to the load times 
the relative deflection of the point at which it is applied. In the 
case of a line load, the external work done over a given slab area 
is equal to the portion of the load carried on that area times the 
relative deflection at the centroid of the load. 

Yield lines tend to pass beneath heavy concentrated or line 
loads since this maximises the external work done by such 
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 textbooks 
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 
(Le. so-called orthotropic reinforcement), or if continuity or 
fixity exists along one or more edges, the formula needs 
modifying accordingly. 

To avoid the need for a vast number of design formulae to 
cover all conceivable conditions, it is possible to transform 
most slabs with fixed or continuous edges and orthotropic 
reinforcement into their simpler freely supported isotropic 
equivalents by using the following affinity theorems: skew slabs 
can be transformed similarly into rectangular forms. 

I. 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 ,j 1", and the corresponding total loads 
are equal to the original values divided by ,j 1". (The latter 
requirement means that the intensity of a UDL per unit area 
remains unchanged by the transformation, since both the area 
and the total load on that area are divided by ,j 1".) 

Similarly, a skew slab reinforced as shown in diagram 
(v)(a) can be transformed into the isotropic slab shown in 
diagram (v )(b) by dividing the original total load by simp. 
(As before, this requirement means that the intensity of a 
VOL per unit area remains unchanged by the transformation.) 

These rules can be combined when considering a skew 
slab with different reinforcement in each direction; for 
details, see ref. 28, article 6. 

2. By using the reduced side lengths I" and I,,, an orthotropic 
slab that is continuous over one or more supports, such as 

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 i2M 
and iJd in span direction I" and for positive moment I"M and 
negative moments l"itM and l"i.,M in span direction I" it can be 
shown that 

where 

This is identical to the expression derived above for the freely 
supported isotropic slab but with I" and I" substituted for 1, 
and I,. Values of Mlnl/ corresponding to ratios of I,ll, can be 
read directly from the scale on Table 2.49. 

The validity of the analysis is based on the assumption that 
I > I If this is not the case, the yield line pattern will be as yr xr' 

shown in diagram (i)(b) on Table 2.49, and I" and lye 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 n per unit area, assuming that the 
relative moments of resistance are as shown. 

Since Ix = 4 m, i, = 3/2 and i4 = 0, 

1 = 2 X 4 = 3.10 m 
IT VI + 3;2 + 1 

Since I, = 6 m, I" = 1/2, it = I and l"i3 = 0, 

Thus 

I = 2 X 6 7.03m 
Y' (Vl+! + 1)YV2 

M = ;4/';,( 

= l!- X 3 !O2( 24 . 3 + (3.10)' _ 3.10)' = 0.726 n 
7.03 7.03 

13.4.7 Superposition theorem 

A problem that may arise when designing a slab to resist a 
combination of uniform, concentrated and line loads, some of 
which may not always occur, is that the critical pattern of yield 
lines may well vary for different combinations of loads. Also, it 
is theoretically incorrect to sum the ultimate moments obtaineg 
when considering the various loads individually, since these 
moments may result from different yield line patterns. However, 
Johansen has established the following superposition theorem: 

The sum of the ultimate moments for a series of loads is equai 
to or greater than those due to the sum of the loads. 

Yield-line analysis 

In other words, if the ultimate 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 virtnal-work analysis 

An important advantage of collapse methods of design is that 
they can be readily applied to solve problems such as slabs that 
are irregularly shaped or loaded, or that contain large openings. 
The analysis of such slabs using elastic methods is by comparison 
extremely arduous. 

To solve such 'one-off' problems, it is clearly unrealistic to 
develop standard algebraic design formulae. The following 
empirical trial-and-adjustment technique, which involves a 
direct application of the virtual-work principles, is easy to 
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 I, on which the description of the 
method 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 
along the supports) are positive and if none of them meets an 
unsupported 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. 

Example. Consider the slab shown in diagram (vii) on 
Table 2.49, which is continuous over two adjacent edges, freely 
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 

Area External work done 

A 1/2X4X2X 113 Xn 
B [3 X 2.5 X 112 + 1/2 X 3 X 2.5 X 1/3] X n 
C 1I2X4X I X 1/3 Xn 
D [3 X 1.5 X 112 + 112 X 3 X 1.5 X 1/3] X n 
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intersection points. For the case considered, if 0 is given a 
displacement of unity, the displacement at 0' 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 aI, is taken as 2 m, (31, as 1m and ~/, 
as 2.5 m. 

4. Calculate the actual work done by the load n per unit area 
and the internal work done by the moments of resistance M, 
for each separate part of the slab, and thus obtain ratios of 
Min for each part. 

For example, on area A, the total load is 1/2 X 4 X 2 X n = 4n. 
Since the centre of gravity moves through a distance of 1/3, the 
work done by the load on area A is 4n X 1/3 = 4n13. Now, since 
o is displaced by unity, the rotation of area A about the support 
is l/al, = 1/2. The moments of M/2, acting across both the pos­
itive and negative yield lines, each exert a total moment of 
MI2 X 4 = 2M. Thus, the total internal work done in rotating 
area A is (2M + 2M) X 112 = 2M. Equating the internal and 
external work done on area A gives 2M = 4n13, that is, 
Min = 213. Similarly, for area C, Min = 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 centres 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: 

Rectangular area 
Triangular areas 
Total 

3 X 2.5 X 1/2 Xn= 3.75n 
1/2 X (2 + 1) X 2.5 X 113 X n = 1.25n 

= 5.00n 

Since the rotation is 1/2.5, the work done by the moments is 
(1.5M + M) X 6 X 112.5 = 6M. Thus the virtual-work ratio is 
Min = 5/6 = 0.833. Likewise, for area 0, Min = 3/4. 

5. Sum the separate values of internal and external work 
done, for the various slab areas, and thus obtain a ratio of 
!MI!n 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: 

Internal work done Min 

~ 1.333n [M12 + M12] X 4 X 112 ~2.000M 0.667 
~5.000n [3M12 + M] X 6 X 112.5 ~ 6.000M 0.833 
~0.667n [0 + MI2] X 4 X III ~2.000M 0.333 
~3.000n [O+M] X6 X 111.5 ~4.000M 0.750 

Total ~ 1O.000n Total ~ 14.000M 0.714 

A 112 X 4X 2.071 X 1/3 X n ~ 1.381n [M12 + MI2] X 4 X 112.071 ~ 1.931M 0.714 
B [2.467 X 2.424 X 112 + 112 X 3.533 X 2.424 X 113] X n ~ 4.418n [3MI2 + M] X 6 X 112.424 ~ 6.188M 0.714 
C 112 X4 X 1.462 X 113 Xn ~ 0.975n [0 + MI2] X 4 X 111.462 ~ 1.368M 0.714 
D [2.467 X 1.576 X 112 + 112 X 3.533 X 1.576 X 1/3] X n ~ 2.872n [0 + M] X 6 X 1/1.576 ~3.807M 0.754 

Total ~ 9.646n Total ~ 13.294M 0.726 

.-
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6. By comparing the overall ratio obtained for :L,MI:L,n 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 calculations for initial values of MIn, 
and also 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, MIn needs to be increased 
for areas A and C, and reduced for areas Band D. For area A, 
since MIn is proportional to (aly)', aly needs to be increased to 
--1(0.714/0.667) X 2= 2.071. Similarly, for area C, f3ly needs 
to be increased to --1(0.714/0.333) X I = 1.462. If, for area B, 
the external work done is recalculated using the corrected 
values of aly and f3ly, this gives 

[2.467 X 2.5 X 1/2 + 1/2 X 3.533 X 2.5 X 1/3] X n = 4.556n 

The internal work done by the moments is unchanged, and so 
the revised value of MIn is 4.556/6 = 0.759. Thus since, for 
area B, MIn is proportional to WJ2, [Ix needs to be reduced 
to --1(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 
vatiable dimensions, and the revised value of MIn 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 MIn. This ratio gives the 
value of M, for which the required reinforcement must be 
determined, for a given load n. In the example, the ratios 
given by the second cycle are quite satisfactory. Note that, 
although 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 
fann 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 
is induced, causing the corners to lift as shown in diagram 
(I)(b). If these mechanisms are substituted for the original yield 
lines running into the comer 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 comer 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 resttict 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 strength is more 
severe. For a ttiangular slab ABC where no corner angle is less 
than 30°, Johansen (ref. 25) suggests that the calculated strength 
without corner-lever action should be divided by a factor k, 
given by the approximation 

k= (7.4 - 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: 

_ [ I kl -
Kl sin'(6/2) 

IJV60 + i) sec(6/2) 

k 
k, = 1. where 

cos (6/2) - cot", sm (6/2) 

K J = V4 + 3cot2 (6/2)-1 and cot", = (Kl -1)tan(6/2) 

With freely supported edges: 

kJ = [VY, - 2V(l+i)]v'2!3 sec(6/2) 

k j 

k2 = cos (6/2) - cot", sin (6/2) where 

K2 = (4 + i) + 3 cot2 (6/2) and 

cot", = [V=K
cc
2(1,----+7i) - (2 + i)] tan (6/2) 

Example. Calculate the required resistance of the 5 rn square 
slab with fixed edges (i = 1) shown on Table 2.50. 

For the transformed freely supported slab, the reduced side 
length I, = 1I--10 + I) = 5/--12 = 3.54 m. Then, for a square slab, 
if the formation of corner levers is ignored, the required resistance 
momentM = (1/24)nl? = 0.041 X 3.542n = 0.52In. 

Now, from the appropriate graph on Table 2.50, with i = 1 
and 8 = 90°, read off kJ = 1.1 and k2 = 4.2. Thus, dimensions 
aJ = 1.1--10.521 = 0.794 m and a, = 4.2--10.521 = 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, th" 
revised virtual-work equation is 

4X2M[3·412U5) + 0.794V2(~:!mJ 
= [(1/3) X 52 - 4 X (1/2) X 0.7942 X (1/3) X 0.858] n 

This reduces to 14.036M = 7.973n so that M = 0.568n. 
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3. Using these dimensions, plot the corner levers on a diagram of 
the yield lines. H 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 ultimate resistance moment for the slab 
using the new node points established in this way, by means of 
virtua1 work. 

This procedure is illustrated 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 corner 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 Iy, and the load 
acting on the remaining area is resisted by bending in direc­
tion I,. 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 arrangement 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 (i)-(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 0 
could be taken as 45° where both adjacent edges are freely 
supported. However, in ref. 29 he recommends that 0 should be 
made equal to tan-1(lyil,), 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 reinforcement to resist this moment. To avoid 
having to integrate across the strip to obtain the total moment, 
Hillerborg recommends calculating the moment along the 
centreline of the strip and then multiplying this value by 
the correction factor 

where lmax and [min are the maximum and minimum 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 
to 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 anyone separate area has been carried in 
one direction only. In diagram (iii), however, the loads on the 
corner 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 1/1, 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 to the minimum 
requirement for secondary reinforcement. Details of this and 
similar stratagems are given in ref. 29. 

Diagram (iv) illustrates yet another arrangement 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 two-thirds of the values given by the arrangement 
used in diagram (iii). 

13.5.2 Loads on snpporting 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 I, support 
triangular areas of slab giving maximum loads of nl,212ly 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 Iy, 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 restraint 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: 

Short-span beam: nl,/3 

Long-span beam: (1 - 1/3.0') nl,12 

where n is the total UDL per unit area on the slab, appropriate 
to the limit-state being considered, and k = Iyll,. 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 Table 2.43. The loads are to be taken 
as uniformly distributed along the middle three-qnarters 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. 
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(common values) 2.52 

Panels supported along four edges Panels unsupported along one edge 

rn rn 
k>l: Rl=R3=*wl~ 

Unsupported Unsupported 
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rn rn R, = R. = !(k - t)wl~ R2 = R4= !(k-~)wL~ 
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13.7 TRIANGULARLY DISTRIBUTED LOADS 

In the design of rectangulal 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 Table 2.53 enable the maximum 
values of bending moments and shealing forces on vertical and 
horizontal strips of unit width to be determined for panels of 
different aspect ratios and edge conditions. The latter ale taken 
as fixed at the sides, hinged or fixed at the bottom and hinged 
or free at the top. The coefficients, which ale 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 sheal 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. 

Type of 
panel 

1 
2 
3 
4 

Type of 
panel 

1 
2 
3 
4 

Distance from bottom of panel to position of 

maximum horiwntal moments (negative/positive) 

Heightllz for values of Ix lIz 

0.5 1.0 1.5 2.0 

0.3 0.5 0.5 0.5 
0.3 0.5 0.7/1.0 0.9/1.0 
0.3 0.4 0.4 0.4 
0.4 0.4 0.5/0.6 0.9/1.0 

Distance from bottom of panel to position of 
maximum vertical positive moment 

Heightllz for values of IJlz 

0.5 1.0 1.5 2.0 

0.3 0.5 0.5 0.5 
0.3 0.4 0.5 0.6 
0.2 0.3 0.3 0.4 
0.2 0.3 0.3 0.4 

4.0 

0.5 
1.0 
0.4 

0.9/1.0 

4.0 

0.5 
0.7 
0.4 
0.4 

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 rectangulal tank, 
a further distribution of the unequal negative moments at the 
:comers is needed (see Tables 2.75 and 2.76). 

Determine, due to internal hydrostatic loading, the 
:Illlax:im'"m service moments in the walls of a squale tank that 

be considered as free along the top edge and hinged along 
bottom edge. The tank is 5 m squale X 4 m deep, and the 

level is to be taken to the top of the walls. 
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From Table 2.53, for panel type 4 with I, /1, = 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 kNmlm 

Horizontal positive moment (at about 0.51, = 2 m above base) 

m, = 0.022 X 9.81 X 4' = \3.8 kNmlm 

Vertical positive moment (at about 0.31, = 1.2 m above base) 

m, = 0.021 X 9.81 X 43 = 13.2 kNmlm 

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., i l (= i3), and i4, where ).t = lXmh,pos!amz,pos, 

i l = i3 = iXmh,neiiXmh,pos and i4 = lXrnz,neg/arnz,pos' 

3. Calculate 1M and ~" if the top edge is unsupported, from 

I, 21y 
I,,=_~ and Iy,=[_~ _~]_r 

V I + i, V I + i, + V I + i3 V!L 

and, if the top edge is freely supported, from 

I = 21, 
H _~ 

1+ vl+i4 

21y 
and ~,= ,..--:c=~--'-==-= 

[v'l+i; + Vf+i,]v'P-
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 1 (or n = fl2), I, 
(or 1M ), Iy, and i4. 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 I: 

M= It; 
12k 

where k is obtained by solving the quadratic equation 

4[ I + i4 + (::YJk' - 4[i.(1 + i4) + (6 + 4i4)(:;)'} 

+ ii[1 + i4 + 4(::.)'J = 0 
For failure mode 2: 

112 
M = 9~ (6 - 8~ + 3e) 

where ~ is obtained by solving the following cubic equation: 



Two-way slabs: triangularly distributed load 
(elastic analysis) 2.53 

Rectangular panels with provision for torsion at comers 

Type of panel with moments and shears 
considered 

1. Top hinged, bottom fixed 

Negative moment at side edge 

Positive moment for span l,., 

Negative moment at bottom edge 

Positive moment for span lz 

Shear force at side edge 
Shear force at bottom edge 
Shear force at top edge 

2. Top free, bottom fixed 

Negative moment at side edge 

Positive moment for span Ix 

Negative moment at bottom edge 

Positive moment for span lz 

Shear force at side edge 
Shear force at bottom edge 

3. Top hinged, bottom hinged 

Negative moment at side edge 

Positive moment for span Ix 

Positive moment for span lz 

Shear force at side edge 
Shear force at bottom edge 
Shear force at top edge 

4. Top free, bottom hinged 

Negative moment at side edge 

Positive moment for span Ix 
Positive moment for span I, 

Shear force at side edge 
Shear force at bottom edge 

Hinged 

Food 

Panel I 

F 

x 
e 
d 

" 

I, 

0.5 

ll\nx 0.012 
llIn, 0.002 
ll\n, 0.006 

llIn, 0.011 
ll\nx 0.002 
llIn, 0.003 

a.x 0.17 
a.x 0.20 
a.x 0.03 

ll\n, 0.012 
llIn, 0.002 
ll\nx 0.006 

llIn, 0.011 
ll\n, 0.002 
llIn, 0.003 

a.x 0.17 
a.x 0.19 

llIn, 0.014 
llIn, 0.003 
ll\nx 0.007 

llIn, 0.004 

a.x 0.20 
a" 0.11 
a" 0.01 

ll\n, 0.0l4 
llIn, 0.003 
ll\n, 0.007 

llIn, 0.004 

a.x 0.20 
a.x 0.11 

0.75 

0.022 
0.004 
0.010 

0.023 
0.005 
0.007 

0.22 
0.26 
0.05 

0.022 
0.004 
0.010 

0.023 
0.005 
0.007 

0.22 
0.26 

0.026 
0.005 
0.012 

0.009 

0.26 
0.16 
0.03 

0.026 
0.005 
0.012 

0.009 

0.26 
0.15 

%.r------, 
Free 

F 

x 
e 
d 

Panel 2 

F 

x 
e 
d 

Coefficients for values of I, II, 

1.0 

0.029 
0.006 
0.012 

0.035 
0.007 
0.011 

0.24 
0.32 
0.07 

0.030 
0.006 
0.013 

0.035 
0.007 
0.010 

0.24 
0.32 

0.038 
0.008 
0.017 

0.015 

0.32 
0.20 
0.05 

0.038 
0.008 
0.017 

0.014 

0.31 
0.19 

F 

x 
e 
d 

1.25 

0.033 
0.007 
0.013 

0.045 
0.009 
0.016 

0.25 
0.36 
0.09 

0.037 
0.007 
0.016 

0.048 
0.010 
0.013 

0.25 
0.36 

0.047 
0.009 
0.0l9 

0.023 

0.35 
0.23 
0.07 

0.050 
0.010 
0.022 

0.021 

0.35 
0.23 

Panel 3 

1.5 

0.036 
0.007 
0.012 

0.053 
0.011 
0.021 

0.26 
0.38 
0.11 

0.044 
0.009 
0.021 

0.061 
0.012 
0.015 

0.26 
0.40 

0.054 
0.011 
0.021 

0.031 

0.38 
0.26 
0.10 

0.063 
0.013 
0.028 

0.027 

0.37 
0.26 

F 

x 
e 
d 

2.0 

0.037 
0.007 
0.010 

0.062 
0.012 
0.026 

0.26 
0.40 
0.11 

0.066 
0.013 
0.028 

0.086 
0.017 
0.016 

0.27 
0.45 

0.061 
0.012 
0.020 

0.045 

0040 
0.30 
0.13 

0.098 
0.020 
0.046 

0.037 

0.41 
0.31 

2.5 

0.037 
0.007 
0.009 

0.065 
0.013 
0.028 

0.26 
0.40 
0.11 

0.082 
0.016 
0.028 

0.109 
0.022 
0.0l4 

0.33 
0.48 

0.063 
0.013 
0.018 

0.054 

0.41 
0.32 
0.15 

0.150 
0.030 
0.062 

0.045 

0.58 
0.33 

3.0 

0.037 
0.007 
0.009 

0.066 
0.013 
0.029 

0.26 
0.40 
0.11 

0.091 
0.017 
0.024 

0.127 
0.025 
0.011 

0.37 
0.50 

0.064 
0.013 
0.0l7 

0.059 

0.41 
0.33 
0.16 

0.205 
0.041 
0.074 

0.051 

0.76 
0.36 

/-r-----, 
Free 

F F 

4.0 

0.037 
0.007 
0.009 

0.067 
0.013 
0.029 

0.26 
0.40 
0.10 

0.099 
0.020 
0.017 

0.149 
0.030 
0.007 

0.38 
0.50 

0.064 
0.013 
0.017 

0.063 

0.41 
0.33 
0.17 

0.317 
0.063 
0.089 

0.058 

1.14 
0.39 

Note: Maximum values of moment per unit width and shear force per unit width are given by the following relationships, 
where I, is panel length, I, is panel height and yis unit weight ofliquid. For details of the positions at which the maximum 
values occur, see section 13.7.1. 

Horizontal span: Ill, = Ci\n.,yl,J, V, = a.xyl,' Vertical span: m, = llIn,yl,J, V, = a.xyl,2 

Two-way slabs: triangularly distributed load 
(collapse method) 
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ISO 

The results of these calculations can be plotted graphically, as 
shown in Table 2.54, from which coefficients of M1f12, can be 
read, corresponding to given values of 1.;/1, and i4• The chain 
line on the chart indicates the values at which the failure 
mode changes. 

Top edge of slab supported. In ref. 25 Johansen shows 
that the total moments, resulting from yield-line analysis 
for triangularly loaded slabs, correspond to those obtained 
when the sarue slab is loaded with a uniform load of one-half 
the maximum triangular load (i.e. n = j/2). Hence, the design 
expressions in section 13.4.6 and the scale ou 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 I" and 
I" should be calculated and substituted in the formula, instead 
of the actual side lengths Ix and I,. 

Example. Determine moments by yield-line analysis for the 
walls of the square tank considered in the previous example in 
section 13.7.1. 

Taking the service moment coefficients obtained previously, 
the following values are the most suitable for: 

J.L = 0.022/0.021 = 1.0, and i1 (= i3) = 0.05010.022 = 2.3 

Hence, 

I" = 2 X 5 vT.O = 2.75 and 1,!Ix = 2.75/4.0 = 0.70 
2,11 + 2.3 1.0 

Then, from the chart on Table 2.54, with i4 = 0, 

Mlft; = 0.018 

Comparing this value with "'mx = 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 
with a partial load factor of 1.2, the yield-line moments are no 
greater than the elastic service moments in this case. 

Note. It can be seen from the chart on Table 2.54 that failure 
mode 2 applies, for which 

M = ~~ (6 - sg + 3g') = 0.018ft; 

Hence 

31;2 - 81; + 6 = 0.018 X 96 X (4.012.75)2 = 3.66, I; = 0.335 

and yield-lines intersect at height I; l, = 0.335 X 4.0 = 1.34 m 
above the base. 

13.8 FLAT SLABS (SIMPLIFIED METHOD) 

The following notes and the data in Tables 2.55 and 2.56 are 
based on the recommendations for the simplified method of flat 
slab design given in BS 8110. Alternatively, and in cases where 
the following conditions are not met, the structnre can be 
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. 

Slabs 

13.8.1 Limitatious of method 

The system must comprise at least three rows of rectangular 
panels in each direction. The spans should be approximately 
equal in the direction being considered, and the ratio of the 
longer to the shorter sides of the panels should not exceed 2. 
The conditions allowing the design to be based on the single 
load case of all spans loaded with the maximum design load, as 
explained in section 4.4.1 and Table 2.42, must be met. All 
lateral forces must be resisted by shear walls or bracing. 

13.8.2 Forms of coustruction 

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 
moments within the slab. In this case, the smaller dimension 
of the drop panel should be at least one-third of the smaller 
dimension of the surrounding slab panels. 

Columns can be of unifann cross section throughout or can 
be provided with an enlarged head, the effective dimensions of 
which are limited according to the depth of the head, as shown 
in Table 2.55. For a flared head, the actual dimension is taken 
to be the value at a depth 40 mm below the underside of the slab 
or drop. 

The effective diarueter of a column, or column head, is the 
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 diarueter h, to be taken greater than one-quarter of 
the shortest span framing into the column. In cases where the 
edges of the slab are supported by walls, h, can be taken as 
the thickness of the wall. 

13.8.3 Bending moments and shearing forces 

The total design bending moments and shearing forces given in 
Table 2.55 are the same as those given for one-way slabs in 
Table 2.42, where the support moments include for 20% redis­
tribution. The requirements are applied independently in each 
direction. Any negative moments greater than those at a dis­
tance hJ2 from the centreline of the column may be ignored, 
subject to the following condition being met. In each span, the 
sum of the maximum positive moment and the average of 
the negative moments for the whole panel width, where F is the; 
total design load on the panel and I is the panel length between 
column centrelines, must be not less than ',: 

(FII8) (1 ~ 2hJ3{)2 

This condition is met, in the case of designs that are based on 
the single load case of all spans loaded with the maximum 
design load, by taking the design negative moment as the value 
at a distance hJ3 from the centreline of the column. The 
moment at this position is obtained approximately by reducing 
the value at the column centreline by 0.15Fh,. . 

The total design moments on a panel should be apportione1 
between column and middle strips as shown in Table 2.55. Iji, 
the following table, the moment allocations given in BS 8110, 
and EC 2 are shown for comparison. 

.. 

Flat slabs: BS 8110 simplified method - 1 2.55 
Total design bending moments and shearing forces in direction of span 

Member Slab 

Type of connection at outer support Continuous 

Sill1ple Continuous First Middle Other 
Position Outer End Outer End interior interior interior 

support span support span support spans supports Outer Interior 

Moment 0 0.086FI - 0.04FI* 0.075Fl -0.086FI 0.063FI - 0.063FI 0.04FI* 0.02FI 

Shear O.4F - 0.46F - 0.6F - O.SF - -

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 Z is length between centre-lines of supports). Slab moments at supports may be reduced by 
O.ISFh" where h, 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 stiffuess. For punching shear considerations, see Table 2.56. 
* Moment at outer column is to be taken not greater than M'mM (see Table 2.56). The structural arrangement should be 
chosen to ensure that Mtmax is not less than O.02FI, in which case there is no need to increase the end span moment. 

Distribution of design moments in panels 

Design 
Apportionment between column Notes: For cases where the width of the column strip is taken as equal to 
and middle strips expressed as a that of the drop, and the middle strip is increased in width, the moments 
percentage oftotal negative or apportioned to the middle strip should be increased in proportion to the 

f--_--'p_O_Sl:...·tl:...·v..:e __ d:.:e:.:s;;ig'::n:...m:::.:o:.:m::.e:.:n:.:t __ --i increased width. The moments apportioned to the column strip may be 

moment 

Middle strip 
% 

correspondingly decreased such that the total moments are unchanged. 
The negative moment apportionment applies at interior columns only. At 

r-----+---
7
-
5
---+---------j outer columns, the entire negative moment is to be taken on the effective 

Negative 25 moment transfer strip, unless an edge beam or strip of slab along the free 

Column strip 
% 

Positive 55 45 edge is designed to carry some of the moment into the column 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. 

he = effective diameter of column or column head 
S one-quarter shortest span framing into column 

Critical perimeters :£ lh = effective ~ 
for punching shear dimension of 
column head perimeter column head 

perimeter A --I3d12 :5le + 2(dh - 40) 
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Flat slabs: BS 8110 simplified method - 2 2.56 
Effective breadth of moment transfer strip 

In general, moments can only be 
transferred between a slab and an edge 
or comer column by a narrow column 
strip. The breadth of the strip bOo for 
various typical cases, is shown in the 
figure opposite. The maximum design 
moment Mt max that can be transferred 
to a column by this strip is given by: 

Mtffi.,. = O.15bJ'/o, 

where d is the effective depth of the top 
reinforcement in the column strip,/cu is 
the concrete grade. Moments in excess 
of Mt """, 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. 

, , 
fe= c~ 
,---' , , 

, 
: be=cx+Y: , ' , 

~ column strip 

Effective design forces for punching shear around columns 

Type of column Corner 

Axis of bending 
Both 
axes 

V. 0.46F, 

V,w'v. 1.25 

The effective design forces for the 
calculation of punching shear around 
the columns, allowing for the effects of 
moment transfer, are given by Veff as 
shown in the figure opposite. Values of 
Vt 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 to centre-line of first 
bay (including load due to weight of 
perimeter walls and cladding). 

Edge First internal 

Parallel to Perpendicular to 
free edge free edge 

1.0F, O.46F 

1.4 1.25 

Corner ~~-'---------........ 
colurrm 

I --~'ff= 1.25:;-­

I 
I 
I 
I 
I 
I 
I 

Both 
axes 

l.lF 

1.15 

Other internal 

Both 
axes 

1.0F 

1.15 

Edge 
column 

I _ 

~ "'-~"~----.+,,-- :'~ 
~ V,ff=1.25Vt ~ 

I 'V"y= J.l5Vt 
I 

Flat slabs (simplified method) 

Design moment Column strip Middle strip 

BS SilO Negative 75% 25% 
Positive 55% 45% 

Ee2 Negative 6()"'SO% 4()"'20% 

Positive 5()"'70% 5()"'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 Mt m" = 0.15bed'fo, in BS 8110, and 
Mtm" = O.17b,d'fok in Ee 2. 

At internal columns, two-thlrds 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 cen­
tral with the column. Otherwise, the reinforcement needed to 
resist the moment apportioned to a particular strip should be 
distributed uniformly across the width of the strip. 
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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 hel2 from the centreline of the column. 
This approach will still ensure that the minimum moment 
requirement mentioned in section 13.8.3 is met. 



When using the fonnulae 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 frarue as a single unit. 
BS 8110 makes a distinction between frarues 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 
continuous bearus as shown in Table 2.36, can be extended 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 MIEI 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 nonnal to the initial position of the member, is equal 
to the moment (taken about the first point) of the MIEI diagram 
between these two points. In the foregoing, M represents the 
bending moment, E the modulus of elasticity of the material, 
and I 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 fonnulae. 
The fonnulae, which have been derived from a combination 
of the basic principles, are given in a general form and in the 
special fonn for members on non-elastic supports. 

The stiffness of a member is proportional to EIIl but, as E is 
assumed to be constant, the tenn that varies in each member is 
the stiffness factor K = Ill. The terms F Jill and FBA relate to the 
load on the member. When there is no external load, FAB and 
FBA are zero; when the load is symmetrically disposed, 
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Framed structures 

F Jill = FBA = All. Values of F AB, FBA and All for different load 
cases are given in Table 2.28. 

The conventional signs for slope-deflection analyses are: an 
external restraint 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 CAD into which is framed a bearu AB. The beam is 
hinged at B and the column is fixed at C and D (see diagram 
in Table 2.60). The beam ouly is loaded. Assume there is no 
displacement of the joint A. 

From the general formulae given on Table 2.60: 

MAB = 3EKAB8 A - (FAB + FBA/2) 

Therefore 

MAB + MAC + MAD = 

E8A(3KAB + 4KAC + 4KAC) - (FAB + FBAi2) = 0 

Thus 

For symmetrical loading: 

FAB + FBA/2 = 1.5AAB /IAB 

6KAC (AABI lAB) 
MAC = =c--;",;,;;=--;""",-

3KAB + 4KAC + 4D AD 

Frame analysis: general data 2.57 

~ -g 
.Q 

" .~ 
~ 
0) 

~ 

Design loads for ultimate limit state 

Code BS 8110 Eurocode 2 

Load combination Dead Live Wind Dead Live Wind 

1. Dead and imposed l.Ogk OAgk + 1.6qk - (1.35 or 1.0)gk l.5qk -

2. Dead, imposed and wind' l.Ogk OAgk lAWJc (1.35 or l.O)gk 1.05=qk 1.5Wk 

3. Dead, imposed' and wind 1.2gk + 1.2qk - 1.2Wk (1.35 or 1.0)gk 1.5qk 0.9Wk 

Key: gk is characteristic dead load, qk is characteristic imposed load, Wk is characteristic wind load. ' Indicates leading 
variable load. = Value to be taken as 1.5 for storage areas. 

r- ----- ----

-
Complete fame 

Sub-frame 

Simplified sub-frames 

L 

-. ---> + + + + + + I 

end fixed 

Columns 

Note 
Remote end of column or beam to be taken 
fixed or pinned, whichever is more realistic 

Simplified models for effects of vertical load only 

Simplified model for effects oflateralload 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-distribntion method: no sway 2.58 
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. DBA=KABiKAB+ 
Ksc+KBV+KSL etc.). so that DSA+Dac+DBU+DBL =1. 

2. The total balancing moment - I.FEM introduced at each 
support to obtain joint equilibrium is then distributed between 

w w 

the members meeting at Ibat support by multiplying by these 
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 Ibeir far ends are best treated 
as 'equivalent Iixed-end members', as shown in Table 1.36. 

The procedure is illustrated in the following example (UC upper 
column.; LC lower column). 

w 

r 30kN/m Unifonn moment of Moment of inertia 

4m inertia for beams of columns = 1/10 

t-
that of beams 

!lI 
A B D E 

4m 6m 9m 12m 8m .\ 
L 

M ~ -UC LC UC LC UC LC UC LC 
Distribution factors 0.115 0.115 0.770 0.508 0.076 0.076 0.340 0.455 0.102 0.102 0.341 0.323 0.097 0.097 0.483 
Fixed-end moments 203 +203 
1st distribution ,...-----+103 +16 +16 +68><-92 -21 -21 -69 -------... 
1st carry-over +52 -46 +34 -35 
2nd distribution -6 -6 -40 +24 +3 +3 +16><-16 -3 -3 -12><+11 +3 +3 + 18 -------... ~ 
2nd carry-over +12><-20 -8 +8 +6 -6 +9 
3rd distribution -I -I -10><+14 +2 +2 +10>< -6 -I -[ -6 

>< 
+2 +1 +1 +2 

-------... +1 3rd carry-over +7 -5 -3 +5 +[ -3 
4th distribution -I -I -5 +4 +1 +1 +2 
Summations 8 8 +16 +120 +22 +22 164 

PRECISE MOMENT DJSTRIBUflON 

The procedure differs only slightly from that for continuous-beam 
systems described in Table 2.36. 

L Calculate fixed-end moments as before. 
2. Determine continuity factors for each span from general expres­

sion 

"'.+ 1 = 1/ {2+ I:[K;;+~ "'.)]} 
where tPrr.+ 1 and K,.+ 1 are continuity factor and stiffness of span 
being considered, and I.[K.(2 - "'.)] is sum of values of 
K./(Z - "'.) of all remaining members meeting at joint. If far end 
of column is fully fixed, K./(2 - "',J = 2K./3. since "'. = 1/2: if 
far end is pinned. K./(2 - "'.) = K,(2. As for continuous-beam 
system, work along system from left to right and tben repeat 
procedure working from right to left. 

3. Calculate distribuiWn factors (DFs) at joints from general 
expression (given here for member BC at joint B) 

__ 1 -_2.:..",""",,­
DFBC= 

1- tPBClPCB 
where tPsc and q,CB are continuity factors given by step 2 Unlike 

For details of structure and loading see diagram above 

UC LC UC LC 
Relative stiffnesses 1140 1/40 116 1/40 1/40 
Continuity 4>- 0.143 
factors ~4> 0.271 0.301 
Distribution factors 0.128 0.128 0.744 0.476 0.089 0.089 0.346 
Fixed-end moments -203 

-2 -I -I -2 +1 +2 
+134 26 26 82 30 +4 +4 +22 +10 

continuous beam, sum of distribution factors each side of 
support will not equal unity. due to action of columns. At 
support B say, sum of distribution factors for columns is 
1 - D F SA - D F Be' Then obtain distribution factor for each 
column by dividing total column distribution factor in proportion 
to stiffness of columns. 

4. Carry over moments at supports as follows. MUltiply distributed 
balancing moment at left-hand end of member by continuity 
factor obtained by working from righr to left and carry over 
Ibis value to right-hand end. At this point, balance carried-over 
moment by dividing an equal moment of opposite sign between 
remaining members meeting at that point in proportion to their 
values of KLfc.l(2 - ~lI.L)- Thus, in example, moment of - 30 kN m 
carried over from Cto Disobtained by multiplying - 81.1 kNm 
by 0.368. This moment is balanced at D by moments of 4 kN m 
(i.e. 30 x 0.0167(0.1167) in each column and 22kNm (i.e. 
30 x O.0833jO.l167) in beam DE. 

5. Undertake one complete carry-over operation working from, 
left to right and then from right to left from each joint at which 
ftxed-end moment occurs and sum results to obtain final 
moments on system_ 

UC upper column LC lower column 

UC LC UC LC 
119 1140 1140 1112 1/40 1/40 1/8 

0.344 0.353 0.287 

0.368 0.500 
0.443 0.110 0.110 0.337 0.302 0.100 0.100 0.498 
+203 

Distribution .----{+97 +18 +18 +70><-90 -22 -22 -69}--.... 
Carry-over -8 -8 + 16 +23 +4 +4 -31 +21 -4 -4 -13 -30 +4 +4 +22-+11 
Summations 8 8 +16 +120 +22 +22 164 +134 -26 26 82 -30 +4 +4 +22 +11 

Frame analysis: moment-distribution method: with sway 2.59 
NAYLOR'S METHOD FOR SINGLE-BAY FRAMES 

1. 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). 

2. Calculate distribution factors as for normal Hardy Cross 
moment distribution but assuming stiffness of each horizontal 
member is six times actual stiffness. 

3. Carry out conventional Hardy Cross moment distribution but 
carrying-over moments equal in value to distributed balancing 
moments but of opposite sign. Procedure is illustrated in 
example. 

4. If interpanel loading occurs, distribute moments in two stages. 
Firstly~ undertake normal Hardy Cross moment distribution 

A B 
Modified stiffness I 12 
Distribution factors 1114 617 
Fixed-end moments 80.0 80.0 
1st distribution ____ +8.6 + 102.8 
1st carry-over 8.6 
2nd distribution ____ +0.2 +2.7 
2nd carry-over 0.2 
3rd distribution +0.1 +0.5 
Summations 88.8 -71.1 + 106.0 

HARDY CROSS MOMENT DISTRIBUTION 

1. Assuming firstly that loads are applied only horizontally at floor 
levels, detennine number of degrees of sway freedom of structure 
(e.g. frame considered in example has two degrees of freedom. 
as shown in sketches). 

2. Assuming that degree of freedom (Le. sway of upper storey in 
example given) gives rise to fixed-end moments of unity at ends 
of upper 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. 

3. Repeat procedure to obtain separate distributions of fixed-end 
moments of unity, corresponding to sway due to each degree 
of freedom to be considered. 

4. Now values of moments obtained from steps 2 and 3 represent 
effects of applying arbitrary horizontal forces causing sway. To 
determine actual values of unknown forces F 1, F 2~"" F Pr required 
it is necessary to set up n simultaneous equations relating 
horizontal force acting above level considered to internal 
shearing force acting on columns at that level. The internal 
shearing forces are obtained by multiplying the arbitrary 

40 KN--,Cr--,K~~-=2'--. 
t 

K=lK=l 4rn 

40KN B K~2 --t 
K=lK=l 4m 

A .1 
~ ~ 

A B C 

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. 
Sum 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 
moments FEMLR and FEM'L at left-hand (L) and right-hand (R) 
ends of beam due to given loads. Then analyse structure for 
fIxed-end moments of (FEMLR + FEM.L )/2 at L aud R by normal 
Hardy Cross method and for fixed-end moments of (FEML.­

FEM.Ll at Land R respectively as described above. Lastly, sum 
results obtained by both distributions to obtain final moments. 

C 
I 12 

1/14 1/13 12/13 For details of structure 

40.0 40.0 and loadings see 

+8.6><;:+3.1 +36.9 diagram below 

3.1 -8.6 
+0.2><;:+0.7 +7.9 

0.7 -0.2 
+0.1 
-34.9 

+0.2 
-45.0 +45.0 

distributed moments by the unknown forces and dividing by 
storey height. Thus, in example given,. simultaneous equation 
corresponding to shearing forces in upper storey is 

(1(4) x 2[ -(0.708 + 0.683)Fl + (0.191 +0.076)F ,] = -40 

i.e. - 0.696F 1 + 0.133F, = - 40. 
Similarly, for lower storey, 

(1(4) x 2[ + (0.178 + 0.089)F, -(0.899 +0.797)F,] = -80 

i.e. + O.l33F 1 - 0.S4SF 2 = - SO. These equations yield F 1 = 
+ 77.S3 and F, = + 106.55. 

5. To obtain final moments, multiply moments obtained by 
distributing each arbitrary fIxed-end moment by the appropriate 
force concerned and sum. For example, final moment in column 
at base = + 0.089 x 77.83 - O.S99 x 106.55 = - 88.8 kN m. 

6. If interpanel loading is applied, distribute fixed-end moments 
corresponding to this loading throughout frame using normal 
Hardy Cross moment distribution and assuming no sway 
occurs, and sum resulting moments obtained and those due to 
sway analysis to obtain final moments. 

Note: precise moment distribution can also be used to solve 
frames subjected to sway. 

A 

F2-1---I 
Second degree of 
sway freedom 

B C 
0 1/5 3/5 115 1/4 3/4 Distribution factors 0 115 3/5 1/5 1/4 3/4 

1.000 1.000 Fixed-end moments 1.000 1.000 
--:-::-:= / -0.200 +0.600 +0.200 >< to.250 +0.750 1st distribution /+0.200 +0.600 +0.200"--.., 
+0.100 +0.125 to. 100 1st carry-over +0.100 +0.100 
~/+0.025 -0.D75 -0.025 >< -0.025 -0.075 2nd distribution /-0.025 -0.075 
-0.012 0.012 0.012 2nd carry-over -0.012 

~/+0.003 +0.600 +0.003 >< +0.003 +0.009 3rd distribution /+0.003 +0.006 +0.003 "--.., 
+0.001 +0.100 to.OOI 3rd carry-over +0.001 +0.001 

0.001 0.001 4th distribution 0.001 
+0.089 +0.178 +0.530 -0.708 0.683 +0.683 Summations 0.899 0.797 +0.606 +0.191 +0.076 0.076 
DIStributlOn corresponding to Ist deg. of sway freedom DlstnbutlOn correspondmg to 2nd deg. of sway freedom 

Final moments 1-88.8 -71.21+106.11-34.9 -45.11 +45.11 

A B C 

il 
,II 

II 
!I 
iI 

II 
iI 

II 
II 



Frame analysis: slope-deflection data 2.60 
Basic formulae (slope deflection) 

MAB Extemalload Original position 

n j j ofAB 

A 
Slope fJA (positive) -I 

Deflection 

I ~=~;~~~~=C====~===J_Ba (PT
tive
) L Slope () B (positive) 

MAB = 2EKAi2fJA + (}B_:
a 

)-FAB 
AB 

MBA = 2EKAB(2()B + 9A_/
3a 

)+FBA 
AB 

~ 
MBA 
(neg.) 

MAB(neg.) 

D Bending moment due to 
I restraining moments 

Free-bending­
moment diagram for load 

The suffixes AB relate to joint or support A of any member AB} Similarly for other 

The suffixes BA relate to joint or support B of any member AB members Be. AC etc 

length of member AB 
2AAD 

.2 I" F.tB = -1-' -(U.'B - 3Z .. } Fonymmetrical load on A B 

;; I" moment of inertia rconcrete unitsl of AS .~B F.lB=FBA=AAsllA.B 

" 
2Ads 

Z K,. stiffness factor of AB = IABIl.iB FaA =r(3Z.~S-(~B) ... 
E modulus of elasticity for concrete AA. area of free-bending-moment diagram for load on AB 

8. slope of deformed member AB at A. 
With no load on AB,F"'B = FBA = 0 

Z" distance from A to cenlroid of frcc·bending·moment 
diagram for load on AB 

, 
" r"-

Wl 
r"-

WlA B~ " Wl _u~ 

BO S::::c A· BA A BA ""A A _'30- A H:;-
1ia~ 3EK.IB O.i --;:1-';:; 

~~~ M" 2EKAB(20;' + Os} - F AS 2EK.u6a - F AB -FAB -(FAB+!FBA ) -(F,tB+ lFBA ) 
..2§~ 
tI:l =G g M,. 2EK"'S(28B + 0",) + FSA 4EKAB6s + FBA +Fu Zew Zero = 

lM~ 
f3 - FAB 

Mi~ D 

~I Mil F DI IF 
I~ Jl ~ FABD +!FBA ~Jl- l.F 

Any Any D -FAB + 2 BA 

BO 

Symmetrical 
A load Mil ~ Any Any 

Symmetrical 
load~ load 

tT1 
load A • ~ AI B A A B . ~ 

• 
A • B 

C B C I B 

C Condition Condition , 
~WA 

E C E I~~ ~~ formax 
C 

for min. = ~~ E Mi MAS -3 MAB 

" .g 2K.K A.~B 3K,iC A.ia K",(·fJ 4KACP 3KACF"B 
0 MAC ;; 2K"c+2K"D+K.u lAB 3K"c+ 3K,cJ}+2K"B l.u K"C+K"'D+KAB 4KAC + 4K.tD+3K"B 3K.iC + 3KAD +4K.4.B 

"' 
K" If fixed at C;Mc..( =O.5M.tc etc. 

M"D=-lt1Ac M"B= -(M,iC+MADI at hinges.: bending moment = 0 
K« 

Beadiug moment ill external coImnDs of building frames 

"~7-KAC 
For frames of one bay width only { = 1/2 

M AC = F.-tB For frames of more tban one bay width, = 1 
KAC+KAD+{KAB For top storey (e.g. roof beam and top storey 

K.'i.D 
~'(iB= -(M.iC + M .. fD) 

column): K.w=O 
MAD=--M.c c'0' K.c 

K.tc 
.via MAC 

KAC+K.w+KAB+K"E 
Mw and M4E are in all cases less than the momenlS 
assuming knifu...edge support ror beam EAB at A 

~ C: K,lD 

LOr'DLrd M<ilJ=--M.c This method is recommended in BS& 110 if beams ~ K.4.C 
"0 are analysed as a continuous system on knife.edge 
" (E ~: B) 0 Me = either F.4B (for dead + live load) supports. When determining the column moments 

." - F '" (fur dead load only) using the formulae shown here, the stiffiless of the 

" c~ or FAE (fur dead + Jive load) beams should be taken as one-half oftbe true value .:: 
'--..A -1' .. (fur dead load only) when the remote end is fixed, and three-quarters of 

whichever is the greater. the true value when the remote end is pirmed. 

Note: For values of FAB and F BA see Table 2.28. 

~ . 

Continuous beams as frame members 

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 Rand U, the ends of the lower columns at 0 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 

MST = - FST + KST (8sT + 8TS/2) 

MTS = - FTS + KTS(8TS + 8sTi2) 
where 

IKs = !;KRS + Kso + Ksp + KST 

IKT = KST + KTX + KTy + !;KTU 

and !; is a factor representing the ratio of the assumed to the 
actual stiffness for the span concerned (i.e. here!; = 112). 

By eliminating 8ST and 8TS in the above and rearranging, the 
following basic formulae are obtained: 

MST = - FST + 4 _ ~;DJ 2DTS(rJ
ST 

- 1) 

X (FTU-FTS) + (4-DTS)(FST-FsR)] 

MTS = - FTs + 4 _ ~:DJ 2DST(rJ
TS 

- 1) 

X (FST - FsR) + (4 - DST)(FTU - FTS)] 

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 
of 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 
three spans. For design to EC 2, the maximum moment at sup­
port S occurs when the live load is applied to spans RS and ST, 

, apd the maximum moment at support T occurs when the live 
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load is applied to spans ST and TU. The maximum positive 
moment in span ST 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 Table 2.61. For the ULS, the 
BS 8110 loads are dead 1.0gb and live 0.4gk + 1.6qk. The 
corresponding loads in BC 2 are dead 1.35gb and live 1.5qk. 

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 formulae 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 detennining the maximum support moment at S, 
the fixed-end moments FSR, FST and F TS should be calculated for 
a load of 1.35gk + 1.5qb while Fro should be evaluated for a load 
of 1.35gk 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 2.61 and 
in the following example are for uniform loads, the method 
and the formulae are applicable to any type of loading, 
provided that the appropriate fixed-end moment coefficients, 
obtained from Table 2.28 are used. 

When the moments MST and Mrs 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 interior 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 

Since the rotation of all the members meeting at a joint is the 
same, 8SR = OST. Thus, by eliminating 8SR and rearranging, 

Similarly, 

DSR 

D TU 
-FTU + 4-D D 

Sl' IS 



Frame analysis: simplified sub-frames 2.61 
Arrangement oflive load Bending moments in beam span Stiffuess mctors (K) and 

(dead load on all spans) (at support positions) distribution mctors (D) 

Maximum moment at B 
DAB [ (I ) MAB=-FAB+ 2DBA --1 

lAB lAG 4-D.sDBA DAB 

l1Il11H 21@ K 
X (Fsc-F • .J+(4-DBA)F AS ] 

KAS=- K AG=-
lAB lAG , , lac IBJ 

D .. [ C ) K BC =- KsJ =-
A B :c MBA=-FBA 

lac IB./ 
_I

AB
_ , 2DAB --1 , 4-DABDBA DBA 

III 
RG R) 

xF .. +(4-DA.)(Fsc-Fo.J ] < lAB 
K AH=-

'" lAB 
" c- I .. " Maximum moment at A, in 
"0 K 8K=-

Jj span AB, and in columns M.o= -F,B+ DAB [-2Do,(_I_-1) 18K 

4-D.sDBA DAB 

!1iii!!H !!I1@ K 
x FBA + (4- Do.JF.<B ] 

DA8 
K,B 

KAB+KAG+KAH 
A B Tc Do, [ C) _1 .. _ MSA=-FSJf. 2DA8 --I KAB 

4-D..oBA DBA DBA 
~w.G "'W!) 

XFAB -(4-DAB)FBAJ 

KAJl'+ {KBC+ K8J+ K8K 

. 

Maximum moment at S and T 
(BS8l lO requirements) MST=-FsT + o.,T [2DTs(_I_-I) 

4-DsTDrs DST IRS 
K RS=-

!1if1i!P !1iii!!Y X(FTV-FT,)+(4-Dr,)(FsT-Fs.J ] 
IRS 

KST 
1ST 

= 
lTV 1ST 

Kn.:=-

Drs [ C) ITl: 

:R S T TU AITS= -F1s 2DsT --1 
, 

!--IST-
, 4-DSTDn; Drs 

!!f.,;.o liW!X x (FST-FsR)+(4-DsT)(F Tv-Frs) ] . Iso lsp 
1<.so=- K sp =-

Iso ISF 

Maximum moment at S* I TX . In 

(EC2 requirements) DST[ C) K·n =- K rr =-

MST= -F51+ -2DTS --1 'TX ITI' 

f- 4- DsrDrs DST . 

'" 2111 P !!I1@ Y 
XFTs+(4-Drs)(Fsr- Fs.J ] '" " , , Ksr c- , , 

" DST'= 
~ ." - :R -:u Drs [ e I {KRS + Ksr+Kso+ Ksp 

t S T ;\/TS= -FTs 2DsT --I 
E I--IST~ , 4- DsrDTs Drs J Drs 

KST , 
~lw.o ~lmx 

x (FST - FSR) - (4 - Dsr)FTSJ 
KST + ,KTU + KTX + K-rr 

Maximum moment in span ST 

DSTr C) and in columns 
MST=-FsT + L - 2Drs --1 

4- DsyDrs DST 

!!If1i!P i1lf1i! Y X Frs + (4 - Drs)FSTJ , , , , 
DTS[ C) - MTS = -FTs * For maximum moment at T, put :R S T :u 2Dsr --I 

!--lsT-
4 - DsrDTs Drs live load on spans ST and TV. In 

!!W!o il!w.x X FST -(4-DsT)FTS ] 
all subscripts, replace R by U and 
interchange Sand T. 

Notation: F..VI etc. numerical value of fixed-end moment (negative) at A etc. due to load on AB etc. . ; 

lAB etc. length of member AB etc. lAB etc. second moment of area of member AB etc. 

Note: To comply with BS8110 requirements for analysing simplified sub-frames, take t;= 0.5. 

Continuous beams as frame members 

The expressions for the moments in the columns are similar to 
the foregoing, but FSR and FTU 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 DSR or Dru. 

Example. Detennine 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 ofBS 8110 and EC 2 respectively. 

Stiffness values (mm3
) 

K = 20.16 X 10
9 

= 3.36 X 10' 
RS 6XI03 

K = K = 21.85 X 10
9 

= 2.73 X 10' 
ST TU 8X 103 

For upper columns: K = 2.13 X 1~9 = 0.53 X 10' 
4X 10 

For lower columns: K = 3,42 X 1~9 = 0.86 X 10' 
4X 10 

Distribution/actors (if stiffness values are divided by 11f') 

Dsr = 2.73 = 2.73 = 0471 
0.5 X 3.36 + 2.73 + 0.53 + 0.86 5.80 . 

D 2.73 2.73 0497 
TS = 2.73 + 05 X 2.73 + 053 + 0.86 = 5,49 = . 

Support-moment equations 

MST = - FST + [0,471/(4 - 0,471 X 0.497)] 

X [2 X 0,497(1;0,471 - 1)(FTU - FTS) 

+ (4 - OA97)(F sr - FSR)] 

= - Fsr + 0.125[1.116(FTu - FTS) + 3.503(FsT - FSR)] 

Mrs = - FTS - [OA97/(4 - 0,47l X 0,497)] 

X [2 X 0.471(1;0.497 -1)(FsT - FSR) 

+ (4 - 0.471)(FTu - FTs)] 

= - FTS - 0.132[0.953(Fsr - FsR) + 3529(Fru - FTS)] 

1= 2.13 X 109 mm4 

for all upper columns 

IRS = * 
20.16 X 109 mm4 

BS 8110 requirements 

Fixed-end moments 

For dead load only: 1.0gk = 8 kN/m 

FRS = FSR = 8 X 62/12 = 24 kNm 

FST = FTS = Fro = FUT = 8 X 82/12 = 42.7 kNm 

For dead + live load: 

1.4gk + 1.6qk = lA X 8 + 1.6 X 10 = 27.2 kN/m 

FRS = FSR = 27.2 X 62/12 = 81.6 kNm 

161 

FST = Frs = FTU = FUT = 27.2 X 82/12 = 145.1 kNm 

Maximum moments on beam ST 

At S (dead + live load on all spans) 

MST = -145.1 + 0.125 

X[1.l16(145.1 - 145.1) + 3.503(145.1 - 81.6)] 

= -145.1 +27.8 = -ll7.3 kNm 

At T (dead + live load on all spans) 

MTS = -145.1 - 0.132 

X[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 - 145.1) + 3.503(145.1 - 24.0)] 

= -145.1 + 38.7 = -106.4 kNm 

Mrs = -145.1 -0.132 

T 

X [0.953(145.1 - 24.0) + 3.529(42.7 - 145.1)] 

= -145.1 +32.5 = -1l2.6kNm 

Isr=Iru= 
21.85 x 109 mm4 

u 

r-----6m----~~-----8m------~_------·8m--~----1 

o 

for all lower columns 
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Maximum positive span moment is then approximately 

1.5FsT - 0.5(MsT + MTS) = 1.5 X 145.1 - 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: 

Dso = ~:~~ = 0.148 Dsp = ~:~~ = 0.091 

Bending moments for lower and upper columns respec­
tivelyare: 

Mso = [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 

Msp = [0.091/(4-0.471 X 0.497)] 

X [2 X 0.497(145.1-42.7) + 4(145.1-24.0)] 

= 14.2kNm 

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, 

1:Ks = 0.5KRS + 0.5 KST +Kso + Ksp 

= (1.68 + 1.37 + 0.53 + 0.86) X 10' = 4.44 X 10' mm3 

Dso = ~:~ = 0.194 Dsp = ~:~~ = 0.119 

Maximum unbalanced fixed-end moment at S 

(FsT-FRS) = 145.1-24.0 = 121.1 kNm 

Mso = 0.194 X 121.1 = 23.5 kNm 

Msp = 0.119 X 121.1 = 14.4 kNm 

It will be seen that, in this example, the results obtained by the 
two methods are almost identical. 

Ee 2 requirements 

Fixed-end moments. For dead load only: 

1.35gk = 1.35 X 8 = 10.8 kN/m 

FRS = FSR = 10.8 X 62112 = 32.4 kNm 

FST = Frs = FTU = FUT = 10.8 X 82112 = 57.6 kNm 

For dead + live load: 

1.35gk + 1.5qk = 1.35 X 8 + 1.5 X 10 = 25.8 kN/m 

FRS = FSR = 25.8 X 6'112 = 77.4 kNm 

FST = FTs = FTU = FUT = 25.8 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) 

MST = -137.6 +0.125 

X [1.116(57.6 - 137.6) + 3.503(137.6 -77.4)] 

= -137.6 +15.2= -122.4kNm 

At T (dead +Iive load on ST and TU, dead load on RS) 

MTS = -137.6 -0.132 

X [0.953(137.6 - 32.4) + 3.529(137.6 - 137.6)] 

= -137.6 - 13.2 = - 150.8 kNm 

Mid-span (dead + live load on ST, dead load on RS and TU) 

MST = -137.6+0.125 

X [1.116(57.6 - 137.6) + 3.503(137.6-32.4)] 

= -137.6 + 34.9 = - 102.7 kNm 

MTS = - 137.6 - 0.132 

X[0.953(137.6-32.4) + 3.529(57.6 - 137.6)] 

= -137.6 + 24.0 = - 113.6 kNm 

Maximum positive span moment is then approximately 

1.5FST -O.5(Msr +Mrsl = 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) 

Mso = [0.148/(4 - 0.471 X 0.497)] 

X [2 X 0.497(137.6- 57.6) +4(137.6 -32.4)] 

= 19.7kNm 

Msp = [0.091;(4 - 0.471 X 0.497)] 

X [2 X 0.497(137.6 - 57.6) + 4(137.6 - 32.4)] 

= 12.1 kNm 

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 PORTAL FRAMES 

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. 

Frame analysis: effects of lateral loads 2.62 
(a) Open braced tower (b) Substructure of silo (or similar structure) 

------ Superstructure 

F {=:. - Tank 

r- ~ 'I"'-}ill"'-'<trTmirE'Y 

F - (massive) ----h h, --
H 

h 

-R 

+R =Fh 
I 

-Rmax -R/ +R/ +Rmax 

Shearing forces: 

on column: 

on brace: 

Assumption: 

Vb ~ 2Mt/1 

both columns of same size and 
vertical or nearly vertical. 

(c) Frame of multistorey building 

M, 
2 

FHx· 
R.=-' 

J lx2 

Ij moment of inertia of any columnj 
(columns of different sizes.) 

[if:::~d 1 

i total number of columns supporting superstructure 
Shearing force on columnj: ~i = FIj ri.I 
If all columns are same size: Me = Fh/2J 

M.= If- 1 F+ F/2(~) 
J i t - 1 2 

Mbj=~(Mj+ Mj+I) 

Example with it = 4: 

FJh1 M 1=--
12 

MbJ =1 M l 

Mb2 =1(M1 + M2) 

Mb3 =1(M2 + M 3) etc. 

Assumption: exterior column subjected to half shearing force on interior column. 
it total number of columns in frame 

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. 
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Three-hinged portal frames 

F 

,IF 

NA = Hr N(t-o) 

RA=RA 

RB=aF 

H's=Oh 

2.67 

RB = PhFII 

RB = PhFIl 

Fh(o-P) 

RB= PFII 

Force in tie-rod == N = 

Stress in tie-rod == NIA'tie 

Reactions for three-hinged frame without 
tie-rod; HA and H8 assumed acting 
inwards; negative if acting outwards 
elastic modulus of concrete: Es == ditto 
for tie-rod 
normal cross-sectional area of tie-rod 
minimum cross-sectional area of tie-rod 
mean moment of inertia (concrete units) 
of frame 

RB = Fh(P-}o)1l 

In modern multi-storey buildings, lateral stability is provided 
by a system offrames or walls, or a combination of both. Notes 
on wall and frame systems are given in section 4.12 and different 
structural forms, with information on typical building heights 
and proportions given in ref. 37, are shown in Table 2.68. 

15.1 LAYOUT OF SHEAR WALLS AND ALLOCATION OF 
LATERAL LOADS 

Arrangements of shear walls and core units should be such that 
the building is stiff in both flexure and torsion. Different plan 
configurations, with remarks as to their suitability, are shown in 
Table 2.69. The lateral load transmitted to each wall is a 
function of its stiffness, and its position in relation to the shear 
centte of the system. The location of the shear centre can be 
readily determined by calculating the moment of stiffness of the 
walls about an arbitrary reference point, as shown in Table 2.69. 
The lateral load on each wall can then be determined from the 
generalised formulae given also in Table 2.69. For most walls 
without openings, the dominant mode of deformation is bending 
(see section 4.12.2). In this case, K may be replaced with I in 
the generalised fonnulae, where I is the second moment of area 
of the cross section. 

15.2 PIERCED SHEAR WALLS 

In the case of walls pieced by openings, the behaviour of the 
individual wall sections is coupled to a variable degree. The 
deflected shape of the pierced wall is a combination of frame 
and wall action. The wall may be idealised as a plane frame, or 
analysed by elastic methods in which the flexibility of the 
beams is represented as a continuous flexible medium. 

Solutions using the continuous connection model for a waIl 
Containing a single line of openings are given in Table 2.70. The 
total lateral load F is considered in three different forms: a 
concentrated load applied at the top of the wall, a uniform 
load distribution and a triangular load distribution with the 
maximum value at the top of the wall. Formulae are given for 
the maximum axial force at the base of each wall section, the 
maximum shear force on a connecting beam (and the height of 
the beam above the base of the wall) and the maximum 

at the top of the wall. Formulae, whereby values at 
level can be determined, are given in ref. 38. 

The main two parameters that define the performance of the 
are " and (3, which depend on the geomettical properties 

Chapter 15 

Shear wall structures 

of the wall and beam elements, and on the number of lines of 
openings. The formulae in Table 2.70 cater for a wall with 
dissimilar cross sections on either side of a single line of 
openings. For identical cross sections, the formulae become 

whereAt and It refer to each portion of the wall. For a wall with 
two symmettical lines of openings, the formulae for the para­
meters become 

where A 1 and 11 refer to each outer portion, and 12 refers to 
the central portion of the wall. Similarly, the moments 
become 

There is no axial force in the central portion ofthe wall. 

15.3 INTERACTION OF SHEAR WALLS AND FRAMES 

Although the interaction forces between solid walls, pierced 
walls and frames can vary considerably up the height of a build­
ing, the effect on the total lateral force resisted by each element 
is less significant. As a first approximation, in order to deter­
mine the forces at the bottom of each load-resisting element, it 
is nOlIDally sufficient to consider the effect of a single interac­
tion force at the top of the building. This is equivalent to load 
sharing in terms of relative stiffness. The location of the shear 
centre and the allocation of the lateral load can be determined 
as indicated in Table 2.69, using the following formulae for the 
stiffness of each element. 

Solid wall 
3E1w 

K=­
H' 

Pierced wall K = [21( ] 
H' 1-L 1+_3_+_3_) 

,,2 ("m2 ("m' 

), 

! 
j, 
1! 

i 
i, 
i' 

I' 
" 

I 
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Structural forms for multi-storey buildings 
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Shear wall layout and lateral load allocation 2.69 

+ 
Cruciform walls able to resist 

biaxial bending but not torsion 

Core unit able to resist both 
biaxial bending and torsion 

:-------- Shear centre of system 

~========~i_------z 
y, 

I 
I 
I 

, 
I 
I 

Walls able to resist biaxial bending, but poor layout 
resulting in large torsion on core of limited capacity 

Walls able to resist biaxial bending, with good layout 
resulting in little torsion and considerable resistance 

Shear 

(:: 
Axes ).-- Reference 

I point 

Distances of shear centre of wall system from peIpendicular 
co-ordinate axes y and z through any reference point are: 

Ky and K, are stiffuess values of individual wall 
units (in relation to a unit force applied at top of 
wall unit) in the directions y and z respectively, 

y and z are distances from reference point to the 
shear centres of individual wall units. For core units 
with asymmetric openings, see ref. 38. 

Shearing forces on individual wall units, in directions y and z respectively, from total force F in direction z are: 

FK, F(y,-yJKJy-yJ 

F, = L K, + LK,(Y-yJ' + LKy(z-zJ2 + LKe 

For planar walls, Ky may be neglected for walls in direction z, and K, may be neglected for walls in direction y. The 
torsion stiffuess, K" of individual walls may generally be neglected, but see ref. 33 for guidance on core units. For 
most walls without openings, Ky and Kz may be replaced by second moment of area values, Iy and i z , in the directions 
y and z respectively. For structural interaction of planar walls, pierced walls and frames, see section 15.3. 
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Analysis of pierced shear walls 

Maximum axial force in wall (bottom of wall) 
~ 

N~ FHf3' [I sinhaH ] ~ FHf32 (1 __ 1_) " '-
aH cosh aH a' aH 0 a 2 

"" B 

" Maximum shear force in beam (top of wall) 
k; 
-g Vb = Fhf32 [I I ] Fhf32 
.s a' coshaH ~ ~ 
il 

" Maximum lateral deflection (top of wall) ~ 

" " U 

FH3 [f3'l( 3 3 J] c 
0 

a~ 3E(II+I,) 1- a' 1-(aH)'+(aH)' U 

Maximum axial force in wall (bottom of wall) 

N~ FHf32 [I 
2a2 

2(aH sinh aH - cosh aH + I)] 
(aH)2 cosh aH 

:os 
k; 

FHf3' [ 2 2] 
~2;;2 1- aH + (aH)' 

0 
Maximum shear force in beam (see below for xlH) .!il 

k; c 
" ." .S oj Fhf3'K, .s '- Vb= (see below for K,) 0 

a 2 

'" ." 
~ oj 

" .s ] aH 2 4 6 8 10 16 

~ 
§ 

xlH 0.50 0.38 0.30 0.26 0.23 0.18 <8 
0.25 0.42 0.54 0.62 0.67 0.76 '- ~ K, 

0 
c 
0 
.~ Maximum lateral deflection (top of wall) 
.D .'" 1;; 

FH3 [ 13'1 [ 4 8 8 J] is a~ 8E(JI +I,) 1- a 2 1- (aH)' + (aH)' - (aH)' 

Maximum axial force in wall (bottom of wall) 

N~ FHf32 [1 1.5(aH)' sinh aH +3(aH -SinhaH)] 

~ (aH)' coshaH 1.5a' 
'-
0 

"" FHf3' [1.5 3] 
0 
~ 

~ l.5a' 1- aH + (aH)' " ::t: 
k; 

Maximum shear force in beam (see below for xlH) N 

.~ 
Fhf32 K, " Vb= (see below for K,) .~ a' 

'-
0 

4 6 8 10 16 ." aH 2 
'" .s xlH 0.80 0.45 0.37 0.33 0.29 0.22 
;; K, 0.34 0.57 0.71 0.79 0.85 0.92 
], 

Maximum lateral deflection (top of wall) c 
'" .'" b 

IIFH
3 

[ 13'1 ( 40 60 120 J] 
a~ 60E(I1 +[,) l-ua' \1- (aH)' + (aH)' - (aH)' 

2.70 
I 

" 

~ 
" 

.-

q 1 

""OP H 

--
D N N 

t t 
~ ~ 

I-
hi 

-I I-
h, 

-I 

a2~L[12+AI+A, (I +1)] 
I A A I 2 

I 2 

Ib 1211, 
132 I = 

(II + I, )hb; , 1+ 2.4(d/b)' 

b $ b, = (2b + 5d)13 $ b + d Mb= Vbb/2 

Ib , II and J, are the second moment of areas of 
the beam and wall sections respectively 

I is the distance between the centres of area of 
the wall sections 

(Mo -Nz)II (M 0 - Nz)[2 
MI 

II +1, 
M, 

II +1, 

Mo ~ FH, FHI2 and FHI1.5 for concentrated, 
uniform and triangular loads respectively 

LO 

1 
xlH 

BJi\ 
° ° Vba2 LO 

-- (for aH = 6) 
Fhf3' 

Interaction of shear walls and frames 

For the frame, :LIe and 2:Ib are the sums of the second moments 
of area of the columns and beams respectively, for the lowest 
bay of height h and beam span lb' The factor k, allows for a 
reduction of I, over the height of the building and is given by 
ke = loge d(c - 1), where c = Ie top lIe bottom· 

Example 1. For the shear wall layout in the following figure, 
determine the location of the shear centre, and the lateral load 
applied to each wall, using the formulae in Table 2.69. All 
dimensions are in metres and the walls are 200 mm thick. 

6.0 6.0 60 . 
, Wall4 

~ I 0.9 ~ 

" ~~---~---i-------f::~; ~J 
Reference pomt! === ,...;1 
Z I 3.0 

Wall I i Wall 3 

9.0 t 9.0 

F 

Layout of shear walls 

Layout of shear walls 

From symmetry, the shear centre of the wall system must be on 
the y-axis. Similarly, the shear centre of the two channel 
sections (taken together) is at the mid-poiot of the core unit. 
The second moment of area values (mm4) of walls 1 and 2 in 
direction z (discounting the stiffness of walls 3 and 4) are: 

I = 0.2 X 9.0
3 

= 12 15 I = 1.8 X 3.03 
- 1.4 X 2.63 = 20 

12 12 . 2z 12 . 

The distance of the shear centre C from the reference point is 

= 12.15 X 0.1 + 2.00 X 16.5 ~ 242m 
y, 12.15 + 2.00 . 

Eccentricity of totallaleral force is e = 9.0 - 2.42 = 6.58 m 
The second moment of area values (mm4) of walls 3 and 4 in 
direction yare: 

I = I = 0.2 X 6.0
3 = 3 6 

3y 4y 12 . 

Lateral forces on each wall in terms of total force Fare: 

FI = 12.15F 
, 12.15 + 2.0 

+ 12.15(0.1 - 2.42)(F X 6.58) 

12.15 X 2.322 + 2.0 X 14.082 + 2 X 3.6 X 4.42 

= 12.15F _ 185.5F = (0859 - 0309) F = 055F 
14.15 601.28 . . . 

173 

2.0F 2.0(16.5 - 2.42)(F X 6.58) 
F2, = 14.15 + 601.28 

= (0.141 + 0.309) F = 0.45F 

= _ = 3.6(4.4 - O)(F X 6.58) = 017F 
F3y F,y 601.28 . 

Example 2. The elevation of a pierced shear wall is shown in 
the following figure. Identical walls are provided at each end of 
a 24 m long rectangular building. The building is subjected to a 
characteristic wind pressure of 1.25kN/m2 acting on the broad 
face, and the resistance provided by any other frames parallel to 
the walls may be ignored. The resulting forces and bending 
moments acting on the walls are to be determined. 

I' 
Sm Sm 

'I -r 

D """"" DJ~·:':'" 
Dlo.6m 

6 Om 

,> 

D 
n ..1 

25 0/ 2 mm 
thick wall 

Elevation of shear wall 

Elevation of shear wall 

If the total wind force acting on the building is shared equally 
between the two walls, the horizontal force to be resisted by 
each wall is F = 1.25 X 12 X 60 = 900 kN. 

With reference to Table 2.70, the fOllowing values apply: 

Al = A2 = 0.225 X 5 = 1.125 m' 
II = I, = 0.225 X 53/12 = 2.344 m' 
Ib = 0.225 X 0.63/12 = 0.00405 m4 

I = h 0.00405 = 0.00333 
, 1 + 2.4(d/b)2 1 + 2.4 X (0.6/2)2 

b, = (2b + 5d)13 = (2 X 2 + 5 X 0.6)13 = 2.33 

12 X 7 X 0.00333 = 0.00157 
2 X 2.344 X 3 X 2.333 

= 0.00157[72 + 2 X 2 X 2.344] = 001286 
7 1.125 . 

··1 , 
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Hence, " = 0,113, f3 = 0,0396, "H = 0.113 X 60 = 6.8. 
Maximum axial force at bottom of each wall element: 

N = FHf32[1 _ ~ + _2_] 
2,,2 "H ("m' 

_ 900 X 60 X 0.00157[1 _ ~ 
- 2 X 0.01286 6.8 

+ ~] = 2470kN 
6.82 

Moment at bottom of each wall element: 

M, = M2 = (FHl2 - NI)12 
= (900 X 6012 - 2470 X 7)12 = 4855 kNm 

Shear wall structures 

Maximum shear force in hearns, for aH = 6.8, occurs where 
xlH = 0.28 (5th or 6th floor level) and K, = 0.57. Then, 

= Fhf32K, = 900 X 3 X 0.00157 X 0.57 = 188 kN 
Vb ,,2 0.01286 

Maximum bending moment in beam 

For subsequent design purposes, the forces and moments due to 
the characteristic wind load must be multiplied by a partial 
safety factor appropriate to the load combination. 

In this chapter elastic analyses in terms of characteristic loads 
and service stresses are indicated. Where limit-state design 
methods are employed, care must be taken to include the 
appropriate partial safety factors for the load combination and 
limit-state being considered. Arch structures may be either 
three-hinged, or two-hinged or fixed-ended, as shown in the 
diagrams at the top of Table 2.71. 

16.1 THREE-HINGED ARCH 

For the general case of an unsymmetrical three-hinged arch 
with a load acting vertically, horizontally or at an angle, the 
expressions for the horizontal and vertical components of the 
thrusts on the abutments are given in the lower part of Table 
2.71. For symmetrical arches, the formulae for three-hinged 
portal frarnes given in Table 2.67 are applicable. The bending 
moment at each hinge is zero, and at any particular section, the 
bending moment, shearing force and axial thrust may be deter­
mined by considering the loads and abutment reactions on one 
side of the section. Further information regarding the extent of 
the arch that should be loaded with imposed load, in order to 
produce the maximum effect at a particular section, is given in 
section 4.13.1. 

16.2 TWO-HINGED ARCH 

For a symmetrical two-hinged arch, the vertical component of 
thrust on the abutments is the sarne as for a freely supported 
bearn. The horizontal component of thrust H is given by the 
formula in Table 2.71, where M, is the bending moment on a 
section at distance x from the crown: with the arch considered 
as a freely supported bearn, M, is given by the corresponding 
expression in Table 2.71. 

The summations IM,ya] and ly'a] are taken over the whole 
length of the arch. In the formula for H, which allows for the 
elastic shortening of the arch, A is the average equivalent area 
of the arch rib or slab, and a is the length of a short segment of 
the axis of the arch, where the coordinates of a are x and y as 
shown in Table 2.71. If I is the second moment of area of the 
arch at x, then aI = all. The bending moment at any section is 
given by Md = Mx-Hy. 

The procedure involves dividing the axis of the arch into an 
even number of segments. The calculations can be facilitated, 

tabulating the successive steps. The total bending moment is 
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required, generally, only at the crown (x = 0, y = Yo) and the 
first quarter-point (x = 0.251). The moment M, at the crown is 
the bending moment for a freely supported beam minus Hy,. 
For the maximum positive moment at the crown, the sum of the 
values of M, for all elements of dead load is added to the values 
of M, for only those values of imposed load that give positive 
values of Me. For the maximum negative moment at the crown, 
the sum of the values of M, for all elements of dead load is 
added to the values of M, for only those values of imposed load 
that give negative values of Me. The moment at the first quarter­
point is the bending moment for a freely supported beam minus 
HYq, where Yq is the vertical ordinate of the first quarter-point. 
The bending moment is combined with the nonnal component 
of H. For an arch of large span, it is worthwhile preparing the 
influence lines (F = 1) for the bending moments at the crown 
and at the first quarter-point. 

16.3 FIXED ARCH 

16.3.1 Determination of thickness 

The diagram at the top of Table 2.72 shows an approximate 
method of determining the section thickness at the crown and 
the springing, for a symmetrical arch with fixed ends. Draw a 
horizontal line through the crown C and find G, the point of 
intersection of the line with the vertical through the centre of 
gravity of the total load on half the span of the arch. Set out 
length GT equal to the dead load on the half span, drawn to a 
convenient scale; draw a horizontal line through T to intersect 
GS extended at R. Draw lines RK perpendicular to GR, and GK 
parallel to the tangent to the arch axis at S. On the sarne scale 
that was used to draw GT, measure TR, which equals H" and 
GK, which equals H,. If fcc is the maximum allowable 
compressive stress in the concrete, b the assumed breadth of the 
arch (1 m for a slab), h, the thickness at the crown, and h, the 
thickness at the springing, then approximately 

h, = 1.7HJbf~ h, = 2H/bf~ 

The method applies to spans from 12 to 60 m, and span/rise 
ratios from 4 to 8. The method does not depend on knowing the 
profile of the arch (except for solid-spandrel earth-filled arches, 
where the dead load is largely dependent on the shape of the 
arch), but the span and rise must be known. With h, and h, thus 
determined, the thrusts and bending moments at the crown, 



Arches: three-hinged and two-hinged arches 

Three-hinged arch Influence line for section at x 

1 ly 
M =-x--

c 2 4yc 

Two-hinged arch 

RAI-------- -------~RB 

Unsymmetrical three-hinged arches 

F 

F 

h 

HB 
HA 

HA i RB 

RA ~ Lz '(1-")1 

Reaction formulae for general case: 

2.71 
Types of arches 

-, r-~-------------
Three-hinged arch 

~~.-.-.-.-.-.-.-

Two-hinged arch 

Fixed arch 

BeDdiDg moment at x: M. = FfZl(~ + ~ ) 
I 2, 

H
' h EMsyQ, 

onzontaJ t rust: H,. = H. 
(1:!,'a,) + li,-I 

General case 

h 

HB 

HA 

R. = t[ \- ~~ =: }sino+ I ~czlltXFsin/J+ (I_:ml[t<Y-fIlFCOS8-II-ffltYFOO$O ] 

R.= i-=-~tXFsinO+ t[ I-I ~trP]Fsinli+ (l_h~fIll[(I-fIltYFCOSO- t(Y-/lll'COSO ] 
H.. ~h[(1-"'lfxFsin8+",fxFsinD]+-1 • "J,(Y-/llFCOSO-f[,-(l-:~]FooSO /1- • • ( -«", B A (1-..,., 

H. (! _~fIlh[{I-"')~XFsinOHtxFsinO]+ (/-=-~tYFCOSD-t[ \-:i=:}coso 

Note: see section 16.2 for explanation of symbols in and notes on the formulae for two-hinged arches. 

Arches: fixed-ended arches 2.72 
Centre of grav>ty' ~ 

Crown 

I 
Arch 

I 
-.-.,-.-.-.-.-.-.-'O~c. 

I 

~--~-------Span----------

~~---___ ------~T 

Approximately correct for 
segmental or parabolic arch 

BM 

. 'F'/ThrUS£BM 
,/ \" ThruSl 

~-+_' __ "",..' '" / + Y: 

4--+--ld b±~ ~tfij x--.J 
I+-------l-------.j 

2 

T rise of fall of temperature 
A. coefficient of linear expansion per degree C Springing First quarter-point 

I = span or arch 
Crown 

F Mf=[x-/(t-.)]F 

a, = a/I 

.-.-.-.-.""i"-~ H" 
8 

1--_.1 __ -1 
2 

Q . .f = alA 

Load F on left-band side: H _ I.a,I.M,yo,-I.ya,I.M,o, 
, 2[1:a,I.y'.,-(1:ya,J'J 

(± T»)lE,I.o, 

1:M 10,- 2H,I.ya, 
2);a, 

Temperature and shrinkage: Bel . .l 2[1:a,l:y a,-(1:y.,)'] 

Arch shorterun' g: H 1:aALa,(H~+ Hd ) HctkYO, 
('1 = . .2 Mt:l= 1:a,I.y a,-(1:~,)' I.., 

Summations are taken over left-hand balf of arch: note that summations involving M, include only segments within «I. 

At crown: net thrust H: = He + Hd + Ht2 (note signs of Hand M) 

net bending moment ~ = Me + Mel + Md 

At springings: Msl = kC + H: Yc + tiRe - Fal Rsl = F - Re 
Mg=M-:+ H-:Yt-!lRt: 
N~ = H,,0o50+ R"sinO 

At any section Xq from crown: in left-hand half: 

in right-hand half: 

Rp=R,,; Hu=H.=H: 
N,~ = H~ COS 0 + R~sin 0 

M,= M: + H:y, + R,x,-F[x,-/(t-.)J 
(include term for F only if within x,l 

Hq=H: Rq=Rt-F 
Mtfr=M~+H:'y.-Rcx4 Hqr=H: Rqr=Rt 

for an explanation of the approximate method of determining the size of a fixed arch. see section 16.3.1 
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springing and quarter-points can be obtained and tbe stresses on 
the assumed sections calculated. If the stresses are shown to be 
unsuitable, other dimensions must be tried and the calculations 

reworked. 

16.3.2 Determination of load effects 

The following method is suitable for determining load effects 
in any symmetrical fixed arch, if the dimensions and shape of 
the arch are known, or assumed, and if the shape of the arch 
must conform to a particular profile. Reference should be made 
to section 4.13.3 for general comments on this method. 

On half of the arch drawn to scale, as in Table 2.72, plot the 
arch axis. Divide the half-arch into k segments, such that each 
segment has the same ratio a] = all, where a is the length and 
I is the mean second moment of area of the segment, based on 
the thickness of the arch measured normal to the axis, with 
allowance being made for the reinforcement. 

Coordinates x and y relative to the axis of the arch at the 
crown are determined by measurement to the centre of length 
of each segment. Calculate, separately, the dead and imposed 
loads on each segment. Assume each load acts at the centre of 
length of the segment. In an open-spandrel arch, the dead and 
imposed loads are concentrated on the arch at the column 
positions: these should be taken as the centre of the segments, 
but it may not then be possible to maintain a constant value of 
a" and the value of a] for each segment must be calculated; the 
general formulae in Table 2.72 are then applicable. 

For constant values of af, the forces and bending moment at 
the crown are as follows: 

H = k'2:,M]y- 2;y2;M, 

, 2[k2;l- (2;y y] 
R, = 2;M,xI2V 

2;M, - 2H,2;y 
M, = 2k 

The summations are taken over one-half of the arch. The term 
M, is the moment at the centre of the segment of all the loads 
from the centre of the segment to the CroWD. Summations are 
also made for all the loads on the other half of the arch, for 
which Rc is negative. 

Due to the elastic shortening of the arch resulting from H" 

H,k2;(aIA) 

M" = -H"a2;y/k 

where A is the cross-sectional area of the segment calculated on 

the same basis as I. 
Due to a rise (+ T) or a fall (-T) in concrete temperature, 

H _ (±T)kJtE,I, 

,2 - 2a{k2;l - (2;y)'] 

M,2 = -H,22;y/k 

where Ais the coefficient of linear expansion of the concrete, Ec 
is the short-term modulus of elasticity of the concrete, and I] is 

Arches 

the length of the arch axis. Arch shortening due to H,2 is 
neglected. The effect of concrete shrinkage can be treated as a 
temperature fall in which Tis replaced by (s,,,/>l/A, where s" is 
the shrinkage straiu (allowing for reinforcement restraint), and 
</> is a reduction coefficient (typically taken as 0.43) to allow for 
the effect of creep. 

The foregoing formulae are used to determine the effects of 
the various design loads in the following procedure. Calculate 
(H, - Hoi), R, and (M, - Mol) for the dead load. Calculate, for 
each load separately, values of H,2 and MoO, for temperature 
rise, temperature fall and concrete shrinkage. Calculate, for the 
imposed load (represented as an equivalent uniform load), 
(H, - Hoi) and (M, - Mol)' To obtain the maximum positive 
bending moment at the crown (and the horizontal thrust), the 
imposed load should be applied to the middle third of the arch, 
more or less. (By considering the effect of the imposed load on 
one segment more, and one segment less, than those in the mid­
dle third of the arch, the number of segments that should be 
loaded to give the maximum positive bending moment at the 
crown can be determined.) With the imposed load applied only 
to those segments that are unloaded when calculating the max­
imum positive moment at the crown, the maximum negative 
moment at the crown due to the imposed load is obtained. The 
maximum bending moments due to the imposed load are each 
combined with the bending moments due to dead load and arch 
shorteuing, and with the bending moments due to temperature 
change and concrete shrinkage, in such a way that the most 
adverse total values are obtained. The corresponding thrusts are 
also calculated and combined with the appropriate bending 
moments to check the design conditions at the crown. 

The bending moment at the springing, due to load at a point 
between the springing and the crown of the arch, distaut al from 
the springing (where I is the span of the arch), is 

M, = (M, - Mol) + (H, - H,,)y, + RJI2 - Fal 

where y, is the rise of the arch. For the dead load, the values 
determined for the crown are substituted in this expression, 
with the term Fal replaced by IF [(lI2) - x]. To obtain the 
maximum negative bending moment at the springing, the 
imposed load is applied to those parts of the arch extending 0.4 
of the span from the springing, more or less. (As before, the 
effect of applying the imposed load to one segment more, and 
one segmeut less, than this distance should be determined to 
ensure that the most adverse loading disposition has been 
cousidered.) By applying load to only those segments that are 
unloaded when calculating the maximum negative bending 
moment, the maximum positive bending moment is obtained. 
These maximum bending moments are each combined with the 
bending moments due to dead load, temperature change and 
concrete shrinkage, to obtain the most adverse total values. The 
conditions at the springing are then checked for the combined 
effects of the most adverse bending moments and the corre­
sponding normal thrusts. 

The normal thrust at the springing is given by 

N, = (H, - H,,)cos8 + R,sin8 

In this expression, the vertical component of thrust, given by 
R, = (total load on half-arch) - Roo is calculated for the loads 

used to determine (H, - Hoi)' 
The shearing force at the springing is given by 

V, = (H, - H,,)sin8 + R,cos8 

Fixed parabolic arch 

In this expression, the maximum value is generally obtained 
when the imposed load extends over the whole arch. At the 
crown, the maximum shearing force is the maximum value of 
R, due to any combination of dead and imposed load. 

The bending moment at a section with coordinates x and y 
d

· q q' 
ue to load at a pomt between the springing and the crown of 

the arch, distant cd from the springing, is 

Mq = M, + HoYq + RoXq - F[xq - (0.5 - a)l] 

At the quarter-point, Xq = 114, and the procedures to determine 
the maximum bending moment, normal thrust and shearing 
force are sintilar to those described above. The method given in 
Table 2.73 can be used to obtain data for influence lines. 

16.4 FIXED PARABOliC ARCH 

Formulae and guidance on using the data in Table 2.74 are 
given below. See section 4.13.4 for further comments. 

16.4.1 Dead load and arch shortening 

The horizontal thrust due to dead load alone is H = klgPly" 
where g is the dead load per unit length at the crown, I is the 
span, and y, is the rise of the arch axis. The coefficient k, 
depends on the dead load ai the springing, which varies with the 
rise/span ratio and type of structure; that is, whether the arch is 
open spandrel, or solid spandrel, or whether the dead load is 
uniform throughout the span. 

An elastic shortening results from the thrust along the arch 
axis (assuming rigid abutments). The counter-thrust HI> while 
slightly reducing the thrust due to the dead load, renders this 
thrust eccentric, and produces a positive bending moment at the 
crown and a negative bending moment at each springing. If h is 
the thickness of the arch at the crown, 

H, = -k,(;J'H 
in which the coefficient k2 depends on the relative thickness at 
the crown and the springing. 

Due to dead load and elastic shortening, the net thrusts H, 
and H, at the crown and the springing respectively, acting par­
allel to the arch axis at these points, are given by 

H, = H-H, H = ~-H cos8 
s cos e 1 

where 8 is the angle between the horizontal and the tangent to 
the arch axis at the springing, with cos8 given in Table 2.74. 

The bending moments due to the eccentricities of Hand H . ' , 
are gIVen by M, = k3yJi] and M, = (k, - I) y,HI respectively. 

16.4.2 Temperatnre change 

The additional horizontal thrust due to a rise in temperature, or 
c?rresponding counter-thrust due to a fall in temperature is 

by 

H2 = ±k4(~)'hT 
T is the temperature change in °C, with h and Yc in metres, 

H2 is in kN per metre width of arch. The values of k4 in 
2.74 are based on an elastic modulus E, = 20 kN/mm2, 

a coefficient of linear expansion A = 12 micro-strainl°C. 
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For any other values of E, and A, k4 should be multiplied by a 
value of (EJ20)(AIl2). At the crown, the increase or decrease in 
normal thrust due to a change in temperature is H2, and the 
bending moment is - k,YJi2, account being taken of the sign of 
H2 . The normal thrust at the springing due to a change of 
temperature is H 2cos(}, and whether this thrust increases or 
decreases the thrust due to dead load, depends on the sign of H 2. 

At the springing, the bending moment is (I - k,)yJi2' the sign 
being the same as that of H2. 

16.4.3 Shrinkage of concrete 

The effect of concrete shrinkage can be treated as a fall in 
temperature in which T is replaced by (s,,</> )/(A = 12), where 
s" (micro-strain) is the shrinkage (allowing for reinforcement 
restraint), and</> is a reduction coefficient (taken as 0.43) to 
allow for the effect of creep. 

16.4.4 Imposedload 

The maximum bending moments, and corresponding thrusts 
and reactions, are given by the following expressions, where 
q per unit length is the intensity of uniform load equivalent to 
the specified imposed load. 

At the crown 

At the springing 

positive bending moment = k5 qP 
horizontal thrust = k6 qPly, 

negative bending moment = k, qr 
horizontal thrust = k8 qrly, 
vertical reaction = k9 ql 

positive bending moment = kIO qP 
horizontal thrust = kll qrly, 
vertical reaction = k12 ql 

The normal thrust at the springing, where H is the horizontal 
thrust and R is the vertical reaction, is given by 

N = Hcos8 + R'-i(l - cos28). 

16.4.5 Dimensions of arch 

The line of thrust, and therefore the arch axis, can be plotted as 
described in section 4.13.4. The thickness of the arch at the 
crown and the springing having been determined, the lines of 
the extrados and intrados can be plotted to give a parabolic 
variation of thickness between the two extremes. Thus, the 
thickness normal to the axis of the arch at any point is given by 
[(h, - h)a2 + h], where a is the ratio ofthe distance of the point 
from the crown, measured along the axis of the arch, to half the 
length of the axis of the arch. 

Example. Determine the bending moments and thrusts on a 
fixed parabolic arch slab for an open-spandrel bridge. 

Specified values 

Span: 50 m measured horizontally between the intersection of 
the arch axis and the abutment. Rise: 7.5 m in the arch axis. 
Thickness: 900 mm at springing, 600 mm at crown. 
Dead load: 12 kN/m2, imposed load: 15 kN/m2 

Temperature range: ±24°C, A = 12 micro-strain per °C. 



Arches: computation chart for symmetrical fixed-ended arch 2.73 
Unit load 

Dimensional properties Unit load at A (crown) Unit load ilt B at C etc. 

Sog. M, M~lx MfaIy M, MJ'" M tIlIX 

C ,IDlE 
Q, "" 

Gfl.
l QI}.2 

QA= Mlar MfG1Y Sub-headings 
DO. x y h_ a A l_ a/I a,x .,y a/A (=x) =G,X =arx

1 =a1xy "'. 1 , , .J .J .J .J .J .J .J .J .J .J .J .J - - .J - - - - - - -
2 .J .J .J .J .J .J .J .J .J .J 

, 
.J .J - - .J I .J .J .j - - -, , 

J .J .J .J .J .J .J .J I .J .J , .J .J .J - - .J .J .J .J J .J -
4 .J .J .J .J .J .j .J .J .J .J .J .J .J - - .J .J .J I .j .J 

, -, , 
5 et<. .j .j .J .j .j .J .J .j .J .j .j .j .j - - .J I , .j .j .j .J J .j 

Smnmations on left-band 0.' • Totals 
bait of an:h ~> S, S" S,. S~ S., Su S" S" s" I- Sla S2B s" similar to B 

, , 

F Ordinates of influence lines 
r:,l-+ .1 Denominator (dea) A , Xs 1 =(5, x SIl70-(S.,.)2 (crown) B C Deto. 

1 ~X3=:J Unit load at 3:=0..5 (x-.j) (a-.J) (a_-/) 

.J 
, 

.j .J i ~X2rx;L 
Horizontal thrust at crown I S. X 83 " 

i ~~ ~~A H, 
(S~ x S3)-(5.., x 51) 2 S., x SI .j .j .j .j 

2 x denominator J (lH2) .j .j I .J , E@'~ , v 

/~ -.~~'~ '-IJ 4 H. _ (3)/(2 x den) .j .j .J .j 

Bending moment at crown 5 2(4) X S~l .j .J .J .j 
Ys Y4 Y3 Y2 y~ Yc S1 - (2H~)( 8..,,) 6 51 -(5) .j .J .J .j M,-

!-Y2 ha(f.span of arch ~ 2S, 7 M,-(6)j2S_ .j .j .j .j 

s~orce at (:rown and springing 
S Rc =S2/(2S:u) .j .j .J .j 

Rc=S 2A:Rs=1-~ 9 '_-I-(S) .j .j .J .j 

Temperature: and shrinkage Arch shortening: 10 (4) or He2 .j .J .j .j 
Ho~onuut~tatcnmND 

11 (10) x SM x S, .j .J .j .j 
TllE<S~ S,A x S. x (H. or H,d 

12 H. I = -(II)/den.. .j .J .j .j H" + H~l= 
2 x denominator denominator 

.j 8M at crown 
13 Mel = - (12) X Sq/Ss .J .j .j 

Mel = - H"lS,,/S~ Md = -H"lS$1/Ss 

Bending moments at springings; 14 [(4)-(12)] xy, .J .j .j .j 
I.cft..band support: MoI=M: +H:,.+ R.:tl-Fd IS (7) - (13) .J .j .J .J Right-hand support: M.=M: +H:y,- R.tl-Mf 

(M J is zero when load is on left-band half of arch) 16 (14)+(15) .J .j .j .j 
H: :::: H, - (Hd due [0 H~) 17 ,1 x (S) .J .j .j .J 
M:=M.-(Md for H"l due to H.) 

IS M:oI=(16) + (17)- Frl .j .j .j .J 
19 M.-(16)-(I7) .j .j .j .J 

Bending moment at quarter-pomt: repeat similar to foregomg WIth corresponding formulae 

Dead loads (effects ca1cuIatcd from influence lines) 

Low At crown Mil at springing t:~ Iropo<ed 
C •. - loads 
Ii Fill and Total !!. !!<I M, ,Y. I LH segments RH segments .0 

O~ 

~ ~ othe< dead 
~ 24x 1~ dead lmod Ordi- hod· Ordi- Prod- Ordi- Prod- Ordi- Prod· Oro;- "'00' o,di· "'od· Maximum 

xah_ .Ioad I!. arch) nal< uct nal< uct nal< uct "I< uct nat< uct nal< uct throsos, 

I .j .j , .j J .J .J .j .J .j .j .j .J .j .j 
"""';"g 

" for~and 

2 .j ,I .j .j .j ,j .j .j .J .j .j .j .J .J 
bending 

.J ",' momonts 
due to 

3 .j .J 
, .j .J .J .j .j .j .j .j .J .J .J .J imposed " '" , [ 

loads are 
4 .J .J " .j .j .j .J .j .J .j .J .J .J .j .j coIou1ated 

• from the 
5 '" influence 

etc. .j .J ,/ .J 
, I .J .j .j .j J .J .J .j .j lines ror " , 

the most 
~- F, ~H,-.J ~H,. - J ~M,_ .J ~M'l= I ~Msl"= :!..- :EM."" :!..- adVerse 

" 
R.: = F, R.=O Total Ht-- '-'--- TotalM~ -'-- position 

Net M~ of loads. 
= 2(IH,,-:EHd) = ,,' -~~M,-~M .. )- J =EM.r±~M ... = :.; 

Resultant thrusts, bending moments and shearing forces due to dead and tmposed loads are calculated by substituting in formulae. 

Note: Factors 10 this chart are non-dimensional except for ...... eight of segments.. 

... ~ 

Arches: fixed-ended parabolic arches 2.74 
Type Unifonn dead load Open spandrci Solid spandrel 

Rise/span 0.10 0.15 0.20 0.25 0.10 0.15 0.20 0.25 0.10 0.15 0.20 0.25 

Inclination of axis of 
arch at springing: 0.930 0.848 0.781 0.709 0.918 0.820 0.740 0.650 0.893 0.764 0.665 0.565 
cos 0 

Horizontal thrust 
due to dead load: - 0.125 0.125 0.125 0.125 0.135 0.140 0.144 0.148 0.160 0.176 0.190 0.204 
valucsofk 1 

Horizontal h,/Il 
thrust due \0 1.25 1.10 1.07 1.03 0.99 1.13 1.08 1.03 1.00 1.19 1.\3 1.08 \.00 
arch shortening; 1.50 1.42 1.37 1.32 1.25 1.44 1.39 1.33 1.27 1.53 1.48 1.42 1.33 
valuesofk2 1.75 1.68 1.63 1.58 1.53 1.73 1.68 1.63 1.58 1.86 1.82 L76 1.69 

Momcntsdueto 
arch shortening, 1.25 0-284 0,293 0.300 0.307 0.279 0.280 0.281 0.282 0.255 0.261 0.265 0.270 
temperalufC change 1.50 0.248 0.253 0.258 0.263 0.240 0.243 0.247 0,251 0.224 0.226 0.228 0.~30 
and eccentricity of 1.75 0.223 0.227 0.231 0.235 0.218 0.220 0.222 0.224 0.200 0.200 0.200 0.200 
thrust: 

I valucsofk:t 

Horizontal force due 1.25 321 305 293 280 326 311 294 276 343 319 300 274 
to temperalure 1.50 432 413 396 380 441 422 401 381 472 448 42~ 394 
change: values of k4 1.75 538 518 497 477 552 532 510 484 592 566 542 520 

k(, 0.059 0.059 0.059 0.059 0,062 0.064 0.065 0.066 0,070 0.074 0.077 0.080 
k, 0.039 0.039 0.039 0.039 0.038 0.D38 0.037 0.037 0.037 0.035 0.033 0.032 

kJl 0.086 0.086 0.086 0.086 0.088 0.089 0.090 0.092 

h.lh 
Horizontal thrusts 1.25 0.093 0.097 0.098 0.100 
due to imposed load 1.50 0.095 0.098 0.101 0.103 

1.75 0.097 0.100 0,104 0.106 

Vertical reactions k, 0.358 0.358 0.358 0.358 0.354 0,352 0.350 0.349 0.342 0.337 0.330 0.321 
due to imposed load k" 0,149 0.149 0.149 0.149 0.150 0.151 0.153 0.155 0.160 0.164 0.170 0_177 

JzJIJ 
Values 1.25 48 49 51 52 52 54 57 60 60 69 77 84 

of 1.50 45 46 46 47 48 50 52 54 56 62 68 75 
ks x.Hl" 1.75 42 43 43 44 44 46 48 50 52 58 63 68 

Bending 
moments 

Values due to 1.25 0.019 0.019 0.Q18 0.018 0.018 0.018 0.017 0.017 0.017 0.015 0.014 0.014 
imposed ofk, 1.50 0.021 0.021 0.020 0.020 0.020 0.020 0.019 0.QI8 oms 0.017 0.016 0.015 
load 1.75 0.022 0.022 0.022 0.022 0.022 0.021 0.020 0.020 0.020 O.oIS 0.017 0.016 

Valu ... 
ofk10 

1.25 0.019 0.019 0.018 0.DI8 0.020 0.Q21 0.021 0.021 0.024 oms 0.025 0.026 
1.50 0,021 0.020 0.020 0.020 0.022 0.023 0.023 0,023 0,026 0,027 0.Q28 0.028 
1.75 0.022 0.022 0.022 0.022 0.024 0.025 0.025 0.025 0.029 0.030 0.031 0.031 

= . 
~~te:: see l>Cchon 16.4 for rormulae in which (..'O¢fficicnts kl.k2, etc. sh.ould be substituted, as shown in the example in that section . 

] 

I 
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182 Arches 

E, = 28 kN/mm', eO. = 200 micro-strain, 1> = 0.43. 

Geometrical properties 

Inclination of arch axis at springing (Table 2.73): cose = 0.82 
A strip of slab I m wi® is considered. The coefficients, taken 
from Table 2.74, are substituted in the expressions given in 
section 16.4.4. Allowing for self-weight of arch slab, 

h,=900=15 
h 600 . 

JIc. = 7.5 = 0 IS 
I 50 . Total dead load at crown = 12 + 0.6 X 24 = 26.4 kN/m' 

Loads and resulting bending moments and thrusts 

Horizontal thrusts due to dead load and other actions. 

Dead load (k i = 0.140) 
H = 0.140 X 26.4 X (50'17.5) 

Arch shortening (k, = 1.39) 
Hi = -1.39 X (0.617.5)' X 1232 

Temperature change (k4 = 422) 
H, = :!: 422 X (28/20) X (0.617.5)' X 0.6 X 24 

Concrete shrinkage (k4 = 422) 
H3 = -422 X (28120) X (0.617.5)2 X 0.6 X (2001l2) X 0.43 

Crown: maximum positive bending moment and corresponding thrust 

Dead load and arch shortening (k3 = 0.243, thrusts H and Hi as above) 
M, = 0.243 X 7.5 X II 
H, = 1232 - II 

Temperature fall (thrust H, as above) 
M, = 0.243 X 7.5 X 55 

Shtinkage (thrust H3 as above) 
M, = 0.243 X 7.5 X 16 

Imposed load (k, = 0.005, k6 '= 0.064) 
M, = 0.005 X IS X 50' 
H, = 0.064 X IS X (50217.5) 

Springing: maximum negative bending moment and corresponding thrust 

Dead load and arch shortening 
M, = (I - 0.243) X 7.5 X 11 
H, = (1232/0.82) -ll X 0.82 

Temperature fall 
M, = (I - 0.243) X 7.5 X 55 
H, = -55 X 0.82 

Shtinkage 
M, = (I - 0.243) X 7.5 X 16 
H, = -16 X 0.82 

Imposed load (k, = 0.020, kg = 0.038, k9 = 0.352) 
M, = -0.020 X IS X 50' 
H = 0.038 X IS X (50'17.5) = 190 kN/m, R = 0.352 X IS X 50 = 264 kN/m 
N = 190 X 0.82 + 264~(1 - 0.82') 

Springing: maximum positive bending moment and corresponding thrust 

Dead load and arch shortening (values as before) 
Temperature rise (-values for temperature fall) 
Shrinkage (neglect as partial in short term and beneficial in long term) 
Imposed load (klO = 0.023, kll = 0.089, k12 = 0.151) 

M, = 0.023 X IS X SO' 
H = 0.089 X IS X (50'17.5) = 445 kN/m, R = 0.151 X IS X 50 = 113 kN/m 
N = 445 X 0.82 + 113~(1 - 0.82') 

Totals 

Totals 

Totals 

Moment 
kNmlm 

20 

100 

29 

188 

-63 

-312 

-91 

-750 

=-mo 

-63 
312 

863 

Thrust 
kN/m 

1232 

-ll 

:!:SS 

-16 

1221 
-55 

-16 

320 
1470 

1494 

-45 

-13 

307 
1743 

1494 
45 

In the following, containers are conveniently categorised as 
tanks containing liquids, and bunkers and silos containing dry 
materials, each category being subdivided into cylindrical and 
rectangular structures. The intensity of pressure on the walls 
of the structure is considered to be uniform at any level, but 
vertically the pressure increases linearly from zero at the top to 
a maximum at the bottom. 

17.1 CYLINDRICAL TANKS 

If the wall of a cylindrical tank has a sliding joint at the base 
and is free at the top, then when the tank is full, no radial shear 
or vertical bending occurs. The circumferential tension at depth 
z below the top is given by n = ')' ri Z per unit height, where ri 
is the internal radius of the tank and')' is unit weight of the 
liquid. If the wall is supported at the base in such a way that no 
radial movement can occur, radial shear and vertical bending 
result, and the circumferential tension is always zero at the 
bottom of the wall. Values of circumferential tensions, vertical 
moments and radial shears, according to values of the term, 
height'/(2 X mean radius X thickness), can be obtained from 
Tables 2.75 and 2.76. 

The tables apply to walls with a free top and a bottom that is 
either fixed or hinged. The coefficients have been derived 
by elastic analysis and allow for a Poisson's ratio of 0.2. For 
further information on the tables, reference should be made to 
pUblications on cylindrical tanks, such as refs 55 and 56. If an 
aanular footing is provided at the base of the wall, a hinged 
detail can be formed although this is rarely done. The footing 
normally needs to be tied into the fioor of the tank to prevent 
radial movement. Reliance solely on the frictional resistance 
ofthe ground to the radial force on the footing is generally inad­
equate and always uncertain. If the joint between the wall and 
the footing is continuous, it is possible to develop a fixed 
condition by widening the footing until a uniform distribution 

i bearing pressure is obtained. In many cases, the wall and the 
ii: n(lOr are made continuous, and it then becomes necessary to 

.consi,der the structural interaction of a cylindrical wall and a 
supported circular slab. Appropriate values for the stiff­

'1,:ue:ss of the member and the effect of edge loading can be 
iO~ltailled from Table 2.76 for walls, and Table 2.77 for slabs. 

slabs on an elastic foundation, the values depend on the 
rlrb where rk is the radius of relative stiffness defined in 

7.2.5. The value of rk is dependent on the modulus of 
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subgrade reaction, for which data is given in section 7.2.4. 
Taking rlrk = 0, which corresponds to a 'plastic' soil state, is 
appropriate for an empty tank liable to fiotation. 

Example 1. Determine, due to internal hydrostatic loading, 
maximum service values for circumferential tension, vertical 
moment and radial shear in the wall of a cylindrical tank that is 
free at the top edge and hinged at the bottom. The wall is 
300 mm thick, the tank is 6 m deep, the mean radius is 10 m, 
and the water level is taken to the top of the wall. 

From Table 2.75, for 1,'/2rh = 6'/(2 X lOX 0.3) = 6, 

"n = 0.643 at dl, = 0.7, "m = 0.008 at dl, = 0.8, 

"" = 0.110 at dl, = 1.0 

n = "n,),l,r = 0.643 X 9.81 X 6 X 10 = 378.5 kN/m 

m = "m,),I,3 = 0.008 X 9.81 X 63 = 17.0 kNmlm 

v = ,,",),1,' = 0.110 X 9.81 X 6' = 38.9 kN/m 

Example 2. Determine, for the tank considered in example I, 
the corresponding values, if the wall is fixed at the bottom. 

From Table 2.75, for 1,'/2rh = 6'1(2 X 10 X 0.3) = 6, 

fr, = 0.514 atdl, = 0.6, "m = 0.005 atdl, = 0.7, 

"mb = -0.019 and "v = 0.197 at dl, = 1.0 

n = an,),l,r = 0.514 X 9.81 X 6 X 10 = 302.5 kN/m 

m = am ')'1,' = 0.005 X 9.81 X 63 = 10.6 kNmlm 

m = "m ,),1,3 = -0.019 X 9.81 X· 63 = -40.3 kNmlm 

V = "v,),I,' = 0.197 X 9.81 X 6' = 69.6 kN/m 

Consider a straight wall that is centrally placed on a footing of 
width b = (2a + h), where a represents the distance from edge 
of footing to face of wall. The weight of liquid per unit length 
of wall, on the inside of the footing, is given by ')'1, a. Assuming 
a uniform distribution of bearing pressure due to the liquid load, 
the bending moment about the centre of the wall due to the 
pressure on the toe of the footing is: 

m = ,),l,a (alb) (a + h)/2 giving a'(a + h) = 2(m1,),i,)b 

Substituting for b, hand ml ')' I, = 40.3/(9.81 X 6) = 0.685, the 
following cubic equation in a is obtained: 

a'(a + 0.3) = 1.37 X (2a + 0.3) 

!I 
il ~ 

it ;, , 

,I 

i 
i i 
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2.75 2.76 , 

Cylindrical tanks: elastic analysis - 1 Cylindrical tanks: elastic analysis - 2 j: 
I. 

Coefficients for circumferential tensions, vertical moments and radial shears in wall of constant thickness Coefficients for circumferential tensions and vertical moments in wall of constant thickness i 

Load zlZ, 
Values of coefficient a for values of I,' 12rh Load zll, 

Values of coefficient a for values of!,' 12rh 1 a a case 2 3 4 5 6 8 10 12 16 case 2 3 4 5 6 8 10 12 16 L 

av, 0 0.234 0.134 0.067 0.025 0.Q18 - 0.011 -0.011 - 0.005 0 av, 0 -13.63 - 20.45 -27.26 -34.08 -40.89 - 54.52 - 68.15 - 81.78 -109.0 I:i 
~ 

0.5 0.274 0.362 0.429 0.477 0.504 0.534 0.542 0.543 0.531 - 11.90 - 10.77 - 8.87 -3.46 '" 0.1 -7.43 - 9.43 -10.77 - 11.61 - 12.03 ~ 

'" 0.6 0.232 0.330 0.409 0.469 0.514 0.575 0.608 0.628 0.641 0.2 -2.98 -2.22 -0.87 0.85 2.78 6.95 11.18 15.85 22.45 .n 
"0 0.7 0.172 0.262 0.334 0.398 0.447 0.530 0.589 0.633 0.687 0. 0.3 -0.02 1.92 4.03 6.11 8.05 11.33 13.76 15.38 16.66 '" 0 " 0.8 0.104 0.157 0.210 0.259 0.301 0.381 0.440 0.494 0.582 

~ 

3.81 5.62 8.09 9.21 9.33 8.78 6.65 >+:: 

'" 0.4 1.74 7.04 ~ 

"0 0.9 0.031 0.052 0.073 0.092 0.112 0.151 0.179 0.211 0.265 " 0.5 2.60 4.25 5.31 5.86 6.00 5.48 4.40 3.15 0.90 
'" '" .s am, 0.6 0.0115 0.0097 0.0077 0.0059 0.0046 0.0028 0.0019 0.0013 0.0004 S am, 0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

, 
~ 0 

'" 0.0075 0.0077 0.0069 0.0059 0.0038 0.0029 0.0023 0.0013 ;;: 0.1 0.943 0.918 0.894 0.872 0.850 0.810 0.773 0.738 0.675 :; 0.7 0.0051 
bI) 

- 0.0021 0.0012 0.0023 0.0028 0.0029 0.0029 0.0028 0.0026 0.0019 
~ 

0.2 0.810 0.738 0.675 0.619 0.568 0.481 0.408 0.347 0.249 " 0.8 ~ 
'" 0.3 0.646 0.534 0.443 0.369 0.306 0.210 0.140 0.088 0.022 .<:: 0.9 - 0.0185 - 0.0119 - 0.0080 - 0.0058 -0.0041 -0.0022 - 0.0012 - 0.0005 0.0001 b 

1.0 -0.0436 -0.0333 - 0.0268 -0.0222 -0.0187 -0.0146 - 0.0122 - 0.0104 -0.0079 0.4 0.481 0.347 0.249 0.176 0.121 0.046 0.003 - 0.022 -0.041 ~ - 0.333 0.196 0.109 0.014 -0.026 - 0.041 - 0.043 - 0.034 ~ 0.5 0.052 av, 1.0 0.299 0.262 0.236 0.213 0.197 0.174 0.158 0.145 0.127 , 

~ - 0.015 
a;" 0 5.12 6.32 7.34 8.22 9.02 10.42 11.67 12.76 14.74 

'" av, 0 0.205 0.074 0.017 -0.008 - 0.011 -0.008 - 0.002 0.002 
~ 0.1 3.83 4.37 4.73 4.99 5.17 5.36 5.43 5.41 5.22 ~ 

'" 0.5 0.434 0.506 0.545 0.562 0.566 0.564 0.552 0.541 0.521 '" .n ~ 

0.2 2.68 2.70 2.60 2.45 2.27 1.85 1.43 1.03 0.33 '" "0 0.6 0.419 0.519 0.579 0.617 0.639 0.661 0.666 0.664 0.650 .n 
1.43 1.10 0.79 0.50 0.02 -0.36 -0.63 -0.96 '" "0 0.3 1.74 , bI) 

0.7 0.369 0.479 0.553 0.606 0.643 0.697 0.730 0.750 0.764 '" ] " 0.4 1.02 0.58 0.19 -0.11 -0.34 -0.63 -0.78 - 0.83 - 0.76 
0.8 0.280 0.375 0.447 0.503 0.547 0.621 0.678 0.720 0.776 >+:: 

-0.66 - 0.32 II ~ ~ 0.5 0.52 0.02 -0.26 -0.47 -0.59 -0.62 -0.52 "0 0.9 0.151 0.210 0.256 0.294 0.327 0.386 0.433 0.477 0.536 0. . 

'" 0 .s ~ 0.1 - 0.077 - 0.072 - 0.068 - 0.064 - 0.062 -0.057 -0.053 -0.049 -0.044 , 

'" ams 
:;; ams 0.6 0.0199 0.0127 0.0083 0.0057 0.0039 0.0020 0.0011 0.0005 -0.0004 

~ 0.2 -0.115 - 0.100 - 0.088 -0.078 -0.070 -0.058 -0.049 -0.042 -0.031 , 

], 0.7 0.0219 0.0152 0.0109 0.0080 0.0062 0.0038 0.0025 0.0017 0.0008 '" '" 0.3 - 0.126 - 0.100 - 0.081 - 0.067 -0.056 - 0.041 -0.029 -0.022 -0.012 i 

"" ,II § 0.8 0.0205 0.0153 0.0118 0.0094 0.0078 0.0057 0.0043 0.0032 0.0022 r/J 0.4 - 0.119 -0.086 -0.063 - 0.047 - 0.036 - 0.021 - 0.012 - 0.007 - 0.001 ~ .<:: 
0.9 0.0145 0.0111 0.0092 0.0078 0.0068 0.0054 0.0045 0.0039 0.0029 ~ 0.5 - 0.103 - 0.066 -0.043 - 0.028 - 0.018 -0.007 -0.002 0 0.002 I' b " ~ 

1.0 0.019 0.024 0.019 0.011 0.006 0.001 0 0 0 ill' N av, 1.0 0.189 0.158 0.137 0.121 0.110 0.096 0.087 0.079 0.068 ~ 

av3 0 -0.68 -1.78 - 1.87 -1.54 -1.04 -0.24 0.21 0.32 0.22 
Load Cases (top of wall free) Circumferential tensions and vertical moments, at depths denoted by 

jl 

'" 
0.5 3.69 4.29 4.31 3.93 3.34 2.05 0.82 - 0.18 -1.30 

z/l" are given by the following equations, where I, is height of wall, r ~ 0.6 4.30 5.66 6.34 6.60 6.54 5.87 4.79 3.52 1.12 '" M{\ V is radius to centre of wall, z is depth from top of wall and ris unit .n 
6.58 11.3 "0 0.7 4.54 8.19 9.41 10.3 11.6 11.3 9.67 

weight ofliquid. '" 0.8 4.08 6.55 8.82 11.0 13.1 16.5 19.5 21.8 24.5 'I bI) 

" d :E 0.9 2.75 4.73 6.81 9.02 11.4 16.1 20.9 25.7 34.7 Load case (4): M is edge moment per unit length ir '" n ~ avMrll,2 (perunit height) E am, 0.6 0.193 0.087 0.023 - 0.015 - 0.037 -0.062 -0.067 -0.064 - 0.051 .. Hoop tension: I, 
I, , 

'" 0.7 0.340 0.227 0.150 0.095 0.057 0.002 - 0.031 -0.049 - 0.066 'I S 
0.8 0.519 0.426 0.354 0.296 0.252 0.178 0.123 h Vertical moment: m ~ amM (perunit length) ! 0 0.081 0.025 ;;: 
0.9 0.748 0.692 0.645 0.606 0.572 0.515 0.467 0.424 0.354 Load case (5): V is edge shear per unit length ,I ~ 

'" 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 JI, ~ 

I 
Hoop tension: n ~ av Vrllz (per unit height) '::~ av3 1.0 -2.57 -3.18 -3.68 -4.10 -4.49 - 5.18 -5.81 -6.38 -7.36 , 

(4) Moment at top (5) Shear at top Vertical moment: m ~ am VI, (per unit length) 
I Load Cases (top of wall free) Circumferential tensions, vertical moments and 

I. 
(any base) (fixed base) Note. Coefficients for load case (4) apply to a semi-infinite cylinder. 

In radial shears, at depths denoted by zlZ, , are given Since the effect of the moment dies out rapidly as z/lz increases, the 
by the following equations, where I, is height of I For avalues shown above, positive signs indicate same values may be used for all base conditions with errors that are 
wall, r is radius to centre of wall, z is depth from 1" for: (av) tension, (am) tension in outside face reasonably small for I,' 12rh > 2, and negligible for I,' 12rh > 8. rl 
top of wall and r is unit weight of liquid. , 

'. I I 
S for of wal];;d' fixed~ t (FEM) for load cases (I) and (5) I, Load cases (I) and (2): I' 

.•.. ' 
.. 

10 12 20 h h h Hoop tension: n ~ av.rlzr (perunitheight) I,' 12rh 2 3 4 5 6 8 16 
1" • 

" .. v· 
i <." .. t 0.445 0.548 0.635 0.713 0.783 0.903 1.010 1.108 1.281 1.430 yH 

\r-
yH 

\r- Vertical moment: m ~ am rZz' (per unit length) I" , fXw 

I:; 
FEM -0.0436 -0.0333 -0.0268 -0.0222 -0.0187 -0.0146 -0.0122 -0.0104 -0.0079 -0.0063 i! 

fXw, , 
Radial shear: v ~ av rZ,2 (per unit length) Ii I II / M fXw, -0.019 -0.024 -0.019 -0.011 -0.006 -0.001 0 0 0 0 :i 

(I) Triangular load (2) Triangular load (3) Moment at base Load case (3): M ~ edge moment per unit length " I:' Rotational stiffness and fixed edge moments are given by the following equations: i 
(fixed base) (hinged base) (hinged base) Hoop tension: n = avMr/lz' (per unit height)y.: I Rotational stiffness of wall (hinged base and free top): Kw ~ av,E,h31l, where Ec is modulus of elasticity of concrete 

For avalues shown above, positive signs indicate for: Vertical moment: m = amM (per unit length)·I·,: h Fixed edge moment for load case (I): Mw ~ fXw, r1z3 Fixed edge moment for load case (5): Mw ~ fXw, VI, i'il 
I:' 

v= avM/lz (per unit len<rth).I'l i! (av) tension, (am) tension in outside face, (av) force acting inward Radial shear: 
'1'> 

:.-... 
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Cylindrical tanks: elastic analysis - 3 2.77 
Coefficients for bending moments in a uniform circular slab on an elastic foundation 

Load 
r/rk 

Radial coefficient a; for values ofr,lr Tangential coefficient at for values of r~ / r 

case 1.0 0.8 0.6 0.4 0.2 0 1.0 0.8 0.6 0.4 0.2 0 

0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
1 1.0 0.998 0.993 0.988 0.984 0.982 0.993 0.991 0.988 0.984 0.983 0.982 

EE 2 1.0 0.977 0.906 0.828 0.770 0.749 0.908 0.876 0.832 0.789 0.759 0.749 '" .-S <:l 3 1.0 0.923 0.707 0.481 0.323 0.266 0.723 0.627 0.495 0.375 0.295 0.266 
o to 4 1.0 0.855 0.513 0.207 0.017 -0.046 0.576 0.426 0.236 0.081 -0.015 -0.046 S ~ 
~@ 

5 1.0 0.773 0.353 0.059 -0.081 -0.118 0.492 0.308 0.102 -0.034 -0.100 -0.118 

"0 '" 6 1.0 0.680 0.215 -0.018 -0.078 -0.083 0.441 0.232 0.035 -0.057 -0.081 -0.083 
",.;jj 7 1.0 0.583 0.105 -0.051 -0.049 -0.034 0.405 0.175 0.001 -0.049 -0.042 -0.034 
~g 8 1.0 OA88 0.028 -0.055 -0.023 -0.005 0.378 0.132 -0.020 -0.034 -0.014 -0.005 ~~ 

9 1.0 OAOO -0.020 -0.045 -0.007 0.006 0.358 0.098 -0.025 -0.020 0 0.006 
10 1.0 0.319 -0.044 -0.029 0.001 0.006 0.341 0.072 -0.025 -0.010 0.004 0.006 

0 -0.250 -0.106 0.006 0.086 0.134 0.150 -0.050 0.022 0.Q78 0.118 0.142 0.150 
1 -0.249 -0.105 0.006 0.086 0.133 0.149 -0.050 0.022 0.079 0.117 0.141 0.149 

~ 2 -0.240 -0.098 0.009 0.081 0.123 0.137 0.021 ~ " -0.048 0.073 0.109 0.130 0.137 
oj 0 
v ".;::J 3 -0.211 -0.072 0.017 0.066 0.090 0.097 -0.042 0.019 0.059 0.082 0.094 0.097 ..c oj 
~ ~ 4 -0.172 -0.039 0.025 0.046 0.048 0.047 -0.034 0.017 0.040 0.047 0.047 0.047 
'" 8 OJ)", 5 -0.139 -0.013 0.029 0.029 0.019 0.014 -0.028 0.014 0.025 0.022 0.016 0.014 

"0 OJ) 6 -0.116 0.002 0.027 0.017 0.005 0 -0.023 0.012 0.016 "'"0 0.009 0.003 0 
~'" 7 -0.100 0.010 0.021 0.009 0 -0.003 -0.020 0.010 0.010 0.003 0.002 -0.003 NO 
~.s 8 -0.088 0.013 0.016 0.003 -0.001 -0.002 -0.018 0.009 0.006 0 -0.002 -0.002 

9 -0.078 0.Q15 0.011 0.001 -0.001 -0.001 -0.016 0.007 0.003 0 -0.001 -0.001 
10 -0.071 0.Q15 0.007 0 -0.001 0 -0.014 0.006 0.002 0 0 0 

Note. Radial and tangential moments per unit width, at positions denoted by r, I r, are given by the following equations, 
where r is radius of slab and rx is distance from centre of slab. For avalues shown above, positive signs indicate tension at 
top, compression at bottom. 

Radial moment Tangential moment 
Load case (I), where M is edge moment per unit length (rotation inward) mr = a;.M mt~ a;M 
Load case (2), where Q is edge load per unit length (deflection downward) m,~ a;Qr mt~a;Qr 

The radius of relative stiffness rk is given by the following equation, where Ec is modulus of elasticity of concrete, h is slab 
thickness, and k, is modulus of sub grade reaction (see section 7.2.4 for further information): 

rk ~ [E, h3 112 (1- V)k,]O.25 where vis Poisson's ratio. For v~ 0.2, rk ~ [E, h3 II 1.52 k, f25 

Coefficients for rotational stiffness of slab and fixed edge moment (FEM) for load case (2) 

rlrk 0 I 2 3 4 5 6 7 8 9 10 

Stiffness 0\ 0.104 0.105 0.118 0.159 0.222 0.285 0.346 0.407 OA68 0.529 0.590 

FEM 0\2 -0.250 -0.249 -0.240 -0.211 -0.172 -0.139 -0.116 -0.100 -0.088 -0.078 -0.071 

Rotational stiffness and fixed edge moments are given by the following equations: 

Rotational stiffness of slab: K, ~ a;E, h3 I r where E, is modulus of elasticity of concrete 

Fixed edge moment for load case (2): M, ~ 0\2 Q r where Q is edge load per unit length acting downward 

Cylindrical tanks 

Solution of the equation by trial and error gives a = 1.6 m and 
width b ~ 2 X 1.6 + 0.3 ~ 3.5 m. This width is correct for the 
annular footing provided the footing is positioned so that its 
centre of area coincides with the centre of the wall. 

If c represents the distance from the outer edge of the footing 
to the centreline of the wall then, for a unit length of wall, the 
lengths of the trapezoidal area are (r + c)lr for the outer edge 
and (r + c - b)lr for the inner edge. The usual formula for a 
trapezoidal area gives: 

[(r + c) + 2(r+ c - b)] blr~ 3[(r+c) + (r+ c - b)] elr 

Substituting for b and r, and rearranging the terms gives: 

6c' + 39c - 80.5 ~ 0 from which c ~ 1.65 m 

Thus, a fixed edge condition can be obtained by providing a 
3.5 m wide footing, with the outer edge of the footing 1.5 m 
from the outer face of the wall. 

Example 3. Determine, for the tank considered in example 1, 
the corresponding values if the wall is continuous with the floor 
slab. The slab is 400 mm thick and the soil on which the tank is 
to be built is described as well-compacted sand. 

Properties of cylindrical wall. From Tahle 2.76, with 1,'/2rh ~ 6, 
"w = 0.783 and the wall stiffness is given by: 

Also, "w1 = 0.0187 and the fixed edge moment when the tank 
is fnll is given by: 

Mw = awl yl,3 ~ - 0.0187 X 9.81 X 63 = - 39.6 kNmlm 

Properties of circular slab on elastic subgrade. From section 
7.2.4, for well-compacted sand, a mean value of 75 MN/m3 can 
be taken for the modulus of sub grade reaction. 

From Table 2.77, for a slab on an elastic subgrade, the radius 
of relative stiffness, with v = 0.2, is given by: 

rk = [E,h3/11.52 k,]O.25 

Therefore, taking E, ~ 33 kN/mm2 and k, = 75 MN/m', 

rk = [33 X 109 X 0.4'/(11.52 X 75 X 10')]°·25 = 1.25 m 

With rlrk = 8, a, = 0.468 and the slab stiffness is given by: 

K, ~ a,E,h3Ir ~ (0.468 X 0.4'/10) E, = 0.0030 E, 

The unit edge load on the slab due to the 'effective' weight of 
the wall is 

Q = 0.3 X 6 X (24 - 9.81) = 25.5 kN/m 

~ith rlrk = 8, a,2 = 0.088 and the corresponding fixed edge 
rp.oment is given by: 

M, = a,2 Qr ~ -0.088 X 25.5 X 10 ~ -22.5 kNmlm 

.. ···jIJ'oment distribution at joint. Since the calculated fixed edge 
i~9m"nts for the wall and the slab both act in the same direction. 

will rotate when the notional restraint is removed. This 
induce additional moments and change the circumferential 

in the wall. At the joint, the induced moments will be 
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proportional to the relative stiffness values of the two elements, 
according to the following distribution factors: 

0.0035 0.0030 
wall: 0.0035 + 0.0030 ~ 0.54, slab: 0.0035 + 0.0030 0.46 

Element Wall Slab 

Distribution factor 0.54 0.46 

Fixed end moment -39.6 -22.5 

Induced moment 33.5 28.6 

Final moment -6.1 6.1 

It can be seen from the moments calculated for the wall that 
the joint rotation is close to that for a hinged base condition. 
The use of a thinner slab or a lower value for the modulus of 
subgrade reaction will increase the rotation, until a 'closing' 
corner moment develops, and the circumferential tensions in 
the wall exceed those obtained for a hinged base. 

Final forces and moments. The final circumferential tensions 
and vertical moments, at various levels in the wall, can be 
obtained by combining the results for load cases (I) and (3) in 
Table 2.75, where M is the induced moment. The following 

equations apply: 

n = anI Y lz r + aruM-rll? 

= (9.81 X 6 X 10) a n1 + (33.5 X 10/6') a n3 

= 588.6 anl + 9.3 an' kN/m 

m ~ a m1 Y 1,3 + am,M = (9.81 X 6') aml + 33.5 am3 

= 2119 aml + 33.5 am3 

The resulting values, for different values of z/l, are shown in the 
following tables: 

Circumferential tensions in wall (kN/m) 

Load case (1) Load case (3) Final 
zJi, force 

",1 588.6 anI ",3 9.3 an3 

0.5 0.504 296.7 3.34 31.1 327.8 

0.6 0.514 302.5 6.54 60.8 363.3 

0.7 0.447 263.1 10.3 95.8 358.9 

0.8 0.301 177.2 13.1 121.8 299.0 

0.9 0.112 65.9 11.4 106.0 171.9 

Vertical moments in wall (kNmlm) 

Load case (1) Load case (3) Final 
zJI, moment 

"ml 2119 ami "m3 33.5 Cl'm3 

0.6 0.0046 9.8 -0.037 -1.2 8.6 

0.7 0.0051 10.8 0.057 1.9 12.7 

0.8 0.0029 6.2 0.252 8.4 14.6 

0.9 -0.0041 -8.7 0.572 19.2 10.5 

1.0 -0.0187 -39.6 1.0 33.5 -6.1 

The final radial shear at the base of the wall is given by: 

v = lXvlyl? + av~/lz 
~ 0.197 X 9.81 X 62 - 4.49 X 33.5/6 ~ 44.5 kN/m 

...,. 
I 
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The final radial and tangential moments in the floor slab can be 
obtained by combining the results for load cases (I) and (2) in 
Table 2.77. The following equations apply: 

'" = OI,IM + OIfl Qr and '" = ""1M + 01" Qr 

Radial moments in slab (kNrnlm) 

rxlr 
Load case (1) Load case (2) Final 

ad 28.6ar l a" 255ar2 
moment 

1.0 1.0 28.6 -0.088 -22.5 6.1 
0.8 0.488 14.0 0.013 3.3 17.3 
0.6 0.028 0.8 0.016 4.1 4.9 
0.4 -0.055 -1.6 0.003 0.8 -0.8 
0.2 -0.023 -0.7 -0.001 -0.3 -1.0 
0 -0.005 -0.2 -0.002 -0.5 -0.7 

Tangential moments in slab (kNmlm) 

rir 
Load case (1) Load case (2) 

Final 

a" 28.6atl a" 255a" moment 

1.0 0.378 10.8 -0.018 -4.6 6.2 
0.8 0.132 3.8 0.009 2.3 6.1 
0.6 -0.020 -0.6 0.006 1.5 0.9 
0.4 -0.034 -1.0 0 0 -1.0 
0.2 -0.014 -0.4 -0.002 -0.5 -0.9 
0 -0.005 -0.2 -0.002 -0.5 -0.7 

Example 4. Determine, for the tank considered in example 3, 
the factor of safety against flotation, and the moments in the 
slab, if the worst credible groundwater level is 1.5 m above the 
underside of the slab. 

The radius of the slab is 10.3 m and radius to the centre of 
the wall is 10.15 m. If the weight of the wall is spread uniformly 
over the full area of the slab, the total downward pressure due 
to the weight of the slab and the wall is: 

[004 + 0.3 X 6 X (2 X 10.15110.32)] X 24 = 17.8 kN/m' 

The upward pressure due to a 1.5 m depth of groundwater is 
14.7 kN/m', giving a safety factor of 17.8/14.7 = 1.21, which 
satisfies the BS 8007 minimum requirement of 1.1. The unit 
edge load on the slab due to the weight of the wall is 

Q = 0.3 X 6 X 24 = 43.2kN/m 

Taking rlrk = 0 (for a 'plastic' soil condition), 01, = 0.104 
and 01" = - 0.250, giving the following values: 

K, = a,E,h'ir = (0.104 X OA3110)E, = 0.0007 E, 

M, = a"Qr = - 0.250 X 43.2 X 10 = -108 kNrnlm 

The wall stiffness is the same as before and the effect of the 
groundwater (I.I m from the top of the slab) on the wall may 
be taken as a simple cantilever, giving values: 

Kw = awE,k3
//, = (0.783 X 0.3316) E, = 0.0035 E, 

Mw = awt'YI,3 = -9.81 X 1.1'/6 = -2.2 kNmlm 

Containment structures 

The new moment distribution factors are as follows: 

0.0035 sl b' 0.0030 - 0 16 
035 + 0.0007 = 0.84, a . 0.0035 + 0.0007 - . wall: 0.0 

on factor 
moment 
oment 

ment 

Element 
Distributi 
Fixed end 
Induced m 
Final rna 

Wall Slab 
0.84 0.16 
-2.2 -108.0 
92.6 17.6 
9004 -90.4 --

It will be 
the slab 
of the wa 
the mom 
calculate 

seen that, in this example, the final edge moment on 
is close to a fixed edge condition, since the stiffness 
11 is much greater than that of the slab. Final values for 
ents and forces in the slab and the wall can now be 
d as shown in example 3. 

17.2 RE CTANGULAR TANKS 

ing moments obtained by Table 2.53, for individual The bend 
rectangul 
applied w 
there is n 
therefore 
Table 2.5 
fixity rna 
coefficien 
2.78 and 
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, moment coefficients can be taken directly from 
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ments at the wall junctions is needed and moment 
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2.79. The shearing forces given in Table 2.53 for the 
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les give values for idealised edge conditions at the top The tab 

and bottom 
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providing a narrow wall footing tied into the floor 
adopting a reinforced hinge detail. Where the tank 

ntinuous with the floor, the deformation of the floor 
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Rectangular tanks: triangularly distributed load 2.78 (elastic analysis) - 1 

(I) Top hinged, bottom fixed (2) Top free, bottom fixed 

Span ratios and moments considered Coefficients for short span ratio Iy /I, Coefficients for short span ratio Iy II, 
0.5 1.0 1.5 2.0 3.0 0.5 1.0 1.5 2.0 3.0 

Long span ratio I, II, = 4.0 

Negative moment at corners = 0.022 0.032 0.036 0.037 0.037 0.057 0.056 0.069 0.081 0.095 
(amy = am, and =.y = =.,) =., 0.004 0.006 0.007 0.007 0.007 0.011 0.011 0.014 0.016 0.019 
Positive moment for span Ix am, 0.009 0.009 0.009 0.009 0.009 0.016 0.017 0.017 0.017 0.017 
Positive moment for span ly amy 0.003 0.012 0.012 0.010 0.009 0.001 0.007 0.017 0.027 0.024 

Negative moment at bottom =., 0.067 0.067 0.067 0.067 0.067 0.152 0.152 0.151 0.150 0.149 

(1) am, = 0.013, (2) = = 0.030 =.y 0.005 0.033 0.053 0.062 0.066 0 0.019 0.050 0.081 0.126 
amy 0.001 0.007 0.011 0.012 0.013 a 0.004 0.010 0.016 0.Q25 

Positive moment for span Iz =., 0.029 0.029 0.029 0.029 0.029 0.007 0.007 0.006 0.006 0.007 
=.y 0.003 0.011 0.021 0.026 0.029 0.007 0.012 0.016 0.016 0.011 

Long span ratio l,./lz = 3.0 

Negative moment at corners am, 0.022 0.032 0.036 0.037 0.037 0.054 0.053 0.066 0.078 0.091 

(amy = = and =.y = =.,J =" 0.004 0.006 0.007 0.007 0.007 0.011 0.011 0.013 0.016 Om7 
Positive moment for span Ix = 0.009 0.009 0.009 0.009 0.009 0.022 0.022 0.023 0.024 0.024 
Positive moment for span Iy amy 0.003 0.012 0.012 0.010 0.009 0.001 0.007 0.017 0.027 0.024 

Negative moment at bottom =., 0.067 0.066 0.066 0.066 0.066 0.134 0.133 0.131 0.129 0.127 

(1) am, = 0.013, (2) = = 0.025 llffi"y 0.005 0.033 0.053 0.062 0.066 0 0.020 0.051 0.082 0.127 
amy 0.001 0.007 0.011 0.012 0.013 0 0.004 0.010 0.016 0.025 

Positive moment for span Iz =., 0.029 0.029 0.029 0.029 0.029 0.009 0.009 0.010 0.010 oml 
=.y 0.003 0.011 0.021 0.026 0.029 0.006 0.012 0.016 0.016 0.011 

Long span ratio I, liz = 2.0 

Negative moment at comers = 0.022 0.032 0.036 0.037 0.041 0.042 0.054 0.066 
(amy = am, and =.y = =.,) =., 0.004 0.006 0.007 0.007 0.008 0.008 0.011 0.013 
Positive moment for span Ix = 0.010 0.010 0.010 0.010 0.029 0.029 0.Q28 0.Q28 
Positive moment for span ly amy 0.003 0.012 0.012 0.010 0.001 0.009 0.019 0.Q28 

Negative moment at bottom =., 0.063 0.063 0.062 0.062 0.097 0.095 0.090 0.086 

(I) am, = 0.012, (2) = = 0.017 =.y 0.005 0.033 0.053 0.062 0 0.023 0.056 0.086 
amy 0.001 0.007 0.01l 0.012 0 0.005 0.01l 0.017 

Positive moment for span lz =., 0.027 0.026 0.026 0.026 O.oJ5 0.015 0.016 0.016 
=.y 0.003 0.01l 0.021 0.026 0.006 O.oJI 0.016 0.016 

Long span ratio I, II, = 1.5 

Negative moment at corners = 0.022 0.032 0.036 0.028 0.036 0.044 
(amy = am, and =.y = =.,) =., 0.004 0.006 0.007 0.006 0.007 0.009 
Positive moment for span Ix = 0.012 0.012 0.012 0.025 0.024 0.021 
Positive moment for span ly amy 0.003 0.012 0.012 0.001 0.010 0.021 

Negative moment at bottom =., 0.056 0.054 0.053 0.071 0.067 0.061 

(I) = = 0.01l, (2) = = 0.012 =.y 0.005 0.033 0.053 0.001 0.028 0.061 
amy 0.001 0.007 0.011 0 0.006 0.012 

Positive moment for span Iz =., 0.022 0.021 0.021 0.016 0.015 O.oJ5 
=.y 0.003 0.011 0.021 0.005 0.010 0.015 

Long span ratio Ix II, = 1.0 

Negative moment at corners = 0.020 0.029 0.021 0.030 

(amy = = and =.y= =.,J =.x 0.004 0.006 0.004 0.006 
Positive moment for span Ix = 0.013 0.012 0.016 0.013 

~ ••.• Positive moment for span ly amy 0.003 0.012 0.003 0.013 

••• 

Negative moment at bottom =.x 0.039 0.035 0.041 0.035 

•••• (I) = = 0.007, (2) = = 0.007 =.y 0.006 0.035 0.005 0.035 ,. amy 0.001 0.007 0.001 0.007 

Positive moment for span Iz =., 0.013 0.011 0.011 0.010 
=.y 0.003 0.011 0.003 0.010 

. For details of tank dimensions and notes, see Table 2.79. 



Rectangular tanks: triangularly distributed load 
(elastic analysis) - 2 2.79 

Span ratios and moments considered 

Long span ratio I, II, = 4.0 

Negative moment at comers am, 

( amy = am, and Cllli,.y = Cllli,.,) Cllli,., 

Positive moment for span Ix am, 
Positive moment for span Iy amy 
Positive moment for span lz Cllli,.' 

Cllli,.y 

Long span ratio I,ll, = 3.0 

Negative moment at corners am, 

( amy = Cllli, and Cllli,.y = Cllli,.,) Cllli,.x 

Positive moment for span Ix Cllli, 
Positive moment for span ly amy 
Positive moment for span lz Cllli,.' 

Cllli,.y 

Long span ratio I, II, = 2.0 

Negative moment at comers am, 

( amy = Cllli, and Cllli,.y = Cllli,.x) Cllli,.' 
Positive moment for span Ix am, 
Positive moment for span Iy amy 
Positive moment for span' lz Cllli,., 

Cllli,.y 

Long span ratio lxiI, = 1.5 
Negative moment at corners am, 

( amy = Cllli, and Cllli,.y = Cllli,.x) Cllli,.' 
Positive moment for span Ix Cllli, 
Positive moment for span Iy amy 
Positive moment for span /z Cllli,.' 

Cllli,.y 

Long span ratio I,ll, = 1.0 

Negative moment at corners am, 

( amy = amx and Cllli,.y = ll;m.,) ll;m., 

Positive moment for span Ix am, 

Positive moment for span ly amy 

Positive moment for span lz ll;m.x 
ll;m.y 

, 

I, yl, ,I 
Dimensions of tank 

(3) Top hinged, bottom hinged (4) Top free, bottom hinged 

Coefficients for short span ratio Iy II, Coefficients for short span ratio Iy II, 

0.5 1.0 

0.037 0.050 
0.007 0.010 

0.017 0.017 
0 0.014 

0.063 0.063 
0.001 0.013 

0.037 0.050 
0.007 0.010 

0.017 0.017 
0 0.015 

0.060 0.059 
0.001 0.013 

0.036 0.049 
0.007 0.010 

0.019 0.019 
0 0.015 

0.048 0.046 
0.001 0.013 

0.033 0.046 
0.007 0.009 

0.021 0.021 
0 0.015 

0.035 0.032 
0.002 0.013 

0.025 0.038 
0.005 0.008 

0.018 0.017 
0.002 0.017 

0.018 0.015 
0.002 0.015 

1.5 2.0 3.0 0.5 1.0 1.5 2.0 3.0 

0.059 0.062 0.064 0.216 0.187 0.191 0.209 0.261 
0.012 0.012 0.013 0.043 0.037 0.038 0.042 0.052 

0.017 0.017 0.017 0.091 0.092 0.092 0.091 0.090 
0.021 0.020 0.017 0 0 0.004 0.024 0.070 

0.063 0.063 0.063 0.059 0.059 0.059 0.059 0.058 
0.030 0.044 0.059 0 0.006 0.018 0.031 0.049 

0.059 0.062 0.064 0.142 0.124 0.132 0.152 0.205 
0.012 0.012 0.013 0.028 0.025 0.026 0.030 0.041 

0.017 0.017 0.017 0.080 0.081 0.080 0.078 0.074 
0.021 0.020 0.017 0 0 0.012 0.034 0.074 

0.059 0.059 0.059 0.053 0.053 0.053 0.052 0.051 
0.030 0.044 0.059 0 0.008 0.021 0.034 0.051 

0.058 0.061 0.071 0.065 0.078 0.098 
0.012 0.012 0.014 0.013 0.016 0.020 

0.020 0.020 0.055 0.055 0.051 0.046 
0.021 0.020 0 0.005 0.022 0.046 

0.045 0.045 0.040 0.040 0.038 0.037 
0.030 0.045 0.001 0.011 0.025 0.037 

0.054 0.042 0.050 0.063 
0.011 0.008 0.010 0.013 

0.021 0.037 0.035 0.028 
0.021 0 0.011 0.028 

0.031 0.030 0.029 0.027 
0.031 0.001 0.013 0.027 

0.027 0.038 
0.005 0.008 

0.021 0.017 
0.001 0.017 

0.017 0.014 
0.002 0.014 

Note: Maximum values of moment per unit width are given by the 
following relationships, where I" Iy and I, are length, breadth and 
height respectively of the tank, and yis unit weight ofliquid. 

Horizontal (long span): m, = amxyl,3 

Horizontal (short span): my = amyyl,' 

Vertical (long wall): m,.x = ll;m., yl,' 

Vertical (short wall): m,.y = ll;m.y yl,3 

Maximum values of shear per unit width may be detennined for 
each wall, according to value of I, Il, or Iy 11" from Table 2.53. 

Bottoms of elevated tanks and silos 

4m wide and 4m deep, and the water level is to be taken to the 
top of the walls. 

From Table 2.79, for I,ll, = 6/4 = 1.5,1/1, = 4/4 = 1.0 and 
top edge free, maximum bending moments are as follows: 

Horizontal negative moment at corners 

mx = my = 0.050 X 9.81 X 43 = 31.4kNmlm 

Horizontal positive moments (at about 0.51, = 2m above base) 

m,.. = 0.035 X 9.81 X 43 = 22.0 kNmlm (long wall) 

my = 0.011 X 9.81 X 43 = 6.9 kNmlm (short wall) 

Vertical positive moments (at about 0.31, = 1.2m above base) 

m,.x = 0.029 X 9.81 X 43 = 18.2 kNmlm (long wall) 

m,.y = 0.013 X 9.81 X 43 = 8.2 kNmlm (short wall) 

From Table 2.53, for panel type 4 with Ihll, = 1.5 (long wall) 
and 1.0 (short wall), maximum shear forces are as follows: 

Horizontal shear forces at side edges 

Vh., = 0.37 X 9.81 X 42 = 58.1 kN/m (long wall) 

Vh.y = 0.31 X 9.81 X 42 = 48.7 kN/m (short wall) 

Vertical shear forces at bottom edge 

v,., = 0.26 X 9.81 X 42 = 40.8 kN/m (long wall) 

v,.y = 0.19 X 9.81 X 42 = 29.8 kN/m (short wall) 

From the above, the horizontal tensile forces in the walls are 

nh.x = 48.7 kN/m (long wall), nh.y = 58.1 kN/m (short wall) 

17.3 SILOS 

Notes on the properties of stored materials and the pressures 
set up in silos of different fonns and proportions are given in 
sections 2.7.7 and 9.3, and Tables 2.15 and 2.16. Notes on the 
design of silo walls are given in section 6.4.1. For rectangular 
silos that are divided into several compartments, where the 
walls span horizontally, expressions for the bending moments 
and reactions are given in Table 2.S0. 

17.4 BOTTOMS OF ELEVATED TANKS AND SILOS 

17.4.1 Tanks 

The figure here shows the floor of an elevated cylindrical tank 
supported by beams in two different arrangements. 

/ ~ 
/ " I \ 

I \ 

\ I 
\ I 
" / 
~ - / 

(a) (b) 

In (a) each beam spans between opposite columns and carries 
one-quarter of the load on the floor. The remaining half of the 
floor load, the weight of the wall and the load from the roof are 
transferred to the columns through the wall. In (b) each length 
of beam between the columns carries the load on the shaded 
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area, with the remainder of the floor load, the weight of the wall 
and the load from the roof being equally divided between the 
eight cantilever lengths. An alternative to (b) is to place the 
columns almost under the wall, in which case the cantilevers are 
unnecessary, but secondary beams might be required. 

For a tank of large diameter, a domed bottom of one of the 
types shown in Table 2.S1 is more economical and, although 
the fonnwork is much more costly, the saving in concrete and 
reinforcement compared to beam-and-slab construction can be 
considerable. Ring beams A and C in the case of a simple domed 
bottom resist the horizontal component of thrust from the dome, 
and the thickness of the dome is determined by the magnitude 
of the thrust. Expressions for the thrust and the vertical shearing 
force around the edge of the dome, and the resultant circumfer­
ential tension in the ring beam are given in Table 2.S1. Domes, 
used to form the bottom or the roof, can also be analysed by the 
method given in Table 2.92. 

A bottom consisting of a central dome and an outer conical 
part, as illustrated in Table 2.S1, is economical for the largest 
tanks. This form of construction is traditionally known as an 
Intze tank. The outward thrust from the top of the conical part 
is resisted by the ring beam B, and the difference between the 
inward thrust from the bottom of the conical part and the out­
ward thrust from the domed part is resisted by the ring beam A. 
Expressions for the forces are given in Table 2.S1, and the pro­
portions of the conical and domed parts can be chosen so that 
the resultant thrust on beam A is zero. Suitable proportions for 
bottoms of this type are given in Table 2.S1, and the volume of 
a tank with these proportions is 0.604 do', where do is the diam­
eter of the tank. The tank wall should be designed as described 
previously, account being taken of the vertical bending at the 
base of the wall, and the effect of this bending on the conical 
part. The floor must be designed to resist, in addition to the 
forces and bending moments already described, any radial 
tension due to the vertical bending of the wall. 

Example 6. Detennine for service loads the principal forces 
in the bottom of a cylindrical tank of the Intze type, where: 

do = 10 m, d = 8 m, '" = 480 (giving cot'" = 0.900), 

e = 40' (giving cot e = 1.192 and cosece = 1.55), 

FI = 2500 kN, F2 = 2800 kN, and F3 = 1300 kN. 

Then, from Table 2.S1, the following valnes are obtained: 

Unit vertical shearing force at periphery of dome 

VI = F/( wd) = 2500/(8w) = 100 kN/m 

Unit thrust at periphery of dome 

NI = Vlcosece = 100 X 1.55 = 155 kN/m 

(Note. The required thickness of the dome at the springing is 
determined by the values of NI and VI) 

Unit outward horizontal thrust from dome on ring beam A 

HI = Vlcote = 100 X 1.192 = 119.2 kN/m 

Unit vertical shearing force at inner edge of cone 

V2 = (F2 + F 3)/(wd) = (2800 + 1300)/(8w) = 163 kN/m 

Unit inward horizontal thrust from cone on ring beam A 

H2 = V2cot'" = 163 X 0.900 = 146.8 kN/m 

Circumferential compression in ring beam A 

NA = 0.5d(H2 - HI) = 0.5 X 8 X (146.8 - 119.2) = 110.4 kN 

'I 

',1 

I 
r 



Rectangnlar containers spanning horizontally: 
moments in walls 2.80 
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Bottoms of elevated tanks and silos 2.81 

cos(}=l- ko 
r 

....... -
A 

r = radius 

c 
! 1 do-

2do/3 

-5do/8 

\.. ./ 
3dof 16 dof8 J :...---

B 

A 

F J: weight of contents above dome including weight of dome 
Shearing force VI = FJ/nd (force per unit length of perimeter) 
Circumferential tension in beam at A = H Idl2 = O.16F 1 cot () 

H1=Vlcot(} 

NJ = thrust at perimeter of dome = VI cosec e per unit length of perimeter 

;;" 
1181 

,d, 

!\[ 
B 

¢ H,L..A --
V3 V2 VI NI 

Values of VI' N J and HI as for 
simple dome above 

H2=V2 cot¢ 

H3 = V3 cot ¢ 

per unit 
length of 
appropriate 
periphery 

Reactions from cone 

Circumferential tension in beam at A = ~d(Hl - Hz) 

Reactions from dome (Ideal case occurs when HI = H2) 

F, weight of contents above dome including weight of dome 
F2 weight of contents above cone including weight of cone 
F3 weight of wall etc. and all loads on roof including weight of roof etc. 

D weight of contents per unit volume 

gs weight of sloping slab per unit area 

Gx total weight of hopper bottom below level of X 
G total weight of hopper bottom of depth h2 

Fx = DHh3[al~ + b212 + ..J(aja2b21i)J + b212h} + Gx 
F =DHh2(aja2 +bji1 + ..J(aja2blll)] +b1l1htl + G 
q = Dh; qh = '0.Dh; qn = qh sin2 01 + q cos2 01 + gs cos 61 

Horizontal effects at midspan and corners of hopper bottom: 
Bending moment = ± (1!32)qnd2 per unit length of sloping slab 
Direct tension = (1I2)qnl2 sin °1 per unit length of sloping slab 

Effects along slope: 
Bending moment at centre and top of sloping slab = ± (1I32)qnd2 

F 
Direct tension (in direction of slope) = 2 . 0;1 b ) at centre 

sm 1 2+ 2 

Vertical hanging-up force 

per unit 
width of 
sloping 
slab 
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(Note. If HI exceeds H2, the circumferential force is tensile. The 
ideal case occurs when HI = H2 and N A = 0: see as follows.) 

Unit vertical shearing force at outer edge of cone 

V3 = F,I(7rdo) = l300/(107r) = 41.4kN/m 

Unit outward horizontal thrust from cone on ring beam B 

H3 = V3 cot 1> = 41.4 X 0.900 = 37.2 kN/m 

Circumferential tension in ring beam B 

NB = 0.5do H3 = 0.5 X 10 X 37.2 = 186.2 kN 

The vertical wall must be reinforced for the circumferential 
tension due to the horizontal pressure of the contained liquid, 
given by n = 0.5-ydoz per unit depth. The conical part of the 
tank must be reinforced to resist circumferential tension, and 
the reinforcement may be either distributed over the height of 
the conical portion, or concentrated in the ring beams at the top 
and bottom. In large-diameter Intze tanks, the width of ring 
beam A can be considerable and, if this is so, the weight of 
water immediately above the beam should not be taken to con­
tribute to the forces on the dome and conical pat!. With a wide 
beam, F 1 is taken as the weight of the contents over the net area 
of the dome and d as the internal diameter of the ring beam; 
F 2 is taken as the weight of the contents over the net area of the 
conical part and d, for use with F2, as the external diameter 
of the ring beam. If this were to be done for a ring beam of 
reasonable width in the forgoing example, HI and H2 would be 
more nearly balanced. 

17.4.2 Columns supporting elevated tanks 

For a group of four columns on a square grid, the thrusts and 
tensions in the columns, due to wind loading on the tank, can 

Containment structures 

be calculated as follows. When the wind blows normal to the 
side of the group, the thrust on each column on the leeward side, 
and the tension in each column on the windward side, is MJ2d, 
where d is the column spacing and Mw is the total moment due 
to the wind. When the wind blows normal to a diagonal of the 
group, the thrust on a leeward corner column, and tension in a 
windward corner column is MJd..J2. For any other arrangement, 
the force on any column can be calculated from the equivalent 
second moment of area of the group. 

Consider the case when the wind blows normal to the X-X 
axis of the group of eight columns shown in the following 
figure. The second moment of area of the group of columns about 
the axis is 2 X (d12? + 4 X (0.353 <1)2 = 1.0 d'. The thrust 
on the extreme leeward column is (0.5dI1.0 d') Mw = MJ2d. 
The forces on each of the other columns in the group can be 
determined similarly, by substituting the appropriate value for 
the distance of the column from the axis. 

17.4.3 Silos 

Notes on the pressures set up on hopper bottoms are given in 
sections 2.7.7 and 9.3, and Tables 2.15 and 2.16. Notes on the 
design of hopper bottoms in the form of inverted truncated 
pyramids are given in section 6.4.2. Expressions for bending 
moments and tensile forces are given in Table 2.81. 

18.1 PAD FOUNDATIONS 

Some general notes on the design of foundations are given in 
section 7.1. The size of a pad or spread foundation is usually 
determined using service loads and allowable bearing values. 
The subsequent structural design is then determined by the 
requirements of the ULS. Presumed allowable bearing values 
recommended for preliminary design purposes in BS 8004 are 
given in Table 2.82. 

18.1.1 Separate bases 

An introduction to separate bases is given in section 7.1.6. 
Diagrams of bearing pressure distributions, and expressions for 
pressures and maximum bending moments in rectangular bases 
subjected to concentric and eccentric loading are given in 
Table 2.82. 

Example 1. The distribution of bearing pressure is required 
under a base 3 m long, 2.5 m wide and 600 mm thick, when it 
supports a concentrated load of 1000 kN at an eccentricity of 
300 mm in relation to its length. 

Weight of base: Fb = 3.0 X 2.5 X 0.6 X 24 = 108 kN 
Total load: FM = Fb + F, = 108 + 1000 = 1108 kN 

Eccentricity of total load, 

eM = F,e IFtot = (1000 X 0.3)/1108 = 0.27 m 

Since etot < 1/6 = 3.0/6 = 0.5 m, the bearing pressure diagram 
is trapezoidal, and the maximum and minimum pressures are: 

f= (1 :': 6etot 10Ftot /bl = (1 :': 6 X 0.2713.0)[1108/(2.5 X 3.0)J 
= (1.54 and 0.46) X 148 = 228 kN/m2 and 68 kN/m2 

Note. For the structural design of the base, Fb and F, should 
include safety factors appropriate to the ULS. Bearing pressures 
corresponding to these values of Fb and F" reduced by FJbl, 
should then be used to determine bending moments and shear 
forces for the subsequent design. 

18.1.2 Combined bases 

When more than one column or load is carried on a single base, 
the centre of gravity of the total load should coincide, if possible, 
with the centre of area of the base. Then, assuming a rigid 
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base, the resulting bearing pressure will be uniformly distributed. 
The base should be symmetrically disposed about the line of the 
loads, and can be rectangular or trapezoidal on plan as shown 
in Table 2.83. Alternatively, it could be made up as a series of 
rectangles as shown at (b) in Table 2.84. In this last case, each 
rectangle should be proportioned so that the load upon it acts at 
the centre of the area, with the area of the rectangle being equal 
to the load divided by an allowable bearing pressure, and the 
value of the pressure being the same for each rectangle. 

If it is not practical to proportion the combined base in this 
way, then the total load will be eccentric. If the base is thick 
enough to be considered to act as a rigid member, the ground 
bearing pressure will vary according to the diagram shown at 
(c) in Table 2.84. For a more flexible base, the pressure will be 
greater immediately under the loads, giving a distribution of 
pressure as shown at (d) in Table 2.84. 

In the case of a uniform distribution or linear variation of pres­
sure, the longitudinal bending moment on the base at any section 
is the sum of the anti-clockwise moments of the loads to the left 
of the section, minus the clockwise moment due to the ground 
pressure between the section and the left-hand end of the base. 
This method of analysis gives larger values for longitudinal bend­
ing moments than if a non-linear variation is assumed. Formulae 
for combined bases carrying two loads are given in Table 2.83. 

Example 2. A strip base, 15 m long and 1.5 m wide, carries a 
line of five unequal concentrated loads arranged eccentrically 
as shown in the following figure. The bending moment is to be 
determined at the position of load F2, where the values of the 
loads and the distances from RH end are as follows: 

F, = 500 kN, F2 = 450 kN, F3 = 400 kN, F, = 300 kN 

ZI = 14 m, Z, = 11 m, Z3 = 8 m, Z4 = 5 m, Z5 = 1.5 m 

X 

F, :GLF4 
F, x, 25 

X3 
F3 

T 
fmax 

~ e~:t 112 

I : 
y 



Foundations: presumed allowable bearing 
values and separate bases 

Category 

Rocks 

Non-
cohesive 
soils 

Cohesive 
soils 

Type of rock or soil 

Strong igneous and gneissic rocks in sound condition 

Strong limestones and strong sandstones 

Schists and slates 
Strong shales, strong mudstones and strong siltstones 

Dense gravel, or dense sand and gravel 
Medium dense gravel, or medium dense sand and gravel 

Loose gravel, or loose sand and gravel 

Compact sand 

Medium dense sand 

Loose sand 

Very stiff boulder clays and hard clays 

Stiff clays 

Firm clays 

Soft clays and silts 

2.82 
Bearing value kN/m' Remarks 

10000 Values are based on 

4000 the assumption that 

3000 
the foundation is 
taken down to 

2000 unweathered rock. 

>600 Values apply where 

200--600 width offoundation 

<200 
is not less than 1 m. 
Groundwater level 

> 300 is assumed to be not 
100-300 above the bottom of 

< 100 the foundation. 

300--600 Clays and silts are 

150--300 susceptible to long-

75-150 
tenn consolidation 
settlement. 

<75 

Notes. These values, which apply under static loading, are for preliminary design purposes only, and may need to be 
altered upwards or downwards. No addition has been made for the depth of embedment of the foundation. Values for 
non-cohesive soils depend on degree of looseness. No values are given for very soft clays and silts, peat and organic 

soils, or made ground and fill. 

Distribution of bearing pressure on rectangular base for concentric load, and load eccentric about one axis only 

F F 

,f--U2 +U2---,t" 

fit t IT] t t 2UfbJ fmi" I I fmax 

F 

,f--U2-+e-l' 

~,} 1---,tJ I' I---'!A' 

Concentric load (e ~ 0) Eccentric load (e S 1/6) 

k~ I ± 6e 
I 

Eccentric load (e > 1/6) 

k~ _4~1_ 
3(1-2e) 

I~ kF/bl where F is total load on foundation (including weight of bas e), b and I are width and length offoundation. 

~II--f 

For structural design (to BS 8110): 

I~F/z' whereF~ 1.4~+ 1.6Qk 

Bending moment at X-X, M~ Il(l- c)' /2 

Punching shear stress at critical perimeter 

v ~ l(l' -1/)l41Id where II ~ C + 3d 

For structural design, where all loads are design ultimate loads: 

fi ~ [Fy - (Fb + Fy)( 6e"JfJ]/bl, I, ~ [Fy + (Fb + Fy)( 6e,,,/fJ]/bl 

Fb is load due to weight of base e,,, ~ (Fye + Fhh + M)/(Fb + Fy) 

Bending moments at X-X and Y-Y: 

Mx ~ (a'bl2)[fi + (a/3T)(ji - fill 

Foundations: other bases and footings 

Concentric load 

Rectangular base F + ' 
Elevation: ! 

Plan +FI 

F .,2 
! 
I 

1 
+F2 b 

FJ+F2 
fnel=-b-I-

I J =1-(12+[3) 

12=!1-~ L,.--L.- L 2 FI + F2 

~13 21 bl<t:Fj+F2+Pbase 

I 
II I II 

I 2 fum 
M 11 =-·dnet b1 j Mx =+i"fnet bI32 M22 =-tfll€r bll 
Transverse bending moment (at each load) = - i bFr (or F2) 

Trapezoidal base 

t/(bI+bz)<l: FJ+F2+Fbase 
fum 

Longitudinal bending moments (total) 

X=~[2bl +b,] 
3 b l + b2 

F213 y=--
FI +F2 

II=I-Cy+x) 
/,=1-(13+ 11) 

2(FI + F2) 
Inel - l(b

l 
+ bz) 

1-11 
bll = b2 +(bl +bz)-­

I 

(diagram similar to rectangular base concentrically loaded) 

Mil = - ~I ~ (2bJ + bJI)Inel MZ2 = - V~ (2bz + bz2)fnet 

Mx = + ~I; (blt + b22) fnet (approx.) 

Transverse bending moments = -tFlblI at FI: -tF2bZ2 atF2 

General case for any number of loads 

Wall footings 

F (force/unit 
length) 

F + Fbase 
1<1:--­

fUm 

Mx = tinet I~ per unit length 

Bending moment 
at X~X: 

=LFx--!bY-fnel 

F (force/unit 
length) 

F 
fnel=T 

Mx = ±inet IJ per unit length 

2.83 
Eccentric load (note sign and direction of Fv, Fh, M, e etc) 

Rectangular base +M,"""-"" 

+F ..... F),J 
M 

Elevation 

f£ffffi-iiflmffffl.ffifmIfmt:p 
1--11 13 12-! r 1 ,. Centroid . 

b FYI,!, $-~-l"' 
x= Fvl 13 L CG of loads Fvl + Fvz . 

FvI+FvZ L-
e=t1-(l2+ x) L-1I2 l_e ____ -.l1 • 

Mo = (Fvl + Fv2)e + MI + M2 + (Fhl + Fk2)h 

f,-,.1c[CF +F +F )+6Mo]/:t>fum 
Imax / hI vI v2 base - I ......... <t 0 

F = F. i" _ F). f _ II + I) 
JI Jmm+ I V= Jmin' 2-Imax+-

I
-ifmax-Imin) 

Longitudinal bending moments (total) 
(diagram similar to rectangular base loaded concentrically) 

Mll =-ib1j2(2fmin + 11- 3fbase) 

Mx = + ~b132ifl + fz) (approx.) 

M22 = -ibI22(2fmax + fz - 3 fbase) 

Transverse bending moments (at each load)=-~ hFel (or Fv2) 

Balanced bases 

R j Fbeam R2 

RI =F\ +R+FbaseJ +tFbeam R J Rz 
R2=F2-R+Fb ,+1.F" bllJ<t-Z- b212<t f 

ase 2 am J/lm JUm 

Longitudinal bending moments varies from Fie at centre-line 
ofC!) to zero at centre-line of@ 

Coupled bases 

RJ = FvI -R + Fbasel 

R2 = Fv2 - R + FbaseZ 

R = (MIl + M22)1l 

Mll =MI-FhIh 

M2Z=Mz-FhZh 

Wall footing 

M = moment per unit length 
Fh, Fv = load per unit length 
Mo=M+Fhh Fve 

f_'.!.(F + 6Mo)/:t>fum 
Imin / I v- I ......... <to 

II +a 
fx = fm;l! + -I-Umax - Imin) 

Mx =11; (fx + 2fwu + 3 fbase) 
per unit length 

Shearing force at X = ~ 12 (Ix + fmax - 2 fbase) per unit length 

The notation used in.the diagrams above is as follows: F, Fv == vertical imposed load, Fh = horizontal imposed load (kN) 
Am = allowable beanng pressure,Ibase = pressure due to weight ofbase,jnet = pressure due to imposed loads only (kN/m2) 



Foundations: inter-connected bases and rafts 2.84 
Combined foundations for line of loads 

Centroid of base and centre of 
gravity of loads 

(a) Trapezoidal 

(b) 

(e) 

(d) 

Rafts 

, / , / 
/ 

Rectangular 

~lllljillllllllliiilllllllllll~iilllllllll~ 
Unifonn variation o/pressure 
(when CG and centroid not concident) 

~ 
Non-uniform variation of pressure 

(a) Solid raf' 

(b) Solid raft with 
thickening at edge 

(c) Beam-and-slab raft 

Cd) Cellular raft 

Balanced foundations 

~ :) C fA 
(a) 

~B 
I 

\tl 
C 9i LflAI 

Water 

(b) 

A (e) 

.,,<~/ 

i>'1i 
;/ 
Centroid of 

. ~To'umn base 

(d) 

Imposed load 

Water pressure 

(e) Basement in wet ground 

B 

level 

F 

/ '~~~~~-~-~-=-=-~-~-~':':?"~;;~I-_ Three light 
loads 

'o5:,-,,L.~~:-(CYG~of loads 
I 

I I 
I I 

)~c----it=-5=.C:<:en~troid of raft 
• I 

-====~=2] ~7--­
/ ~ 

(f) Plan of eccentrically 
loaded raft 

/ 

Pad foundations 

The first step is to determine the eccentricity of the total load, 
and check that e = C£F;:J2,F - 1/2) ,; 116. Hence, 

4Fz = 500 X 14 + 450 X 11 + 400 X 8 + 350 X 5 + 300 X 1.5 

= 17350kNm 

4F = 500 + 450 + 400 + 350 + 300 = 2000 kN 

e = 17350/2000 - 1512 = 1.175 m < 116 = 2.5 m 

The maximum and minimum bearing pressures can now be 
calculated from the formula in Table 2.82, where 

k = (I ± 6e11) = (1 ± 6 X 1.175/15) = 1.47 or 0.53 

Hence, with 4Flbl = 2000/(1.5 X 15) = 88.9 kN/m2 

1m" = 1.47 X 88.9 = 130.7 kN/m2 

Iml' = 0.53 X 88.9 = 47.1 kN/m2 

Then, for any section X-X, at distance y from the left-hand end 
of the base, the bearing pressure is 

I, = 1m" - !fm" - Iml,) yll 

Considering the loads to the left of section X-X, where x is the 
distance of a load from the section, the resultant bending 
moment on the base at section X-X is 

M = 4Fx - (21m" + I,) by'16 

Thus, at the position of load F2, where y = 4 m and x, = 3 m, 

I, = 130.7 - (130.7 - 47.1) X 4/15 = \08.4 kN/m2 

M = 500 X 3 - (2 X 130.7 + \08.4) X 1.5 X 42/6 = 20.8 kNm 

18.1.3 Balanced bases 

With reference to the diagrams on the upper right-hand side of 
Table 2.84, (a) shows a system in which beamBC rests on a base 
at A, supports a column on the overhanging end C, and is 
counterbalanced at B. The reaction at A, which depends on the 
relative values of BC and EA, can be provided by a base 
designed for a concentric load. The counterbalance at B could 
be provided by load from another column as at (b), in which case 
the dead load on this column needs to be sufficient to counter­
balance the dead and imposed loads on the column at C, and vice 
versa. It is often possible to arrange for base A, to be positioned 
directly under column B. Formulae giving the values of the 
reactions at A and AI are given in Table 2.83, where various 
combinations of values for F, and F2 usually need to be considered. 
Thus, if Fl varies from F1,rruJX to F1,mill, and F2 varies fromF2,rruJX to 
F2• rnm' reaction R (see diagram in Table 2.83) will vary from 

RIlliIX = e F1,max Il to Rmin = e F1,min /l 

Hence, R J and R2 can have the following values: 

Rl,max = Fl,max + Fbase 1 + Rmax + Fbeam 12 

Rl,min = F1,OOn + Fbase 1 + R OOn + F beam 12 

R 2,1lliIX = F2,max + F base2 - Rmin + Fbeam 12 

R2,min = F 2,min + Fbase2 - Rmax + Fbearn 12 

Therefore, base 1 must be designed for a maximum load of R l,max 

and base 2 for R2,m31o butR2,min must always be positive. From the 
reactions, the shearing forces and bending moments on the beam 
can be calculated. In the absence of a convenient column load 
being available at B, a suitable anchorage must be provided by 
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other means, such as a counterweight in mass concrete as at (c), 
or the provision of tension piles. If the column to be supported is 
a corner column loading the foundation eccentrically in two 
directions, one parallel to each building line, as at (d), it is some­
times possible to use a diagonal balancing beam anchored by an 
internal column D. In other cases, however, the two waIl beams 
meeting at the column can be designed as balancing beams to 
overcome the double eccentricity. For beam EC, the cantilever 
moment is FE e 1, where FE is the column load, and the upward 
force on column C is FE e, 1(1, -0. e,). For beam EF, the corre­
sponding values are FE e2 and FE e21(12 - e2) respectively. 

18.1.4 Rafts 

The required thickness of a raft foundation is determined by the 
shearing forces and bending moments, which depend on the 
magnitude and spacing of the loads. If the thickness does not 
exceed 300 mm, a solid slab as at (a) in the lower part of 
Table 2.84 is generally the most convenient form. If a slab at 
ground level is required, it is usuaIly necessary to thicken the 
slab at the edge, as at (b), to ensure that the edge of the raft is 
deep enough to avoid weathering of the ground under the raft. If 
a greater thickness is required, beam-and-slab construction 
designed as an inverted fioor, as at (c), is more efficient. In cases 
where the total depth required exceeds 1 m, or where a level top 
surface is required, a cellular construction consisting of a top 
and bottom slab with intermediate ribs, as at (d), can be adopted. 

When the columns on a raft are not equally loaded, or are not 
symmetrically arranged, the raft should be designed so that the 
centre of area coincides with the centre of gravity of the loads. 
In this case, the pressure on the ground is uniform, and the 
required area is equal to the total load (including the weight of 
the raft) divided by the allowable bearing value. If the coinci­
dence of the centre of area of the raft and the centre of gravity 
of the loads is impractical, due to the extent of the raft being 
limited on one or more sides, the shape of the raft on plan 
should be so that the eccentricity ew of the total load Flot is kept 
to a minimum, as in the example shown at (f). 

The maximum bearing pressure (which occurs at the corner 
shown at distance a, from axis N-N on the plan, and should not 
exceed the allowable bearing value) is given by: 

Ftot _F-,t0"ot e--,w,-a--,I t. =-+ 
max A raft lraft 

where Araft is the total area of the raft, and Iraft is the second 
moment of area about the axis N-N, which passes through the 
centre of area and is normal to the line joining the centre of area 
and the centre of gravity of the loads. The pressure along axis 
N-N is Fto/Araft, and the minimum pressure (at the corner shown 
at distance a2 from axis N-N) is given by: 

When the three pressures have been detennined, the pressure at 
any other point, or the mean pressure over any area, can be 
assessed. Having arranged for a rational system of beams or 
ribs to divide the slab into suitable panels, as suggested by the 
broken lines at (f), the panels of slab and the beams can be 
designed for the bending moments and shear forces due to the 
net upward pressures to which they are subjected. 

l 
II !. 
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18.2 OPEN-PILED STRUCTURES x =4.5m r- e =750mm 

Expressions from which the loads on groups of inclined and 
vertical piles, supporting jetties and similar structures, can be 
obtained are given in Table 2.85. For each probable condition 
ofload, the forces acting on the superstructure are resolved into 
horizontal and vertical components, Fh and F" the points of 
application of which are also determined. If the direction of 
action and position of the forces are opposite to those in the 
diagrams, the signs in the formulae must be changed. 

Fh= 100kN-[~~~~0t!ri~gi~n~~I+t!jF'~=~8~00~kN 

Example 1: vertical piles only. The adjacent figure shows 
a cross section through a jetty, where the loads apply to one row 
of piles (i.e. n = 1 for each line and kn = 4). Since the group 
is symmettical, it = 0.5 X 9.0 = 4.5 m. 

M = F, e - Fh h = 800 X 0.75 - 100 X 4.8 = 120 kNm 

The calculations for the loads on the piles are shown in the 
following table, from which the maximum load on any pile is 
212 kN. For each pile, the shear force is 10014 = 25 kN, and 
the bending moment is 25 X 4.8/2 = 60 kNm. 

kw 

(:1) Pile x x' (~J 
no. (m) (m') 

NI -4.5 20.25 +0.25 4.5 
45 

N, -1.5 2.25 +0.25 1.5 
- 45 

~-0.100 

= -0.033 

N3 +1.5 2.25 +0.25 +0.033 

N4 +4.5 20.25 +0.25 +0.100 

I = :Enx' = 45.00 m4 

LW 

300mm 

Example 1. Cross section through piled jetty 

Axial load 
(kwF, + k"M) 

(0.25 X 800) - (0.100 X 120) = 188kN 

200 - (0.033 X 120) = 196kN 

200 + 4 = 204kN 

200 + 12 = 212kN 

e- 525 m 

i xo-4.5m (Yo-O) 

'0" 'I 
ngm Elastic centre • F, =800kN 

) • • 
-.----- ._._._._.- ' HW 

4.5m 

Example 2: vertical and inclined piJes_ The adjacent figure 
shows a cross section through a jetty, where all the piles are 
driven to the same depth. Since A is the same for all the piles, 
if J = All is taken as unity for piles N j and N4 then, for piles N2 
and N3, J = 41--.j(1 + 4') = 0.97. Since the group is symmettical: 
k2 = 0, k, not needed, k4 = 0, k = kJ k5, Xo = 9/2 = 4.5 m, 
and Yo = O. 300mm 

45m '~1 
! i 

300mm 

M = F, e - Fh h = 800(5.25 - 4.5) + 0 = 600 kNm 

The calculation is then as shown in the following table, from 
which k = 3.826 X 0.114 = 0.436. The axial loads on the piles 
are given by N, = "" (kw F, + kh Fh + km M), hence 

N j = 1.0 X (0.261 X 800 + 0 - 0.111 X 600) = 142.1 kN 

N2 = 0.941 X (0.261 X 800 + 2.19 X 100 + 0) = 402.6 kN 

N, = 0.941 X (0.261 X 800 - 2.19 X 100 + 0) = -9.6 kN 

N4 = 1.0 X (0.261 X 800 + 0 + 0.111 X 600) = 275.5 kN 

Thus the maximum load on any pile is 402.6 kN. Note that the 
weight of the pile has to be added to the above values. 

i 
I~ 

'J
i 
i 
:': d, 
iii 
£ r Nl~ 

X2 - X3 

\ =4.5m/; i 
/.. 1 

- ~-T Xl --4.5m -. -

II~ 
I 

" " , +1 '" 
:'. 

x4 =9m 
i 

LW 
;F- " 
. -+4.5m i 
,~ 1 

r\\\ 
i 
i 

\ ' ~ 
, , 

Example 2. Cross section through piled jetty 

Foundations: loads on open-piled structures 2.85 
-'" 
" 0 

i 
." 

'il 
~ 

+Fh ---- Assumed deformation 

~r-
h 

1 

x = IAnfLn (for symmetrical group x = a,P) 
1= Lnx' 

Axial load on any pile: 

Nx = kwFv + kmMplus weight of pile 

M=Fve-Fhh 

kw = 1I:I:; km=xlI 

Shearing force on any pile = V = Fhl:I:n 
Bending moment on any pile = Vhl2 

nl nn = number of piles in each row 

1------+eh • ~ +Fv 

Xo ~' • + ___ Elastic centre 0 --t "1 ;-+--.- j. 

'I ;' ;' I' -X2 ,+xn _ /1' II 
F, , ' • 1 ' 

110 ,I ' ::t 1\ e ,I ~ -Xl i xn------.l \ 
v / RIgid pile cap / I 

-On 

Axial load on any pile 

Nx = kpCkJu + khFh + knM) 

M = FJeh -xo) + Fh(yo - ev) 

Co-ordinates of elastic centre 

Xo = (2:,L, - L,'",)lk 

Yo = (L,'"3 - '"J '"4)lk 
k = LI:I:S - L~ 
J=AIl 

Nn pile reference and load 

An cross-sectional area A, 

(I:B,) (I:Bn) slope of pile = tan B 
E is assumed to be constant 

Summations 

L\ ='5:,J cos2 8 

:I:z = '5:,J cos e sin 0 

:I:4 = :I:xJ cos 8 sin 8 

Coefficients in formula for Nx 

kp = Jx cos Ox = Ax __ B_ 
I, '(I + 82

) 

k" = ('"' - tan e L,)lk 

Note on symmetrical groups L, =0; 

Piles inclined 
towards right 

A B' 
+LR---

l 1 + B2 

+L ~ B_ 
R l 1+B2 

A B2 
+LR---X 

I 1 + B2 

A B2 
+:I:R---x 

Z 1 + B2 

A I 
+LR---

1 1 + B' 

+'5:, ~~X2 
RZl+B2 

x-xo + Yo 
B 

+~ __ B_ 
1 --1(1 + B') 

+,- i)!k 

+ (i -,"2)!k 

B 
+~ 

'"' 
k=:I:\ :I:s; Xo =txn; 

Piles inclined 
Vertical piles towards left 

+:I: ~ A B' 
+I:L ---

' I I 1 + B2 

Nil A B 
-2:L ---

l 1+ B2 

+:I: ~ x A 8' 
+:I:L---x 

' I I 1 +B2 

Nil A B -2:L ---x 
1 1 +B2 

Nil A I 
+2:L ---

I 1 +B' 

+ I:v~ X2 +2: ~~X2 
1 LZ1+B2 

x-xo x-xo- Yo 
B 

+~ +~ __ B_ 
1 I '(1 + B2) 

L, 
+,+ i)!k +-

k 

_L, -(i -L,)!k k 

X X 
+~ +~ 

'"' L, 

~ is not required 
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Pile 
no. 

N, 

N3 

N, 

Totals 

~l 

+1 

+ 0.97 X 42 

1 +42 

= +0.913 

+0.913 

+1 

+3.826 

0 

+ 0.97 
1 +42 

= +0.057 

= +0.057 

0 

+0.114 

x 
(m) 

X 
(m) 

o -4.5 

+4.5 0 

+4.5 0 

+9 +4.5 

Example 3: inclined piles only. The adjacent figure shows a 
cross section through a jetty, where cot e = 5. Since the values 
of A and I are the same for each pile, unity may be substituted 
for J = All. For piles Nl and N" B = + 5 and, for piles N2 and 
N4, B = -5. Since the group is symmetrical: ~2 = 0, ~, not 
needed, ~4 = 0, k = ~j ~5' Xo.= 3 m, and Yo = O. 

M = F, e - Fh h = 800(3.75 - 3.0) + 0 = 600kNm 

The calculation is then as shown in the following table, from 
which k = 3.826 X 0.1538 = 0.5917. The axial loads on the 
piles are given by N x = "" (kw F, + kh Fh + km M), hence 

Nj = 0.9806 X (0.26 X 800 + 1.3 X 100 - 0.0867 X 600) 

= 0.9806 X (208 + 130 - 52) = 280.4 kN 

N2 = 0.9806 X (208 - 130 - 52) = 25.5 kN 

N3 = 0.9806 X (208 + 130 + 52) = 382.4 kN 

N4 = 0.9806 X (208 - 130 + 52) = 127.5 kN 

Thus the maximum load on any pile is 382.4 kN, to which the 
weight of the pile has to be added. 

Pile x X 
no. ~l ~5 (m) (m) 

--.L 1 N j 1+5' 1 +52 

= +0.9615 = +0.0385 0 -3.0 

N2 

+0.9615 +0.0385 0 -3.0 

N, 

+0.9615 +0.0385 +6.0 +3.0 

N, +0.9615 +0.0385 +6.0 +3.0 

Total +3.846 +0.1538 

Foundations and retaining walls 

~6= I k" kh km 

+0.114 _ 4.5 
0.436 40.5 

+20.25 +1 = +0.261 0 = -0.111 

+ 0.97 x 4 + 3.826 
-./(1 + 4') 4 x 0.436 

o = +0.941 +0.261 = +2.19 0 

o = +0.941 +0.261 = -2.19 0 

+20.25 +1 +0.261 0 +0.111 

+40.5 

e = 3.75 m 
I- I I 

Elastic centre i Xo = 3 m i 
.• 0'1 (v=800kN 

F - lOOkN Gri"; (yo = ) . , 
h- ____ "'. , 

Example 3. Cross section through piled jetty 

~6=I kp kw kh XII 

0.9615( -3}' _5_ 0.1538 + 3.846 __ 3_ 

-./(1+5') 0.5917 5 X 0.5917 34.62 

= +8.65 = +0.9806 = +0.26 =+1.3 = -0.0867 

3.846 
5 X 0.5917 

+8.65 +0.9806 +0.26 = -1.3 
3 

+:i4.6z 

+8.65 +0.9806 +0.26 +1.3 

+8.65 +0.9806 +0.26 -1.3 

+34.62 

Box culverts 

Notes on design examples (1)-(3). In each case, the pile 
group is symmetrical and is subjected to the same imposed 
loads. Examples (2) and (3) are special cases of symmetrical 
groups for which ~4 = 0 and therefore Yo = 0; this condition 
applies only when the inclined piles are in symmetrical pairs, 
with both pairs meeting at the same pile-cap. 

Example (3) requires the smallest pile, but the difference 
in the maximum load is small between (2) and (3). Although 
the maximum load on a pile is least in (I), the bending 
moment requires a pile of greater cross-sectional area to pro­
vide the necessary resistance to combined bending and thrust. 
If the horizontal force is increased, the superiority of (3) is 
greater. If Fh = 200 kN (instead of 100 kN), the maximum 
pile loads are: 236 kN (and a large bending moment of 
120 kNm) in (1), 609 kN in (2), and 510 kN in (3). 
Arrangement (2) is the most suitable when Fh is small. If 
Fh = 10 kN, the maximum pile loads are: 255 kN (and a 
bending moment of 6 kNm) in (I), 217 kN in (2), and 268 kN 
in (3). Arrangement (I) is the most suitable when there is no 
horizontal load. 

18.3 RETAINING WALLS 

Various types of earth retention systems, for which notes are 
given in section 7.3.1, are shown in Table 2.86. Information on 
the pressures exerted by soils on retaining structures is given in 
section 9.1 and Tables 2.10 to 2.14. 

18.3.1 Walls on spread bases 

Several walls on spread bases, for which notes are given in 
section 7.3.2, are shown in Table 2.86. Suitable dimensions for 
a base to a cantilever wall can be estimated with the aid of the 
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chart given in Table 2.86, which is a modified version of a chart 
published in ref. 63. The modified chart is applicable to design 
methods in which the soil parameters incorporate either mobil­
isation factors as in BS 8002, or partial factors of safety as 
in the Eurocodes. 

Stability against overturning is assured over the entire range 
of the chart, and the maximum bearing pressure under service 
conditions can be investigated for all types of soil. A uniform 
surcharge that is small compared to the total forces acting on 
the wall can be simply represented by an equivalent height of 
soil: I can be replaced by I, = 1+ q/y, where q is the surcharge 
pressure. In more general cases, Ie = 3MiFh and 'Y = 2FblKAIe2 
can be used, where Fh is the total horizontal force and Mh is the 
bending moment about underside of base due to Fh• 

The chart contains two curves showing where the bearing 
pressure is uniform, and triangular, respectively. A uniform 
bearing condition is important when it is necessary to avoid 
tilting in order to minimise deflection at the top of the wall. 
l! is generally advisable to maintain ground contact over 
the full area of the base, especially for clays where the 
occurrence of ground water beneath the heel could soften the 
formation. 

Further infonnation on the use of the chart. for walls that are 
designed in accordance with BS 8002 and BS 8110, is given in 
section 28.4. 

18.4 BOX CULVERTS 

Formulae for the bending moments in the corners of a box 
culvert due to symmetrical load cases are given in Table 2.87. 
Some notes on the different load cases and assumed ground 
conditions are given in section 7.4.2. Design requirements of 
Highways Agency BD 31187 are summarised in section 7.4.3. 
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Strips or grids 
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Facing 
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In-~ bMS 

Soil nailing 
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Simple cantilever walls 

Values of the controlling proportions £land p, for the ~ 3.0 
idealised wall of zero thickness shown below and for 'c: 
given values of q=Pmoxlrl and 1fI= tan4J.JKA , where 11 

~ ris unit weight of soil, 4. is angle of base friction, 

Cantilever walls with counterforts 

and KA is fully active earth pressure coefficient, can 2.5 f---f---.f--+-f-\: 
be obtained from the adjoining chart (see also 18.3.1). 

Idealized 
wall 

IIllJllilllJllllll~ , 

(a) Pm" = '37(~-;F,-,_v:-2e') 

(b) P = FV(I+6e) 
max al al 

e=MhIFv+ a/l2-x:> aJI6 

, . ; 
fore;;' ~ 

fore:> ~ 

Fv is resultant of all vertical loads including weight 
of wall, and weight of earth and surcharge on base 
Mh is bending moment about underside of base due 
to all horizontal forces acting on full height of wall 
x is distance from toe of base to line of action of Fv 

\', - \):1-
\ \ \).~" ',I.)) -- __ ~. ~_~ ____ _ 

oL-~\~~~~"~~~ ___ ~~_-_-_-_-_-__ -~ ___ ~ 
0.2 0.4 0.6 0.8 1.0 1.2 

. Values of!/J 
Chart for cantilever wall on spread base 

Rectangular cnlverts 

Bending moments (per unit length of culvert) 

MA=MB Mc=Mn 

Pressures and uniform loads are per unit area of walls or slab. 

Load F and G are total loads per unit length of culvert. h and 
I are measured between centres of walls or slabs. 

q} = pressure transferred to soil. 

2.87 
k=!!n

3 

Z hw 
K4=4k+9 

Ks= 2k+3 

KI = k+ 1 K6=k+6 

K2 = k + 2 K7=2k+7 

K3 = k+ 3 Kg=3k+8 

Condition of supporting ground (limiting cases) 
Loading 

Non-compressible 

rJ tl 
FIK4 

D t1 
F/ 

Concentrated 

ql = Z:h' , 

MA=----

' ---- ' 

MA=--

load on roof 24K]K3 4K2 

K, MA 
~ IV I, j Me=-MA Me=--

K4 2 

h1:I=q t:1 w~q t1 
qZ2 , , 

MA}=_~ 
, , 

MA=--
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on roof Me 12Kl 
MA 

1,- ) " Me=--
2 

GQG ~ MA=+--- GOG D Weight 20 12KrK3 MA=Me=O 
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Ks .I" l+hw ',_ ) 
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k 

n q,1'2kK7 

Q,pU 
q,/t-k 
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pressure 60K]K3 30K2 
on walls Kg Kg , ' Me=-MA Me=--MA '- " K7 2K 

II n qeph2k 
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Yq,p 

MA ) = _ qeph
2
k 

M ----
(surcharge) 

A - 12K2 

pressure Me 12K} K3 
on walls ' ' [l ': MA=-TMA '- ;' qep ,-------

qip Qjph2kK7 
qip q;/,2k 

Hydrostatic 

i,--ql = q;P 
0 

MA=+ 

0 
M ----

(internal) 
60KlK3 i 

A - 30Kz 

pressure Kg K8 
Me=-MA Mc=--MA 

K7 2k 

PC" 0 
qip(h2kK3+ z1Ks) 

elf () qjp(hZk+ 2z1) 
Excess MA=+ MA=+ 

hydrostatic 

[ ql=q~ 
12K1K3 12K2 

(internal) q;pk(h2K3-i') qip(hzK3-(2) 
Mc=+ " Me=+ 

12K]K3 
qip 12Kz 
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19.1 STAIRS 

Some general notes on stairs are given in section 6.1.4. For 
details of characteristic imposed loads on staits and landings, 
and horizontal loads on balustrades, refer to BS 6399: Part 1. 
Stairs forming monolithic structures are generally designed for 
the uniformly distributed imposed load only. Stairs that are 
formed of separate treads (usually precast), cantilevering from a 
wall or central spine beam, must be designed also for the alter­
native concentrated load. Some general information on stair 
types and dimensions is given in Table 2.88, and comprehensive 
data is given in BS 5395. 

19.1.1 Simple stairs 

The term 'simple' is used here for a staircase that spans in the 
direction of the stair flight between beams, walls or landings 
located at the top and bottom of the flight. The staircase may 
include a section of landing spanning in the same direction and 
continuous with the stair flight For such staircases, the following 
statements are contained in BS 8110. 

When staircases surroWlding open wells include two spans 
that intersect at right angles, the load on the area common to both 
spans may be divided equally between the spans. When the stait­
case is built at least 110 mm into a wall along part of all of its 
length, a ISO mm wide strip adjacent to the wall may be deducted 
from the loaded area. When the staircase is built monolithically 
at its ends into structural members spanning at right angles to its 
span, the effective span of the stairs should be taken as the hori­
zontal distance between the centrelines of the supporting mem­
bers, where the width of each member is taken not more than 
1.8 m. For a simply supported staircase, the effective span should 
be taken as the horizontai distance between the centrelines of the 
supports, or the clear distance between the faces of supports plus 
the effective depth of the stait waist, whichever is the lesser. If a 
stair flight occupies at least 60% of the effective span, the per­
missible span/effective depth ratio calculated for a slab may be 
increased by 15%. 

19.1.2 Free-standing stairs 

In ref. 64, Cusens and Kuang employ strain--energy principles to 
determine expressions relating the horizontal restraint force H 
and moment Mo at the mid-point of a free-standing stair. 

Chapter 19 

Miscellaneous 
structures and details 

By solving the two resulting equations simultaneously, the 
values of Hand Mo obtained can then be substituted into general 
expressions, to determine the forces and moments at any point 
along the structure. 

It is possible, by neglecting subsidiary terms, to simplify the 
basic equations produced by Cusens and Kuang. If this is done, 
the expressions given in Table 2.88 are obtained, and these yield 
Hand Mo directly. Comparisons of the solutions obtained by 
these simplified expressions, with those obtained using the 
expressions presented by Cusens and Kuang, show that 
the resulting variations are negligible for values in the range 
encountered in concrete design. 

The expressions given in Table 2.88 are based on a value of 
GIE = 0.4, with C taken as half of the St. Venaut value for plain 
concrete. As assumed by Cusens and Kuang, only half of 
the actual width of the landing is considered to determine its sec­
ond moment of area. 

Example 1. Design a free-standing staircase, assumed to be 
fully fixed at the ends, to support total ultimate loads per unit 
length n, = 16.9 kN/m and nl = 15.0 kN/m. The dimensions are 
as follows: a = 2.7 m, b = 1.4 m. b l = 1.8 m, ht = 100 mm, 
hI = 175 mm and", = 30°. 

From the expressions given in Table 2.88, H = 81.86 kN/m 
and Mo = 35.87 kNmlm. If Cusens and Kuang's more exact 
expressions are used to analyse the structure, H = 81.89 kN/m 
and Mo = 35.67 kNmlm. Thus, the errors involved by using the 
approximate expressions are negligible for H, and about 0.5% 
for Mo. If these values of Hand Mo are substituted into the other 
expressions in Table 2.88, corresponding values of M" Mh and 
T at any point in the structure can be found, for various load 
combinations, as shown in the table in page no. 208. 

19.1.3 Sawtooth stairs 

In ref. 65, Cusens shows that, if axial shortening is neglected and 
the strain--energy due to bending only is considered, the mid­
span moments for a so-called sawtooth stairs are given by the 
general expression: 

nl'(kll + kk12) 
Ms = .2 

. ] (kl3 + kk14) 

where k = (stiffness of tread)/(stiffness of riser) and j is 
number of treads. 

Stairs: general information 2.88 

. 
" .~ 

" 
~ 

Free-standing (or scissor) stairs 
(unsupported landing) 

Precast cantilever treads 
supported by spine beam 

Helical stairs 

Sawtooth stairs 

Optimum dimensions for stairs CBS 5395) 

Usage Rise Going Minimum 
(mm) (mm) width (rum) 

Public 150 300 1000 
Semi-public 165 275 1000 
Private 175 250 800 

Note. Optimum combination of rise and going are given by 
2 x rise + going = 600 mm 

If flights are freely supported at A and A': 

H = [nl(b1+b) (1+ ~~sec¢ ) + nfa cos¢ J/2 tan 4> 

If flights are funy fixed atA and A': 

H~ [n/(b1+b) (4+ 3~sec¢ ) + 3nfa coscjJ JI 

{ 2tanq,4+3(b1Ial'/[ 0.72 2 + ~J} 
1+(hf lb) K 

Mo~ [Rbl!an 4> - ~nib;- b
2
)]/[ 1~;~:1' + 2] 

where K= (t,)'e )sec2¢ 

Then for OB, at any point distance y from 0: 

Mv::.-Mo- +nD? Mh =-Hy T= -~niby 
For Be, at any point distance y from 0: 

Mv =- ~ni(~(bl+b)-Yf Mh =0 

T = -1nib(~(bl + b) - y] 

For AB, at any point distance x from B: 

Me::' Hx sin ¢ -~nlbl + b)(x cos cjJ +-tb) -+ njx2cos2¢ 
Mh = - -tHbl cos ¢ - (Mo +-t nl(b~ - if) ] sincjJ 

T=-1Hbl sin cjJ +(Mo+i- nj(b;-b2)JcoscjJ 

Simple stairs 

w., 

Landing for simple stairs 

, I' ~:~~:~~ 
~~ 

sugge'ted arrangement 
ofbars 01 lOp of flight 

Suggested arrangement t~~c~o~ 

of b= a{ bOIl.=,;;m ;;";;;;;;1;;;;:''; 
flight = 

Typical reinforcement arrangement for simple stair 

Additional notation 
a length of flight 
b width of flight and landing 

x.y 
¢ 

distance between centre-lines of flights 
horizontal restraint force and restraint moment at cut, 
respectively 
slab depth of flight and of landing, respectively 
horizontal and vertical bending moments and torsional 
moment at any point, respectively 
ultimate load per unit length on flight and on landing, 
respectively 
distances measured along flight and along Y-axis respectively 
slope of flight measured from horizontal 

IlHlHHHHll 



208 Miscellaneous structures and details 

Application of Values of M" (kNmlm) Values of Mh (kNmlm) Values of T (kNmlmJ 
imposed load 

AtD AtB AtD AtA AtB in DB Throughout AB AtBinBC Throughout AB 

Throughout -35.87 -16.80 -1.16 -8.61 -73.67 -82.94 -7.35 -3.69 

Flights only -24.81 -9.22 + 1.60 -10.67 -50.36 -56.68 -4.03 -2.55 

Landing only -31.32 -16.80 -3.14 -3.33 -64.86 -73.03 -7.35 -3.22 

Note. At point B, the expresslOos give theoretIcal values for Mv (With Imposed load appbed throughout) that reduce abruptly from - 41.95 kNmlm m DB to 
-3.68 kNmlm in Be, due to the intersection with flight AB. Since the members in the actual structure are of finite width, Cusens and Kuang recommend 
redistributing these moments across the intersection between the flight and the landing to give a value of (-41.95-3.68)12 = - 22.82 kNmlm. 

Ifj is odd: 

kn = //16 + j(j - I)(j - 2)/48 

k12 = (j - 1j2/16 + (j - I)(j - 2)(j - 3)/48 

k13 = j/2, k'4 = (j - 1)12 

Ifj is even: 

kll = j(j - I)(j - 2)148 

k12 = (j - I)(j - 2)(j - 3)/48 

k13 = (j - 1)/2, k'4 = (j - 2)12 

The chart on Table 2.89 gives coefficients to determine the 
support moments for various values of j and k. Having found the 
support moment, the maximum mid-span bending moment can 
be determined by using the appropriate expression on the table 
and deducting the support moment. 

Typical bending moment and shearing force diagrams for a 
stair are also shown on Table 2.89, together with suggested 
arrangements of reinforcement. Because of the stair profile, 
stress concentrations occur in the re-entrant corners, and the real 
stresses to be resisted will be larger than those obtained from the 
moments. To resist these increased stresses, Cusens recom­
mends providing twice the reinforcement theoretically required, 
unless suitable fillets or haunches are incorporated at the junc­
tions, in which case the reinforcement need only be about 10% 
more than is theoretically necessary. The method of reinforcing 
shown in diagram (a) is very suitable, butis generally only prac­
tical if haunches are provided. Otherwise, the arrangement 
shown in diagram (b) should be adopted. A further possibility is 
to arrange the bars as shown in diagram (a) on Table 3.63 for 
wall-to-wall comers. 

Example 2. A sawtooth stairs has seven treads, each 300 mm 
wide with risers 180 mm high, the thickness of both being 
100 mm. The stairs, which are 1.0 m wide, are to be designed to 
support a characteristic imposed load of 3.0 kN/m' to the 
requirements of BS 8110. 

The self-weight of the treads and risers (assuming no finishes 
are required) is: 

gk = 0.1 X 24 X (0.3 + 0.18)/0.3 = 3.84 kN/m2 

For design to BS 8110, total design ultimate load for a 1.0 m 
wide stair is given by: 

n = 1.4 gk + 1.6qk = 1.4 X 3.84 + 1.6 X 3.0 = 10.18 kN/m 

Since It = 300 mm, I, = 180 mm and h, = h, = 100 mm, 

k = ht'l/h,'lt = 180/300 = 0.6 

From the chart on Table 2.89, for 7 treads and k = 0.6, the 
support moment coefficient is - 0.088. Thus, 

M, = -O.088n!' = -0.088 X 10.18 X (0.3 X 7)' = -3.95 kNm 

Since j = 7 is odd, the free bending moment is given by: 

M = (n!'/8)(j' + 1)1/ = 10.18 X 2.1'/8 X 50/49 = 5.73 kNm 

Hence, the maximum moment at mid-span is 

Mo = M - M, = 5.73 - 3.95 = 1.78 kNm 

19.1.4 Helical stairs 

By using strain-energy principles it is possible to formulate, for 
symmetrically loaded helical stairs fully fixed at the ends, the 
following two simultaneous equations in Mo and H: 

Mo[K,(k, +~sin211) + ks k7] 

+ HR,[k4(k7 - K,)tan</> + ks sin</> cos</> (I - K,)] 

+ nR,'[K,(ks + ~sin211- sinll) + ks k7 + k6 k7R,IR,] = 0 

Mo[k4(k7 - K,) + ks (k7 - K2)] 

+ HR,[1/2K, tan</> Gil' - ~II'sin211- 2k4) 

+ 1/2k, tan</> (~II' + ~1I2sin211 + 2k4) + 2k4 tan</> (k7 - K2) 

+ ks cos'</> (tan</> + K2 cot</»] + nR,2[K,(k6 - k4) + k4 k7 

+ k7 (ll'sinll + 2k6)R,IR, + (k7 - K,)(ks + k6R,IR,)] = 0 

where 

k4 = jBcos28- -§sin28, ks = ~e- isin28 

k6 = lIeosll- sinll, k7 = cos2</> + K2sin'</> 

K, = GCIEI" K2 = GC/EI, and II = {3/2 

The equations can be solved on a progranuuable calculator or 
larger machine to obtain coefficients k, and 10" representing . 
and H respectively. If the resulting values of Mo and H are 
substituted into the equations given on Table 2.89, the beIldiIlg 
and torsional moments, shearing forces and thrusts at any 
along the stair can be easily calculated. The critical quantity 
trolling helical stair design is usually the vertical moment M", 
the supports, and a further coefficient can be derived to give 
moment directly. 

In ref. 66, Santathadapom and Cusens give 36 design 
for helical stairs, covering ranges of {3 of 60° to 720°, </> of 
to 50°, b/h of 0.5 to 16 and R,/R2 of 1.0 to 1.1, for G/E = 
The four design charts provided on Tables 2.90 and 2.91 
been recalculated for G/E = 0.4, with C taken as half of 
St. Venant value for plain concrete. These charts cover 
of {3 of 60° to 360° and </> of 20° to 40°, with values for 
5 and 10 and R,/R2 of 1.0 and 1.1, ·being the ranges met 

Stairs: sawtooth and helical stairs 

nl 
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l 

I j 1 ___ .':::::~]Ij2~~~~~~~:~e~ :...I loads at mid-
tread 

~ 

LOadingdia~ 

rv ~l' 
TYpical bending-moment diagram 

n~~ 
L-------r 

~___'12 
Typical shearing-force diagram 

r 
__ 11~~=::'J-Main 

bars 
Links 

~I \ Main bar, 
II (b) 

Haunch 

Possible arrangements of reinforcement 

2.89 
-0.108onrrn--------------

-0.105 
Support moment Ms = coefficient x nl2 
Free bending moment M: 

Ifj is odd: M =!nI2 (j2 + 1) 
g j2 

Ifj is even: M=knl 2 

Max. moment at midspan Mo = M - Ms 

k = stiffness of tread 

stiffness of riser 

Curves for k = 0 and ex included for 
interpolation purposes only. 

L l-.r ~
1'11 

of",<!- hi 

/ +:ih,i-

_0.083L~L~~::t=±=±=t=l==:l=~ 
2 4 6 8 10 12 14 16 18 20 

Number of treads i 

At any point along stair 

Lateral moment: 

Torsional moment: 

Mn = Mo sin (J sin ¢ - HR2() tan ¢ cos B sin ¢ - HR2 sin e cos ¢ + nR 1 sin ¢(R 1 sin (J - Rzf)) 

T = (Mo sin (J -HRlJ cos e tan ¢ + nR; sin () -nR J R2 0) cos ¢ + HR2 sin e sin ¢ 

Vertical moment: My = Mo cos e + HRz8 tan ¢ sin () - nRi (l - cos 8) Additional notation 

Thrust: N = -H sin e cos ¢ - nR} e sin ¢ ft,12 second moment of area of stair 

Lateral shearing force across stair: Vn = nR 1 e cos ¢ - H sin e sin ¢ 
Radial horizontal shearing force: Vh = H cos e 

section about horizontal axis and 
axis nonnal to slope, respectively 

n total loading per unit length 
projected along centre-line of load 

RJ radius of centre-line of loading = 

where 

Redundant moment acting tangentially at midspan: Mo=klnR~ 
H = k2nR2 

Mvx = ~nR~ 
Horizontal redundant force at midspan: 

Vertical moment at supports: 

Centre~line 

of step 

Torsional 
momentT 

Mv Viz 0 

Upper landing 

7T -- N 

Mo~t'M V""'" 
~)\li M" 

• _ Lower landing 

0. Elevation 

§ 
§ 
<8 

+ 

(2/3)(Rt - Rt)/(R6- Rf) 
R2 radius of centre-line of steps = 

(l/2)(Rj + Ro)' where Rj and Ro 
are the internal and external radii 
of the stair, respectively 

e angle subtended in plan between 
point considered and midpoint of 
stair 

fJ total angle subtended by helix in 
plan 

¢ slope of tangent to helix centre­
line measured from horizontal 

Radial horizontal 
_-i" ........ shearing force Vii 

.~ 0 f---,-L..---=~:--~=~-~:___i 

Lateral 
momentMn 

+ 

~ 
"0 
~-

ThrustN 

;;:l 2 Lateral shearing force 
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o Values of (} + 

Note. For values of design coefficients kl' k2 and k3' see Tables 2.90 and 2.91. 
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x and a decrease in ex' In the case of F, positive values indicate 
tension. Reinforcement should be provided approximately in 
line with, and to resist, the principal tensile forces. If the shell is 
supported along any edges, the forces will be modified accord­
ingly. The values of the forces at any point are as follows: 

Tangential force 

Fy = - (g + qcose,) rease, 

Longimdinal force 

F, = - (I - x)(xlr)[gcose, + l.Sq(cos2e, - sin2e,)] 

Shearing force 

V,y = (2x -l)(g + l.Sqcose,)sine, 

Principal forces (due to membrane forces only) 

Fp = O.S{(F, + Fy) :!: [(F, - Fy)' + 4V2xy]o"j 

2V,y 
tan2q,= F -F 

x y 

At A (ntid-point at edge: e, = e, x = lI2) 

FyA = - (g + qcose) reose 

F,A = - (l'/4r)[gcose + l.Sq(cos2e- sin2e)] 

VxyA = 0 

At B (ntid-point at crown: ex = 0, x = lI2) 

FyB = -(g + q)r 

F,B = - (l'/4r)(g + l.Sq) . 

VxyB = 0 

At C (support at edge: e, = 0, x = 0) 

Fyc = - (g + qcose) rcosO 

F,c = 0 
V,yC = - (g + l.Sqcose) Isine 

At D (support at crown: e, = 0, x = 0) 

FyD = - (g + q) r 

FxD = 0, V,yD = 0 

Beam action. If the ratio of the length of a cylindrical shell to 
its radius, Ilr, is not less than 2.S, the longitudinal forces can 
be approximated with reasouable accuracy by calculating the 
second moment of area [xx and the vertical distance from the 
neutral axis to the crown y from the approximate expressions: 

I~:= R2h (R - 3hl2)(a' + asinacosa- 2sin'a)!a 

y:= R - [(R - 2hI3)sina]la 

Then, if n is the total uniform load per unit area acting on the 
shell (i.e. including self-weight etc.), the maximum bending 
moment in a freely supported shell is given by: 

M = (2em)I'/S = Ornl'/4 

Hence, from the relationship MII~ = fly the horizontal forces at 
ntid-span at the crown and springing of a shell of thickness h are 
given by the expressions: 

Myh 
F,(top) = ~I~' 

" 
F (b ) 

_ M[r(1 - cos e) - Y]h 
x ottorn - 1 

" 

Miscellaneous structures and details 

At the supports the total shearing force in the shell is 

v = (2em)lI2 = eml 

The shearing stress at any point is then given by v =(VAxl/(2hl,J 

where AX is the first moment of area about the neutral axis of the 
area of cross section of shell, above the point at which the shear­
ing stress is being deterntined. 

The principal shortcoming of this approximate analysis is that 
it does not indicate in any simple manner the magnitude of the 
transverse moments that occur in the shell. However, a tabular 
method has been devised by which these moments can be eval­
uated indirectly from the lateral components of the shearing 
stresses: for details see ref. 6S. 

19.2.4 Hyperbolic-paraboloidal shells 

The simplest type of double-curved shell is generated by the 
intersection of two separate sets of inclined straight lines (parallel 
to axes XX and YY respectively, as shown in the diagrams on Table 
2.92). Vertical sections through the shell at angles XX or YY are 
parabolic in shape, while horizontal sections through the surface 
form hyperbolas: hence, the name hyperbolic paraboloid. 

Individual units such as those shown in diagrams (a) and (b) 
in Table 2.92 can be used separately, being supported on 
columns or buttresses located at either the higher or the lower 
corners. Alternatively, groups of units can be combined to 
achieve roofs having attractive and unusual shapes, such as is 
shown in diagram (c). Some idea of the more unlikely forms that 
can be achieved may be obtained from ref. 69. 

If the shell is shallow and the loading is uniform, the shell 
behaves as a membrane transferring uniform compressive and 
tensile forces of F!2c (where F is the total load on the unit, and 
c is the rise), acting parallel to the directions of principal 
curvature, to the edges of the shell. The edge forces are then 
transmitted back to the supports along beams at the shell edges. 
The main problems that arise when designing these shells are the 
interaction between the shell and the supporting edge members, 
the design of the buttresses or ties needed to resist the horizon­
tal component of the forces at the supports, and the fact that 
excessive deflections at unsupported edges lead to stresses that 
differ considerably from those predicted by simplified theories. 

Increasing the sharpness of curvature of the shell increases its 
stability, and reduces the forces and reactions within the shell, 
but to avoid the need for top forms the maximum slope shonld 
not exceed 4S0: this corresponds to a value of lIi2 for th, 
ratio cia or db in the diagrams on Table 2.92. To ensure stability 
if a single unit is used, the ratio should be not less than lIS. 
A useful introduction to the theory and design of hyperbolic­
paraboloidal shells is given in ref. 70. 

19.3 BEAMS CURVED ON PLAN 

Some general notes on beams fornting a circular arc on pi,,!, 
are given in section 6.1.7. The following analyses apply only if 
the appropriate negative bending and torsional moments can b!, 
developed at the end supports. 

19.3.1 Concentrated loads 

If a beam LR (see Table 2.95) curved on plan is subjected to~ 
concentrated load F, such that the angle between the radiuS af 

Bow girders: concentrated loads 2.95 
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the point of application F of load F, and the radius at the 
mid-point 0 of the beam, is "'0' the following expressions 
are applicable at any point X between F and L (i,e, '" '='=1/10): 

M = Mocos'" - Tosin'" + Vorsin'" - Frsin ('" -1/10) 

T= Mosin",+ Tocos'" + Vor(l-cos",) -Fr[l-cos ("'-"'OJ] 
V=-Vo+F 

where Mo, To and Vo are respectively the bending moment, the 
torsional moment and the shearing force at mid-span, r is 
the radius of curvature in plan and '" is the angle defining the 
position of X, as shown in the diagram on Table 2.95. 

If X is between F and 0 (i.e. X', '" :51/10), terms containing F 
are equal to zero. If X is between 0 and R (Le. X"), signs of the 
terms containing sin", should also be reversed. Now by writing 

Mo = KIFr, To = K,Fr and Vo = K3F, 

kl k3kg - k,k, k,k, - k3k, 
KI = k,' K, = k

4
kg _ k, k, and K3 = k

4
kg - k,k, 

where kjo k", k3 and so on are given by the following expressions, 
in which K = EIIGC (i.e. flexural rigidity/torsional rigidity). 

kl = hK - l)sinl/1o(sin 28- sin 21/10) 

- ~(K - l)cosl/1o(sin'8- sin'l/1o) 

- ~(K + 1)(8-I/1o)sinl/1o - K(cos8- cosl/1o) 

k, = (K + 1)8- 1/2(K - l)sin28 

k3 = K(sin8- sinl/1o) - 114 (K - l)cosl/1o(sin28- sin21/1o) 

- ~(K - l)sinl/1o(sin'8- sin'l/1o) 

- ~(K + 1)(8-I/1o)cosl/1o 

k, = (K + 1)8 + ~(K - l)sin28 

k, = 2Ksin8- (K + 1)8- ~(K - l)sin28 

k, = ~(K - 1 )cosl/1o( sin28- sin21/1o) + K( 8- 1/10) 

+ ~(K + 1)(8-I/1o)cosl/1o 

+ ~(K - l)sinl/1o(sin'8- sin'l/1o) 

- K(1 + cosl/1o)(sin8- sinl/1o) 

+ Ksinl/1o( cos8- cosl/1o) 

k, = k, 

kg = ~(K - l)sin28- 4Ksin8 + (3K + 1)8 

For rectangular beams, the graphs provided on Table 2.95 enable 
values of Kjo K, and K3 to be read directly, for given values of 8, 
1/10 and hJb (i.e. depth/width). Values of G = O.4E and C = f/2, 
as recommended in BS 8110, have been used. 

19.3.2 Dniformload 

For a curved beam with a UDL over the entire length, owing to 
symmetry, the torsional moment (and also the shearing force) at 
mid-span is zero. By integrating the foregoing formulae, the 
bending and torsional moments at any point X along the beam 
are given by the expressions: 

M = Mocos'" - nr'(l - cos"') 

T = Mosin'" - nr'(", - sin",) 

If Mo = K4nr', where 

4[(1 + Klsin8 - K8 cos8] 
K, = 28 (1 + Kl + sin 28 (1 - Kl - I 

Miscellaneous structures and details 

these expressions can be rearranged to give the bending and 
torsional moments at the supports, and the maximum positive 
moments in the span in terms of non-dimensional factors K4• Ks, 
K, and K, as shown on Tables 2.96 and 2.97. The factors can be 
read from the charts given on the tables. 

Example 1. A bow girder, 450 mm deep and 450 mm wide, 
has a radius of 4 m and subtends an angle of 90°. The ends are 
rigidly fixed, and the total UDL is 200 kN. The maximum 
moments are to be determined. 

The distributed load per unit length, 

n = 200/(TTr12) = 200/(TT X 412) = 31.8 kN/m 

From the charts on Tables 2.96 and 2.97 (with hlb = 1.0 and 
8 = 45°): K, = 0.086, Ks = - 0.23, K, = - 0.0175, K, = 0.023, 

with "'I = 23° and "', = 40°. 

Maximum positive bending moment (at midspan) 

K4nr' = 0.086 X 31.8 X 4' = 43.8 kNm 

Maxlinum negative bending moment (at supports) 

K,nr' = - 0.23 X 31.8 X 4' = - 117 kNm 

Zero bending moment occurs at "'I = 23'. 

Maximum negative torsional moment (at supports) 

K,nr' = - 0.0175 X 31.8 X 4' = - 8.9 kNm 

Maximum positive torsional moment (at "'I = 23') 

K,nr' = 0.023 X 31.8 X 4' = 11.7 kNm 

Zero torsional moment occurs at !J!2 = 40°. 

Example 2. The beam in example I supports a concentrated 
load of 200 kN at a point where the radius subtends an angle 
of 15° from the left-hand end (i.e. "'0 = 30°). Moments and 
shearing forces at midspan and the supports are required. 

From the charts on Table 2.95 (with h/b = 1.0, 8 = 45° and 
1/10 = 30"): KI = 0.015, K, = - 0.0053, K3 = 0.067. 

At midspan ('" = 0), 

Mo = 0.015 X 200 X 4 = 12kNm 

To = - 0.0053 X 200 X 4 = - 4.3 kNm 

Vo = 0.067 X 200 = 13.4 kN 

At left-hand support ('" = 45°), 

M = Mocos 45° - Tosin 45° + Vo rsin 45° - Frsin (45° - 30°)· 
= [12 - (- 4.3) + 13.4 X 4) X 0.707 - 200 X 4 X 0.259 

= -158kNm 

T = Mosin 45° + Tocos 45° + Vo r (l - cos 45') 
- Fr (I - cos 15°) 

= (12-4.3) X 0.707 + 13.4 X 4 X 0.293-200 X 4 X 0.034 

=-6.lkNm 

V = Vo - F = 13.4 - 200 = 186.6 kN 

At right-hand support ('" = 45°), 

M = Mocos 45° + Tosin 45° - Vo rsin 45° 
= [12 - 4.3 - 13.4 X 4) X 0.707= - 32.4 kNm 

T = - Mosin 45° + Tocos 45° + Vo r (I - cos 45°) 
= (-12 -4.3) X 0.707 + 13.4 X 4 X 0.293 

= 4.2kNm 

V = Vo = 13.4 kN 
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Bearings, hinges and joints 

19.4 BEARINGS, HINGES AND JOINTS 

A comprehensive guide on bridge bearings and expansion joints, 
including a treatment of the design techniques used to accom­
modate movements in bridges, is contained in ref. 71. Various 
types of bridges, for which notes are given in section 6,2, and 
typical span ranges. are shown in Table 2,98. 

19.4.1 Hinges and bearings 

A hinge is an element that can transmit thrust and transverse 
force, but permits rotation without restraint. If it is vital for such 
action to be fully realised, a steel hinge can be provided. 
Alternatively, hinges that are monolithic with the member can 
be formed, as indicated at (a) and (b) in Table 2.99, The 
'Mesnager' hinge shown at (a) has been used, for example, in the 
frames of large bunkers to isolate the container from the sub­
structrue, or to provide a hinge at the base of the columns of a 
hinged frame bridge. The hinge-bars 'a' resist the entire 
horizontal shear force, and the so-called throat of concrete at D 
must be sufficient to transfer the full compressive force from the 
upper to the lower part of the member. The hinge-bars should be 
bound together by links 'd', and the main vertical bars 'e' should 
terminate on each side of the slots Band C. It may be advanta­
geous during construction to provide bars extending across the 
slots, and then cut these bars on completion of the frame. The 
slots should be filled with a bituminous material, or lead, or a 
similar separating layer. 

The Freyssinet binge shown at (b) has largely superseded the 
Mesnager hinge. In this case, the large compressive stress across 
the throat results in a high shearing resistance, and the inclusion 
of bars crossing the throat can adversely affect the hinge. Tests 
have shown that, as a result of biaxial or triaxial restraint, such 
hinges can withstand compressive stresses of several times the 
cube strength without failure occurring. The bursting tension on 
each side of the throat normally governs the design of this type 
of hinge. 

A number of other types of binges and bearings that have been 
used on various occasions are shown in Table 2.99: 

(c) a hinge formed by the convex end of a concrete member 
bearing in a concave recess in the foundations 

(d) a hinge suitable for the bearing of a girder where rotation, 
but not sliding, is required 

(e) a bearing for a girder where sliding is required 

(I) a mechanical hinge suitable for the base of a large portal 
frame, or the abutment of a large hinged arch bridge 

(g) a hinge suitable for the crown of a three-hinged arch when 
the provision of a mechanical hinge is not justified 

(h) a bearing suitable for the support of a freely suspended span 
on a cantilever in an articulated bridge. 

Bridge bearings have to be able to accommodate the rotations 
resulting from deflection of the deck under load. They also 
have to be able to accommodate horizontal movements of 
the deck caused by prestress, creep, shrinkage and temperatrue 
change. Some bearings allow horizontal movement in one direc­
tion only and are restrained in the other direction, whilst other 
types allow movement in any direction. Elastomeric bearings 
that are formed of layers of steel plate embedded in rubber 
can accommodate small horizontal shear movements. 
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PTFE (polytetrafluoroethylene) bearings can give unIimited 
free sliding between low friction ITFE surfaces and steel plates. 
Pot bearings that incorporate rubber discs allow for small rota­
tions, while spherical bearings that move on a PTFE surface per­
mit larger rotations. Mechanical bearings, such as rockers and 
rollers, can be used to provide either longitudinal fixity or resis­
tance to lateral force. Pot bearings, special guide bearings or pin 
bearings are also used for this purpose. Bearings need to be 
inspected regularly, and may require maintenance or replace­
ment during the lifetime of the bridge. As this can be both diffi­
cult and expensive, it is very important that the structure is 
designed to make inspection, maintenance and replacement 
possible. 

19.4.2 Movement joints 

Movement joints are often required to allow free expansion and 
contraction due to temperature changes and shrinkage in such 
structrues as retaining walls, reservoirs, roads and long buildings. 
In order to allow unrestrained deformation of the walls of cylin­
drical containers, sliding joints can be provided at the bottom 
and top of the wall. Several types of joints for various purposes 
are shown in Table 2.100. Figures (a)-(I) show some of the joint 
details recommended in BS 8007. 

Expansion joints at wide spacing may be desirable in 
large areas of walls and roofs that are not protected from solar 
heat gain, or where a contained liquid is subjected to a 
substantial temperatrue range. Except for structrues designed to 
be fully continuous, contraction joints of the type described 
in section 26.2.2, and at the maximum spacing specified in 
Table 3.45 should be provided. The reinforcement should be cur­
tailed to form a complete movement joint, or made 50% 
continuous to form a partial movement joint. Waters tops are 
positioned at the centre of wall sections, and at the underside 
of floor slabs that are supported on a smooth layer of blinding 
concrete. In basement walls, waterstops are best positioned at 
the external face where they are supported by the earth. 

The recommendations of BS 8007 with regard to the spacing 
of vertical joints may be applied also to earth-retaiuing walls. 
For low walls with thin stems, simple butt joints are generally 
used. However, the effect of unequal deflection or tilting of one 
part of a wall relative to the next will show at the joints. For retain­
ing walls higher than about I m, a keyed joint can be used. 
Alternatively, dowels passing through the joint, with the ends on 
one side greased and sheathed, can be used. 

Figure (g) shows alternative details at the joint between 
the wall and floor of a cylindrical tank, to minimise or eliminate 
restraint at this position. In the first case, rubber or neoprene 
pads with known shear deformation characteristics are used. In 
the second case, action depends on a sliding membrane of PTFE 
or similar material. These details are most commonly used for 
prestressed cylindrical tanks. 

Movement joints in buildings should divide the structure into 
individual sections, passing through the whole structure above 
ground level in one plane. Joints at least 25 mm wide should 
be provided at about 50 m centres both longitudinally and 
transversely. In the top storey, and for open buildings and 
exposed slabs, additional joints should be provided to give a 
spacing of about 25 m. Joints also need to be incorporated in fin­
ishes and cladding at movement joint locations. Joints in walls 
should be made at column positions, in which case a double 
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column as shown at (h) can be provided, The copper strip or 
other similar type of waterbar must be notched where the links 
occur, the ends of the notched pieces being bent horizontally or 
cut off, At joints in suspended floors and flat roofs, a double 
beam can be provided, Joints in floors should be sealed to pre­
vent the accumulation of rubbish, Roof joints should also be 
provided with waterstops, The provision of joints in large-area 
industrial ground floor slabs is considered in section 7.2.2 and 
recommended details are given in ref. 61, 

Expansion joints in bridges need to be either waterproof or 
designed to allow for drainage, and should not badly disrupt the 
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riding quality of the deck. Joints should also be designed to 
require minimal maintenance during their lifetime, and be able to 
be replaced if necessary, Compressible materials such as neoprene 
or rubber can accommodate small movements. In this case, joints 
can be buried and covered by the surfacing, This type of joint, 
which consists of a small gap covered by a galvanised steel plate, 
and a band of rubberised bitumen flexible binder to replace part 
of the surfacing, is known as an asphaltic plug, To accommodate 
larger movements, a flexible sealing element supported by steel 
edge beams is required, Mechanical joints based on interlocking 
sets of steel toothed plates can be used for very large movements, 
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The elastic analysis of a reinforced concrete section, by the 
modular ratio method, is applicable to the behaviour of the 
section under service loads only. The strength of the concrete in 
tension is neglected, and a linear stress-strain relationship 
is assumed for both concrete and reinforcement. The strain 
distribution across the section is also assumed to be linear. 
Thus, the strain at any point on the section is proportional to 
the distance of the point from the neutral axis and, since the 
stress-strain relationship is linear, the stress in the concrete is 
also proportional to the distance from the neutral axis, This 
gives a triangular distribution of stress, ranging from zero at 
the neutral axis to a maximum at the outennost point on the 
compression face. Assuming no slipping occurs between the 
reinforcement and the surrounding concrete, the strain in both 
materials is the same, and the ratio of the stresses in the two 
materials depends on the ratio of the modulus of elasticity of 
steel and concrete, known as the modular ratio Q:'e' The value of Es 
is taken as 200 kN/mm2, but the value of E for concrete depends 
on several factors, including the aggregate type, the concrete 
strength, and the load duration. Commonly adopted values for 
sustained loads, are IS for normal-weight concrete and 30 for 
lightweight concrete. The geometrical properties of reinforced 
concrete sections can be expressed in equivalent concrete units, 
by multiplying the reinforcement area by a,. 

20,1 PURE BENDING 

Expressions for the properties of common reinforced concrete 
sections are given in Tables 2.102 and 2.103. For sections that 
are entirely in compression, where the presence of the rein­
forcement is ignored, simplified expressions are given in 
Table 2.101. The maximum stress in the concrete is given by 
!c = Mill for sections entirely in compression. In other cases, 
io = MIK2 Z unless expressed otherwise, and the stress in the 
outermost tension reinforcement is given by j. = ad, (dlx - I). 

Expressions for the properties of rectangular and flanged 
sections are also given in Table 3.42, in connection with the 
serviceability calculatiou procedures contained in BS 8110, BS 
5400 and BS 8007 (see Chapter 26). 

20.2 COMBINED BENDING AND AXIAL FORCE 

The general analysis of any section, subjected to direct thrust 
and uniaxial bending, is considered in Table 2,104. In the case 

Chapter 20 

Elastic analysis of 
concrete sections 

of symmetrically reinforced rectangular columns, the design 
charts on Tables 2,105 and 2,106 apply. The design charts on 
Table 2,107 apply to annular sections, such as hollow masts. 
Infonnation on uniaxial bending combined with direct tension, 
and biaxial bending and direct force, is given in Tables 2,108 
and 2,109 respectively. 

20.2.1 Symmetrically reinforced rectangular 
section 

For a symmetrically reinforced rectangular section subjected to 
axial force N and bending moment M, by equating forces 
and taking moments about the mid-depth of the section, the 
following expressions are obtained: 

(I) For values of x> h (i.e. entire section in compression), 

b~, = th - ( ~~2 )(b:'io) where 

A = [1 + (a, - 1) pJbh 

I= {/2 + [pea, -l)(~ - 1)]'bh3
} 

(2) For values of x < h (i.e. one face in tension), 

N x ( h - d) (d) bhio = aSh + O.Sp(a, - I) 1- ~x- - O.Spa, h - 1 

M x (, x) (h-d) 
bh'!, = O,Sh + fS - 3h + O.Sp(a, -1\1 - -x--

(~- 0.5) + o.spa,(~ - 1 )(~ - 0.5) 

where!c is maximum stress in concrete at compression face, 
and p = As/bh is total reinforcement ratio. 

The stress in the tension reinforcement is then given by: 

J; = "'oio(dlx - I) 

For a, = 15, the charts given on Tables 2.105 and 2.106 
be used directly. For other values of a" the curves for p may 
considered to represent values of [( a, - 1)/14J p in region 
and (a,I1S) p in region (2). For given values of M, N andio, 
required value of p can be readily determined. For given 
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Geometric properties of uniform sections 2.101 

Section Area A Section modulus Jc Second moment of area I Radius of gyration i 
bh 1 1 About XX: About XX: -bh' About XX:-bh' ~, 6 12 hI.JU. = 0.2887 h 

About 1 
Y Y 

ZZ: 1 b2h2 About YY: -bh' 

Rectangle Z 
3 

6 .j(b' +h') AboutZZ: 1 b'h3 

6 (b'+h') 

'~ 
1 About XX to boo About XX: 

AboutXX:fl 
-h(bo+b) 

Xx Xh 
2 (b' + 4bbo +bg)h' (b' + 4bbo +bo')h' 

Y Y 12(b+ 2bo) 36(b +bo) 
b To b:lu/(h-x) About YY: ru + A(h -x)' Trapezium 

where 
Aboutzz: Iu+A(x)' 

X='!'h[2b+bo ) 
3 b+bo 

h1tiiC3S !..bh About XX to apex: 1 About XX: About XX: -bh' 2 ..!:...bh2 36 hl..Jl8 = O.2357h 
24 1 

Triangle b About XX to base: About YY: - bh' 
12 

..!:...bh' 1 
12 About ZZ:-bh3 

4 

~ 
bhf + b,/.,h hf) 

About XX: ~ or~ About XX: 
About XX:fl "'Fx x h x h-x 

Hbx' +bw(h-x)' _(x)' (b-bw)] 
u--I----.l hJ (b-bw) + h2bw x 

Flanged section 2[hf(b-bw)+hbwl wherex=x-hr 

x~ 
0.8660h2 About XX: O.1203h3 About XX or YY: 0.0601h4 

About XX or YY: 
(side =0.5774h) About YY: 0.1042h' O.2635h 

",' 
Hexagon 1.1547h 

~xl 
0.8284h' About XX: O.1095h3 About XX or YY: O.0547h' About XX or YY: 
(side=0.4142h) About YY: O.IOllh3 

0.2570h 
l.0624\.> 'y 

Octagon 

xgx ~ nh'=O. 7854h' 
About XX: About XX: About XX: 0.2500h 

4 ..!:..."h' =0.0982h3 
..!:..."h' = 0.049Ih' 

32 64 
Circle 

XWh 1 About XX: About XX: About XX: O.2500h -nbh= O,7854bh 
4 ..!:..."bh' = O.0982bh' ..!:..."bh' = O.0491bh' 

El1ipse 
32 64 

X~X 
eh(2R h) About XX: to top Aboutxx: r: About XX: 

In/l 
About YY: I: 

fl About XX: to bottom 
Sector of cylinder Y lui y; 

y' = R{I __ 2_S1_n_& ll-l'.+.,--..,.l=----- J 
' 3e R 2-(h 1 R) 

Y>R[ 2sine +(I_!!.)2sine-3eeoseJ 
3e(2-(hIR» R 3e 

About XX: I: = R'h{[I-~+ (!!.J' _..t.(!!.)'][e+ sin eeose _ 2sin' e]+ h' sin' e [I-!'.+..t.(!!. )']} 
2R lR 4 R e 3R'e(2-(hIR» R 6 R 

• ,{[ 3h (h)' I(h)'] } AboutYY: I,y=Rh 1-
2R

+ Ii. -'4 Ii. [e-sineeosej 
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Uniaxial bending and compression (modular ratio) 

Equivalent area of strip: BAIT = bsh., + Cae - 1)8A: 

Equivalent area of transfonned section: Air = 2:8Arr 
Depth of centroid of transfonned section: x = 2:aAtrhclAtr 

Moment of inertia of transfonned section about centroid: 

,,[Ch,f - 2J I" ~ ""OA" 12 + Che - x 1 

Compressive stresses: 

Nd MJh - xl 
!crmin == A - I 

tT IT 

compression 

bAs 

Assume a value of x. 

Depth to centre of tension: at = 2:.sa/2.S, where S = (a - x)8As 

If all bars are of the same size: a, ~ ~a(a - x)/~(a - x) 

Equivalent area of strip: 8Arr = b,hs + (ae - 1)8A: 

Depth to centre of compression: ac = :LCx - hJh/)ArJ'2(x - hc)8A
tr 

Position of centroid of stressed area: 

Maximum stresses: 

h' ~ (d isX)[t¥~(X - h,)M" - Nd] 

Finally, check the assumed value of x by substituting these stresses in 

x 1 
d 1 + f,,!(aJ,,) 

through 
centroid of 
stressed area 

2.104 Symmetrically reinforced rectangular columns 
(modular ratio)-1 
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Symmetrically reinforced rectangular columns 
(modular ratio) - 2 

bhf, 
1.8 

0.8 

0.2 

2.106 
a, = 15; dlh = 0.90 

p =A,!bh 

........ 1-/ ~f-"':"-' ":.0:;" \ -',\r"-"-~"q'1" r--.... "'-. 1"'-. 
o 0.1 0.2 0.3 0.4 Mlbh2f, 0.5 

a, = 15; dlh = 0.95 
P =A,!bh 

o 0.1 0.2 0.3 0.4 Mlbh'!, 0.5 

Uniformly reinforced cylindrical columns 
(modular ratio) 2.107 
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Uniaxial bending and tension (modular ratio) 2.108 
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Approx. 
method 
for slabs 

Group Ad = bars in tension due to action of moment only Total area = As2 

Maximum tensile stress (in outer bar 
or bars in group Ad): 

(
z,+a,) 

fXII11JJ%=fSl2+ -z-,- (flfl-fst2) 

Tensile stresses in reinforcement: 

Assume depth to neutral axis x 
Depth to centre of tension: 

~Sa 
a~-

, ~S 

where S = (a - x)6As 
If all bars are of same size: 

~a(a-x) 
a, 

~(a-x) 

Equivalent area of strip: 

bAIT = b,h. + (ae -l)oA. 

I 

HAd - A~2 - As at each face, 

Tensile stresses: 

In group As1: fst! 
N,[e + zJ2] 

N,[(z,/2)-e] 

-(7.' -Il-j·lll:-L :. · ·~-rl1 ~~~:o~r 
Lt-/ • bs r I x stressed area) 

a al _ __ .~_ ~ f--- ___ / 
dNA 

hl · ~r-Centreof 

. 

• ~ e compression 

/\. • • ;~~~:Of 

~~. Nd (tension) 

•• ~M,a + ~h.M. 
Position of centroid of stressed area:; x a."l:oA

s 
+ LoA" 

Maximumstresses:f~ N,x(e-a,+X), f.~(d-X)[faL<X_h.)6A.+N'] 
(a,-a,,)~(x-h,)M. ~S x 

Finally check assumed value of x. 

Assume value of X; evaluate x/d and Kl - bx. 

(K,x/2)+a.A.d+(a.-l)A;d'( 'h ) x =2 approx. 
Kl +O:eA5+(a: .. -l)A~ 

Calcu1ate,B't= e~x -1; P2=~~(1-{~) 

p,~(a.-l)(l-~) 
Determine slresses by substituting in 

Nil, 
f~ p,bd+p,A;(I-d'/d) 

f.~ [fa(iK, + P,A;) + Nd]/A. Finally check assumed value of x. 

Calculate f~ and j$ due to moment only and determine x for these stresses. 

N, 
Evaluatefc I ThenfCl'lIIIU=flf'-fcandflfftl4%=fJf+a,~ff 

bx + «"As + (a~ -l)A~ 

Biaxial bending and compression (modular ratio) 2.109 
Section moduli: 

J~ about X-X, at edge A-B~I.f:x 

J" about X-X, at edge CoD ~ I,/(h - x) 

J" about Y-Y, at edge B-C ~ Iy/Y 
J" about Y-Y, at edge.A-D~ I,/(b - y) 

M 4.Y bending moment in plane Y -Y 

Md;c bending moment in plane X-X 

A" transformed area = bh + (!X" -1)A~ 

Stresses:!« = NdlAtr where Nd= 
concentric thrust; if no thrust, f« = O. 

At A: f~~(f,,+ MdY )_ Md, 
Jxo J,,, 

AlB: f~~(f"+ MdY
) + M"'(~maximum value) '= JF<' 

AtC: f~~(f,,- ~~)+ ~: 
Notation as abov~ where applicable. 

Also J = .1.xb2 + (ere - t)(As + A~)z~ 
, 2b 

Approximate stresses when M dy > Mu: 

I. Calculate 1st.fa and x for Mdy combined 
with N4 or for Mil, alone if no thrust. 

2. Calculate M",/J,~f,. 

3. Resultant stresses are as foHows: 

Compression in concrete at A: f~A. = I a - Ix 
Compression in concrete at B: feB = ! a + Ix 

( ~ maximum value) 

Tension in reinforcement at C: he = 1st - 'X£lx 
Tension in reinforcement at D:ftD= 1st + ~eJx 

(= maximum value) 

f pi principal tensile stress 

11'( principal compressive stress 

o inclination of principal plane N-N 

f ",f" applied tensile (positive) stresses 

f~,f" applied compressive (negative) stresses 

v applied shearing stress 

f~ IllId f" 
tensile 

f ~ compressive 

f,,=O 

v only 

f .. ~t[v'(fi.+4v')- j",] 

f",~-v j",~+v 

Total steel = A; 

Centroid 

x 
Mdx 

D 

AtD: 

1" 
N 

'Io-+---f.u 

N 

t;m 28 = 2vU ~ 

t;m28= - 2vlf~ 

O~45' 

• 
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of M, N and p, the value ofk is obtained by finding the point of 
intersection of the p curve and the elh line. The elh line can be 
obtained by interpolation, or can be drawn as follows: on the 
gridline for Nlbhj, = 1.0, find the point where Mlbh2j, is equal 
to the value of elh; through this point draw a line from the 
origin. The value of xlh can be obtained by interpolation, or by 

solving the equation: 

(xlh), - 2[Nlbhj, - (a, - O.5)p](xlh) - (a, + dlh - \)p = 0 

Example 1. A 400 X 400 column, reinforced with 4H32 bars, 
is subjected to values of M = 120 kN m and N = 500 kN due 
to service loads. The maximum stresses in the concrete and the 
reinforcement are to be determined, assuming Cl'e = 15. 

p = Aoclbh = 3217/4002 = 0.02 

elh = MINh = 1201(500 X 0.4) = 0.60 

Allowing for 35 mm nominal cover to H8 links, 

d = 400 - (35 + 8 + 32/2) = 340 mm, dlh = 340/400 = 0.85 

From the chart for dlh = 340/400 = 0.85 on Table 2.105, at the 
intersection of p = 0.02 and elh = 0.6, 

Nlbhj, = 0.25, xlh = 0.51 

k = 500 X 103/(0.25 X 4002
) = 12.5 N/mm2 

x = 0.51 X 400 = 204mm 

j; = a,k (dlx - 1) 

= 15 X 12.5 X (340/204 - 1) = 125 N/mm2 

Elastic analysis of concrete sections 

20.2.2 Uniformly reinforced annular section 

The charts given on Table 2.107 are based on the assumption 
that the bars may be represented, with little loss of accuracy. by 
a notional ring of reinforcement having the same total cross­
sectional area and located at the centre of the section. 
If a, = 15, the charts can be used directly. For other values 
of a" the curves for p and j;lj, may be considered to represent 
values of (aJI5)p and (15Ia,)(j;/j,) respectively. 

Example 2. A cylindrical shaft with a mean radius of 1 m and 
a thickness of 100 mm is reinforced with 42H16 vertical bars 
located at the centre of the section. The shaft is subjected to 
values of M = 2700 kNm and N = 3600 kN due to service 
loads, and the stresses in the concrete and the reinforcement are 
to be determined, assuming Cl'e = 15. 

p = A,J27Trh = 84461(2 X 7T X 1000 X 100) = 0.0135 

elh = MINh = 2400/(3200 X 0.1) = 7.5 

A line corresponding to elh = 7.5 can be drawn on the chart for 
hlr = 0.10 on Table 2.107, from the origin to a point such as 
Nlrhj, = 6, Mli'hj, = 4.5. At the intersection of this line with 
an interpolated curve for p = 0.0135, 

Nlrhk = 2.6,j;1fc = 6 

k = 3200 X 10'/(2.6 X 1000 X 100) = 12.3 N/mm2 

j; = 6 X 12.3 = 74 N/mm2 

Part 3 

Design to British Codes 



In most British Codes, the design requirements are set out in 
relation to specified limit-state conditions. Calculations to 
detennine the ability of a member (or assembly of members) to 
satisfy a particular limit state are undertaken using design loads 
and design strengths (or stresses). These design values are 
determined from characteristic loads and characteristic 
strengths of materials (or stress limits), by the application of 
partial safety factors specified in the Code concerned. 

21.1 BUILDINGS 

For buildings and other structures designed to BS 8110, the 
characteristic values of dead load Gk (Tables 2.1 and 2.2), 
imposed load Qk (Tables 2.3 and 2.4), and wind load Wk (Tables 
2.7-2.9) are specified in BS 6399: Parts 1,2 and 3. 

Design loads are given by: 

design load = Fk X "Yf 

where Fk is equal to Gb Qk or Wk as appropriate, and "Yf is the 
partial safety factor appropriate to the load, load combination, 
and limit-state being considered. 

The characteristic strength of a material Ik means that value 
of the cube strength of concrete io" or the yield strength of 
reinforcement /y, below which 5% of all possible test results 
would be expected to fall. In practice, for concrete specified in 
accordance with BS 8500, a dual classification is used, for 
~xarnple C25/30, in which the characteristic strength of cylin­
der test specimens is followed by the characteristic strength of 
fUbe test specimens. The characteristic strength of reinforcement 
is taken as the value specified in BS 4449 or BS 4482. 

strengths are given by: 

design strength = JiJ"Ym 

ik is either io, or Iy as appropriate, and "Ym is the partial 
factor appropriate to the material, and limit -state being 

:onsid'ered. The appropriate factors are already incorporated in 
deSign equations provided in the Code. 

of the design requirements, and partial safety factors 
.• the ULS, are given in Table 3.1. For the serviceability limit 
" When calculations are required, the partial safety factors 

"~',Ul\.f'll as unity. However, for most designs, explicit calcula­
are unnecessary, and the design requirement is met by 

with simple rules. 

Chapter 21 

Design requirements 
and safety factors 

For the ULS, adverse and beneficial values are given for 
dead and imposed loads, and these are to be applied separately 
to the loads on different parts of the structure to cause the most 
severe effects. Thus, for load combination I, design loads may 
vary from place to place with a maximum of (l.4Gk + 1.6Qk) 
and a minimum of 1.0Gk (see also Table 2.30). For load 
combination 2, the maximum wind load of 1.4 Wk with the min­
imum dead load of 1.0Gk can result in a critical equilibrium 
condition for tower structures. For load combinations 2 and 3, 
the design wind loads can sometimes be less than the minimum 
notional horizontal load of O.015Gk associated with the 
requirement for robustness. 

The overall dimensions and stability of earth-retaining and 
foundation structures are to be determined in accordance with 
the appropriate codes for earth-retaining structures (BS 8002) 
and foundations (BS 8004). Design loads given in BS 8110 are 
then used in to establish section sizes and reinforcement areas. 
The factor "Yf should be applied to all earth and water pressures, 
except those that are derived from equilibrium with other 
design loads, such as bearing pressures below foundations. 

21.2 BRIDGES 

For bridges and other structures designed to BS 5400: Part 4, 
nominal and design values of dead load, superimposed dead 
load, wind load, temperature, live loads for highway, footway 
and railway bridges (Tables 2.5 and 2.6) and other loads are 
given in the Highways Agency Standard BD 37/01. 

Design loads are given by: 

design load = Fk X "Yfl 

where Fk is the specified nominal load, and Yfl is the partial 
safety factor appropriate to the load, load combination and 
limit-state being considered. A separate partial safety factor is 
then used to allow for inaccuracies in the method of analysis. 

Design load effects are given by: 

design load effect = effect of design load X Yfl 

where "Yfl is the partial safety factor appropriate to the method 
of analysis and limit-state being considered. If the method of 
analysis is linear elastic, it is possible to replace "Yfl by "Yfl X "Yf3 
in the calculation of the design loads. 

-
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Design requirement 

Structure, whose resistance is based on the design strengths 
of materials, should be able to support without collapse, the 
desigu effects of specified combinations of design loads. 

Structure should not be unreasonably affected by accidents, 
resulting in local damage or the failure of single elements. 

Design surface crack width due to applied loads, or thermal 
and shrinkage effects, not greater than 0.3 mm. 

Final deflection below level of supports not greater than 
11250, where I is span of member, or length of cantilever . 
Deflection after installation of elements, such as cladding 
and partitions, not greater than lesser of 11500 or 20 mm. 

Avoidance of discomfort or alarm to occupants, structural 
damage, or interference with proper function. 

Structure should perform satisfactorily in the anticipated 
environment for its intended lifetime, with all embedded 
metal adequately protected from corrosion. 

Structural stability should be adequate for the appropriate 
period of time required by regulations. 

Consideration to be given to fhe effects of imposed loading 
that is predominately cyclical. 

Means of compliance 

By calculation (normally), or 
based on model or prototype 
tests where necessary. 

By calculation and attention 
to layout and detailing. 

Limiting bar spacing rules, or 
by calculation. 

Limiting span/effective depth 
ratios, or by calculation. 

Consult specialist literature if 
consideration is needed. 

Minimum concrete strength 
class and cover according to 
exposure classification. 

Minimum concrete size and 
cover, or by test or analysis. 

Consult specialist literature if 
consideration is needed. 

Load combinations and values of 1f for the ultimate limit state 

Load combination Load type 
(see Notes 1 and 2) 

Dead Imposed Wind Earth' and 
waterb 

Adverse Beneficial Adverse Beneficial pressure 

1. Dead and imposed 1.4 1.0 1.6 0 1.2"b 
(with earth and water pressure) 1.0' 

2. Dead andwind 1.4 1.0 1.4 1.2"b 
(with earth and water pressure) 1.0' 

3. Dead and wind and imposed 1.2 1.2 1.2 1.2 1.2 1.2"b 
(with earth and water pressure) 1.0' 

Note 1. When considering (i) 1I1e effect of exceptional loads due to misuse or accident, or (ii) the continued stability of 
a structure after sustaining local damage; the value of 1f should be taken as 1.05 on (i) defined loads and loads likely to 
be acting simultaneously, or (ii) loads likely to occur before measures are taken to repair or offset the effect of damage. 
The loads to be taken into account are (a) dead load, (b) one-third of wind load, (c) one-third of imposed load, ¥A'''P'.I 

for buildings used primarily for storage or industrial purposes where 1 00% of imposed load should be considered. 
Note 2. For fire engineering calculations in accordance with BS 8110: Part 2, the value ofYf should be taken as 1.05 on 
dead loads and 1.0 on imposed loads. 

'The earth pressure is that obtained from BS 8002, including an appropriate mobilisation factor. The more onerous of 
the two factored conditions should be taken. The value of Yf should be taken as 1.2, unless an allowance for unplanm,dl 
excavation in accordance with BS 8002, 3.2.2.2 is included in the calculations, when it may be taken as 1.0. 
b Where the maximum credible water level can be clearly defined, }t may be taken as 1.2. Otherwis~ use }t = 1.4. 

Values of Ym for the ultimate limit state * When considering the owoW'. ,. 

r---------------------C-o-n-c-r-et-e---------------------.-R-e-i-n-fo-r-c-em--e-n-4
t 

exceptional loads orlo.cca~l~~~~.~~~~ 
and when used in fire e 

Compression Shear Bond Bearing etc. calculations, the values of 
r-----------+-----------+----------+-----------+-------------I be taken as 1.3 for concrete 

1.5* 1.25 1.4 ;, 1.5 1.15* 1.0 for reinforcement. 

Liquid-retaining structures 

The characteristic strength of a material1k means that value 
of the cube strength of concrete ic" or the yield strength of 
remforcement 1" below which 5% of all possible test results 
would be expected to fall. In practice, characteristic values are 
specIfIed. m the manner described for design according to 
BS 811 0 m secllOn 21.1. The characteristic stress is fhe stress 
value at the assumed limit of linearity on the stress-strain curve 
for the material. 

Design strengths are given by: 

design strengfh = fJrm 

where 1k is eifher ic" or i y as appropriate, and rm is fhe partial 
safety factor appropnate to fhe material, and limit -state being 
consld~red. The .appropriate factors are already incorporated in 
fhe deSIgn equatIOns provided in the Code. 

Design stress limits (serviceability) are given by: 

design stress limit = characteristic stress/rm 

241 

Det~ils of the design requirements, characteristic stresses and 
partIal safety factors are given in Tables 3.2 and 3.3. 

21.3 LIQUID-RETAINING STRUCTURES 

For liquid-containing or liquid-excluding structures designed to 
BS 8007, the deSIgn basis is similar to fhat in BS 8110 but mod­
Ified for the limit-state of cracking. Separate calculations of 
crack wIdfh are required for fhe effect of applied loads and the 
effect of temperature and moisture change. 

DetaIls of the design requirements and partial safety factors 
(updated accordmg to BS 8110) are given in Table 3.4. 



Design requirements and partial safety factors (BS 5400) - 1 3.2 
Limit state Design requirement Means of compliance 

~ Rupture or Structure, whose resistance is based- on the design strengths By calculation (as given in 

.§ instability of materials, should be able to support without collapse, the BS 5400: Part 4). 

5 design effects of specified combinations of design loads. 

Cracking Design crack widths under load combination 1, with live By calculation (as given for 

loading generally as HA only, to be limited according to load in BS 5400: Part 4 and 

exposure classification (Table 3.9): 0.25 mm (moderate or BD 24/92, and for thermal 

severe), 0.15 mm (very severe), and 0.10 mm (extreme). movements in BD 28/87). 

£' Vibration For foot/cycle track bridges, fundamental natural frequency By calculation (as given in 

~ of vibration to exceed 5 Hz vertically for unloaded bridge, Appendix B ofBD 37/01). 

~ " and 1.5 Hz horizontally for loaded bridge. Otherwise, the 
1'1 " maximum accelerations are to comply with specified limits . " . s: 
~ ~ 

" For standard highway and railway loading, dynamic effects Deemed to satisfy. 

.~ '" are covered by impact al10wance in the nominal1ive load. 

" ~ Stresses limited to specified design values. Characteristic By calculation, if necessary. 
" Stresses 
bO stress limits are D.5/OJ for concrete in compression, and .,;J 

" ~ 0.75.1; for reinforcement in tension and compression. 

Durability Structure should perform satisfactorily in the anticipated Minimum concrete strength 

environment for its intended lifetime, with all embedded class and cover according to 
~ metal adequately protected from corrosion. exposure classification. 
S 
.~ Fatigue For non-welded reinforcing bars, under load combination 1, By calculation. 

:sl with live loading as HA only, stress range to be limited. For 
~ spans in range 5-200 m, limits are 155 N/mm 2 for bar sizes S 
" ,; 16 mm, and 120 N/mm2 for bar sizes> 16 mm. For 
S ,s welded bars, compliance with criteria in BS 5400: Part 10. 
0 

A voidance of drainage difficulties or violation of minimum By calculation, if necessary. 
Deflection (due 
to vertical loads) specified clearances, control of profile during construction. 

Partial safety factors for loads in each load combination (Highways Agency BD 37/01) - continued on Table 3.3 

Temperature 

restraint 

Effect differen", 

temporary 

Design requirements and partial safety factors (BS 5400) - 2 3.3 
Partial safety factors for loads in each load combination (Highways Agency BD 37/01) - continued from Table 3.2 

Earth pressure 
(retained fill 
and/or live load) 

Loads due to 
vehicle collision 
with parapets 
(assessment of 
local effects) 

Loads due to 
vehicle collision 
with parapets 
(assessment of 
global effects) 

loads on bridge 
supports and 

Longitudinal load 

Load 

Vertical 

Non-vertical loads 

Parapet 

Associated primary live 

should be taken as 1.0 
has a more severe total 

Yo should be taken as 1.0 

Parapet load (massive structures): 
bridge superstructures and non -elastomeric bearings 
bridge substructures, and wing and retaining walls 
elastomeric bearings 

Parapet load (light structures): 
bridge superstructures and non-elastomeric bearings 
bridge substructures, and wing and retaining walls 
elastomeric 

bridge superstructures and non -elastomeric bearings 
bridge SU?struct~res, and wing and retaining walls 

Assessment on: 
all elements except elastomeric bearings 
elastomeric bearings 

HA and associated primary live load 

HB load 

load and associated primary live load 

associated primary live 

track Live and effects due to parapet load 

ULS 
ULS 
SLS 

ULS 
ULS 
SLS 

ULS 
ULS 

1.20 

1.50 1.25 
1.00 LOO 

1.25 
1.00 

1.25 
LOO 
LOO 

1.40 
1.40 
1.00 

1.25 
1.25 

Partial safety factors for loads due to concrete shortening, for load effects and for material properties (BS 5400: Part4) 

Limit-state 
Values of ndor 

loads due to concrete 
and 

Values of Yfl for 
assessment of 

load effects 



;' 
•• 

Design requirements and partial safety factors (BS 8007) 3.4 

w 
E 
" S 
~ 

"g. 
" ~ 
" OJ) ." " A 

" " .ij 
S 

,£ 
~ 
" " .;;: 
~ 

" [/) 

w 

" 0 
".g 
~ 

" :;:i 
w 
§ 
" ~ 
" ,s 
0 

Limit state 

Structural 
stability 

Cracking 

Deflection 

Flotation 

Durability 

Design requirement Means of compliance 

Structure, whose resistance is based on the design strengths By calculation in accordance 
of materials, should be able to support without collapse, the with BS 8110. 
design effects of specified combinations of design loads. 

Design surface crack width due to applied loads, or thermal 
and shrinkage effects, not greater than: 

Severe or very severe exposure 0.2 mm 
Critical aesthetic appearance 0.1 mm 

Allowable steel stresses or by 
calculation using equations in 
BS 8007. 

Final deflection not greater than lI250, where I is span of Limiting span/effective depth 
member, or length of cantilever (including walls). ratios or by calculation. 

For structures subject to groundwater pressure, where the By calculation. 
groundwater level can be reliably assessed, the deadweight 
of the empty structure with any anchoring devices should 
give a minimum factor of safety of 1.1 against uplift forces. 

Structure should perform satisfactorily in the anticipated 
environment for its intended lifetime (40-60 years), with 
all embedded metal adequately protected from corrosion. 

Exposure classification not less than severe (Table 3.9). For 
extended design life, consideration should be given to 
increasing the cement content or the cover, or using special 
reinforcement (galvanized, epoxy-coated, stainless steel). 

Minimum concrete strength 
class and cover according to 
exposure classification. 

For severe exposure: 
concrete grade C3 5 A 
nominal cover 40 rum. 

Otherwise, as BS 8110. 

Load combinations and values of )tfor the ultimate limit state (see Note 1) 

Load combination 

Wind Earth' and 
waterb 

pressure 

Note L Values of )tare those given in BS 8110: Part 1: 1997. In BS 8007, which refers specifically to BS 8110: Part 1: 
1985, the value for retained liquid loads is given as 1.4 for load combinations 1 and 2, and 1.2 for load combination 3. 
For containment structures, liquid levels should be taken to the tops of walls, assuming that liquid outlets are blocked. 
Note 2. Earth covering on reservoir roofs may be taken as dead load, but due account should be taken of construction 
loads from plant and heaped earth, which may exceed the intended design load. 

'The earth pressure is that obtained from BS 8002, including an appropriate mobilisation factor. The more onerous of I'. 
the two factored conditions should be taken. The value of )t should be taken as 1.2, unless an allowance for unplan ned . 
excavation in accordance with BS 8002, 3.2.2.2 is included in the calculations, when it may be taken as 1.0. I 
b Where the maximum credible water level can be clearly defined, Yr may be taken as 1.2. Otherwise, use)t = 1.4. I. 

22.1 CONCRETE 

22.1.1 Strength and elastic properties 

The characteristic strength of concrete means that value of the 
28-day cube strength below which 5% of all valid test results is 
expected to fall. In BS 8500, compressive strength classes are 
expressed in terms of both characteristic cylinder strength and 
characteristic cube strength. The recommended compressive 
strength classes, and mean values of the static modulus of 
elasticity at 28 days are given in Table 3.5. 

In BS 8110, for normal-weight concrete, the mean value of 
the static modulus of elasticity of concrete at 28 days is given 
by the expression: 

E,.28 = 20 + 0.210,.28 (leN/mm2) 

where 10,,28 is the cube strength at 28 days. The mean value of 
the modulus of elasticity at an age t ;=: 3 days can be estimated 
from the expression: 

E", = E,,28 (0.4 + 0.6Io,/iru.28) 

where 10", is the cube strength at age t. Where deflections are of 
great importance, and test data for concrete made with the 
aggregate to be used in the Structure is not available, a range of 
values for E,,28 based on (mean value:+: 6 kN/mm2) should be 
considered. 

In BS 5400, slightly higher mean values of the modulus of 
elasticity are used, given by the expression: 

E, = 19 + 0.310, (leN/mm2) 

Where 10, is the cube strength at the age considered . 

22.1.2 Creep and shrinkage 

Values of')fn for the ultinate limit state 
... 

, ) The creep strain in concrete may be assumed to be directly 
, •••.• proporti0nal to the applied stress C tr d· 

Concrete 

Shear Bond 
Reinforcement . .... •· .. ' .. t .. · .....• · ..... ·.~·~;~ thO d ' ,or s eSSes not excee Ing . I' one- Ir of the cube strength at the age of loading. 

Compression Bearing etc. ..... . '.' design to BS 8110, values of the creep coefficient (creep 
1----:.-.----+---------+---------+-----=----+-------""":'. ' ':'Uh"".: unit of stress), according to the ambient relative hUmidity, 

1.5 1,25 1.4 " 1.5 LIS.;;... ! ...(; ";" effective section thickness and the age of loading, can be 

Note. For the serviceability limit states, the values oflt and %> should be taken as 1.0. For containment structures, th. e}, : '.·~h "'. from the figure in Table 3.5. Creep strain is partly 
liquid level should be taken to the working top or overflow level, as appropriate to working conditions. .,:3.;' ' u," stress is reduced. The final recovery (after 1 year) 

•••••• 

Chapter 22 

Properties of materials 

is approximately 0.3 X (stress reduction)/E" where E, is the 
modulus of elasticity at the age of unloading. 

Fordesign to BS 8l10, an estimate of the drying shrinkage 
of plam concrete, according to the ambient relative humidity, 
the effectlv~ section thickness and the original water content, 
can be obtamed from the figure in Table 3.5. Aggregates with 
a high moisture movement, such as some Scottish dolerites 
and whinstones, and gravels containing these rocks, produce 
concrete with a high initial drying shrinkage (ref. 12). Also, 
aggregates with a low elastic modulus may result in higher than 
normal concrete shrinkage. 

In BS 5400, values are obtained for the creep coefficient as a 
product of five partial coefficients, and for the shrinkage strain 
as a product of four partial coefficients, where the coefficients 
are obtained from a series of figures. 

22.1.3 Thermal properties 

For design to BS 8110, values of the coefficient of thermal 
expansion of concrete, according to aggregate type, are given in 
Table 3.5. In BS 5400, a value of 12 X 10-6 per DC is generally 
taken, except when limestone aggregates are used, when a value 
of 9 X 10-6 per DC is recommended. 

22.1.4 Stress-strain curves 

Typical.short-term stress-strain curves for normal strength 
concretes in compression, as described in section 3.1.6, and 
the idealised curve given for design purposes in BS 8110 
and BS 5400, are shown in Table 3.6. In the expression given 
for the maximum design stress, 0.67 takes account of the ratio 
between the cube strength and the strength in bending. 

22.2 REINFORCEMENT 

22.2.1 Strength and elastic properties 

The characteristic strength of steel reinforcement made to the 
requirements of BS 4449 is 500 N/mm2 BS 4449 caters for 
round ribbed bars in three ductility classes: grades B500A, 
B500B and B500C. Fabric reinforcement is manufactured 
using bars to BS 4449, except for wrapping fabric, where wire 
to BS 4482 with a characteristic strength of 250 N/mm2 may 
be used. For more information on types, properties and sizes of 

I 
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Concrete (BS 8110): strength and deformation characteristics 3.5 
Characteristic cube 
strength at 28 days 

lou (N/mm2) 

20 
25 
30 
35 
40 
45 
50 
55 
60 

Concrete strength 
class ( normal-weight 

aggregates) 

NA 
C20/25 
C25/30 
C28/35 
C32/40 
C35/45 
C40/50 
C45/55 
C50/60 

Static modulus of 
elasticity at 28 days 

E,,28 (kN/mm2) 

24 
25 
26 
27 
28 
29 
30 
31 
32 

Concrete strength Notes 
class (lightweight 

aggregates) See section 22.1.1 for 
further infonnation on 

LCl8120 modulus of elasticity. 
LC22/25 For concrete that IS 
LC27/30 made with lightweight 
LC32/35 aggregates, the gIven 
LC37/40 values of E,.28 should 
LC41/45 be multiplied by the 
LC45/50 term (wI2000)2, where 
LC50/55 w is the densitl, of the 
LC55/60 concrete (kg/m ). 

Poisson's ratio Where linear elastic analysis is appropriate, Poisson's ratio may be taken as 0.2. 

The final (30 year) creep strain in concrete can be predicted from: 

e cc = stress fjJ 
E, 

where 

E, is the modulus of elasticity of the concrete at age of loading t, 
rp is the creep coefficient (estimated from the figure below). 

In the figure, the effective section thickness is defined, for uniform 
sections, as twice the cross-sectional area divided by the length of the 
exposed perimeter. If drying is prevented by immersion in water or 
by sealing, the effective section thickness may be taken as 600 mm. 
For general design purposes, suitable values of relative humidity for 
indoor and outdoor exposure in the UK are 45% and 85%. It can be 
assumed that about 40%, 60% and 80% of the final creep develops 
during the first Imonth, 6 months and 30 months under load, when 
concrete is exposed to conditions of constant relative humidity. 

30 year creep coefficient Indoor Outdoor 
for an effective section exposure exposure 
thickness (mm) of 

~ 
in the UK , 

150 300 600 , 
~ ~ 

, 
4.0 , , 

3.0 
~ 

Age of 

~ 
, 

3.5 2.5 

----
IOf~~~f ~ (da s 

2.5 
~ ~ ~ ~ 3.0 2.0 ~ 7 

2.5 2.0 "'-.. ~ N." ~ -0-.. 

----2.0 
1.5 , 

1.5 ~ -----~ ~ ~ 1.5 1.0 ~. 

1.0 
~ , ~ 1.0 

, 
~ 0.5 

, 
0.5 

0.5 , , 
, , 

, 
20 30 40 50 60 70 80 90 100 

Ambient relative humidity % 

Creep coefficient for normal-weight concrete 

Thermal expansion of rock group and related concrete 

The drying shrinkage of plain concrete may be 
estimated from the fignre below. See notes on 
creep coefficient for recommendations on the 
effective section thickness and ambient relative 
humidity. The given shrinkage values relate to 
concrete of normal workability made without 
water-reducing admixtures; i.e. concretes with 
an original water content of about 190 Llm3

• In 
other cases, shrinkage may be taken as directly 
proportional to water content, within the range 
150 Llm3 to 230 Llm3 For outdoor exposure in 
the UK, concrete will undergo seasonal cyclic 
strains of ± 0.4 times the 30-year shrinkage in 
addition to the average shrinkage strain; the 
maximum shrinkage will occur at the end of 
each summer. For gnidance on the shrinkage 
of reinforced concrete, see section 19. 

30yearshiokage 
x 106 for an 

6 month shinkage 
x 106 for an 

effective section Outdoor c:ffectivc section 
thickness (mm) of Indoor exposure thickness (mml of 

150 300 600 exposure in the UK 
150 300 '00 

I- I--- , , 200 
45 

400 350 300 100 
17 , , 

87.> 
40 

350 300 250 , , 150 
75 .• 

35 
300 

250 
'25 

30 200 \ 250 
, , 625 

200 lOC 
50 .• 

25 

200 150 , , 
20 

150 

\ 
75 

150 100 
, 37.5 15 . 

100 50 25 .• 100 , , 10 
50 50 

12'> 50 • 25 5 , , 
Shinkage 

0 0 0 0 0 0 

\ , Swelling , , II I , 
roo 200 rOO , , 100 00 100 

20 30 40 50 60 70 80 90 100 

.' Ambient relative humidity % 

Drying shrinkage of normal-weight 

Note. The coefficient of thermal expansion of I' .. 
f---------,---------------,----I concrete is dependent mainly on the .. 1>.' 

Aggregate type Typical coefficient of expansion (x 10' I"C) coefficlCnts of the aggregate and cement r :';.' 

Flint, quartzite 
Granite, basalt 
Limestone 

Aggregate 

11 
7 
6 

Concrete 

12 
10 
8 

and the degree of saturation of the . . .•. 
The given values are for concrete in at' 
dry state. In the saturated state, the co"ffi,cieJ1t;JI';-' 
will be approximately 2xlO-6I"C lessl!)e ;.. 
tabulated value. . ,":0£ .. : 
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Stress-strain curves (BS 8110 and BS 5400): concrete 
and reinforcement 3.6 
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Stress 
N/mm2 

60 

40 C-

20 

r 
0 

0 0.002 0.004 Strain 

TYPICAL STRESS-STRAIN CURVES 

Stress 
N/mrn2 

600 -

500 

400 

300 

200 

100 

0 
0 0.05 0.10 0.15 

TYPICAL STRESS-STRAIN CURVES 

Tension and 

j,' I compression 
rYm ---,----------~~==~ 

Strain 

DESIGN STRESS-STRAIN CURVE CBS 8110) 

O.67fcJym --------------:/~---~ : : 

, , 

, , , , 

5.5 V fc)Ym kN/mm2 

Strain 2.4 x 10-4 --lieu/Ym 

DESIGN STRESS-STRAIN CURVE 

: 
0.0035 

Note 1. In the expressions given,fcu is in N/mm2. 

Note 2. A simplified rectangular stress distribution may 
also be assumed with the design stress taken as fonows: 

BS 8110: 0.67fcJrm for a depth from the compression 
face of 0.9 times the depth of the compression zone. 

BS 5400: 0.6fculrm for the entire compression ZOne. 

Types of reinforcing steel 

4 

1. Cold-rolled wire (used in 
fabric reinforcement). 

Strain 0.20 

2. Cold-stretched coil (used in 
automatic bending machines 
for link reinforcement). 

3. Hot-rolled (in-line heat 
treated, QST process) bars. 

4. Hot-rolled (micro-alloy) bars. 

Tension firm -------".--------
I 

0.8f';Ym --
! Compression 

! --,r- ---- -2~~0;y- - T- --
i / 2000Ym- fy 
, I 

~ / 
I ' , I 
I ' , I 

Es'~ 200kN/mm2 

~' 

0.002 Strain 

DESIGN STRESS-STRAIN CURVE (BS 5400) 
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bar and fabric reinforcement, reference should be made to 
section 10.3 and Tables 2.19 and 2.20. 

22.2.2 Stress-strain cnrves 

Typical stress-strain curves for reinfor~ing ~teels in tensio? as 
described in section 3.2.3, and the Ideahsed curves gIven 

Properties of materials 

for design purposes in BS 811 0 and BS 5400 respectively, 
for reinforcement in tension or compression, are shown in 
Table 3.6. For design purposes, the modulus of elasticity of all 
reinforcing steels is taken as 200 kN/mm2

• The BS 5400 
stress-strain curve is the one that was used in CPIIO, prior to 
that code being superseded by BS 8110. 

In the following, the term nontinal cover is used to describe the 
design cover shown on the drawings. It is the required coyer 
to the first layer of bars, including links. The nominal cover 
should not be less than the values needed for durability and 
fire-resistance, nor less than the nominal maximum size of 
aggregate. Also, the nominal cover should be sufficient to 
ensure that the cover to the main bars is not less than the bar 
size or, for a group of bars in contact, the equivalent bar size. 
For a group of bars, the equivalent bar size is the diameter of a 
circle whose cross-sectional area is equal to the sum of the areas 
ofthe bars in the group. 

23.1 DURABILITY 

23.1.1 Exposure classes 

Details of the classification system used in BS EN 206-1 and 
BS 8500-1, with infonnative examples applicable in the UK, 
are given in Table 3.7. Often, the concrete can be exposed to 
more than one of the actions described in the table, in which 
case a combination of the exposure classes will apply. At the 

of drafting this Handbook, the amendments necessitated 
the introduction of BS 8500 have not been incorporated in 
5400 or BS 8007 (which is based on BS 8110:1985). The 

of exposure classes, concrete grades and covers, used 
to BS 8500, is given in Table 3.9. 

Concrete strength classes and covers 

~olrrcr,etedurability is dependent mainly on its constituents, and 
lflItitations on the maximum free water/cement ratio and the 
lillim"mcement content are specified for each exposure class. 

limitations result in minimum concrete strength classes 
~~ parti.cullar ,cernertts. For reinforced concrete, the protection of 

steel against corrosion depends on the cover. The required 
of cover is related to the exposure class, the concrete 

and the intended working life of the structure. Details of 
~re,con1n1"nd.ati,)ns in BS 8500 are given in Table 3.8. 

values given for the ntinimum cover apply for ordinary 
steel in concrete without special protection, and for 

Chapter 23 

Durability and 
fire-resistance 

structures with an intended working life of at least 50 yenrs. 
The values given for the nominal cover include an allowance for 
tolerance of 10 mm, which is recommended for buildings and 
is normally also sufficient for other types of structures. 

For uneven concrete surfaces (e.g. ribbed finish or exposed 
aggregate), the cover should be increased by at least 5 mm. If 
concrete is cast against an adequate blinding, the nominal cover 
shonld generally be at least 40 mm. For concrete cast directly 
against the earth, the nontinal cover should generally be not less 
than 75 mm 

23.2 FIRE-RESISTANCE 

23.2.1 Building regulations 

The minimum period of fire-resistance required for elements of 
the structure, according to the purpose group of a building and 
its height or, for basements, depth relative to the ground are 
given in Table 3.12. Building insurers may require longer fire 
periods for storage facilities. 

23.2.2 Nominal covers and minimum dimensions 

The recommendations in BS 8110 regarding nominal cover for 
different periods of fire-resistance are given in Table 3.10. In 
the table, the cover applies to links for beams and columns, but 
to main bars for floor slabs and ribs (even if links are provided). 
For two-way spanning solid slabs, the cover may be taken as 
the average for each direction. For beams, floors and ribs, the 
requirements apply to the reinforcement in the bottom and side 
faces only. The minimum thickness of floors includes any 
concrete screed on the top surface. This is particularly impor­
tant for ribbed slabs where the structnral flange could be no 
more than 75 mm thick. The values given in the table apply to 
members whose dimensions comply with the minimum values 
given in Table 3.11. 

For cases where it is considered that special measures need 
to be taken to prevent the spalling of concrete, a summary of 
the recommendations in BS 8ll0-2 is given in Table 3.10. 

I 



Exposure classification (BS 8500) 3.7 
Exposure classes related to environmental actions in accordance with BS EN 206-1 and BS 8500-1 (see Note I) 

Class Description 

1. No risk of corrosion or attack 

XO Concrete without reinforcement or embedded 
metal: all exposures except where there is 
freeze/thaw, abrasion or chemical attack 

Concrete with reinforcement: very dry 

2. Corrosion induced by carbonation 

XCI Dry or permanently wet 

XC2 Wet, rarely dry 

XC3 Moderate humidity 
and or 

XC4 Cyclic wet and dry 

Note 2) 

Informative examples applicable in the UK 

Un-reinforced concrete surfaces inside structures. Un-reinforced 
concrete completely buried in non-aggressive soil, or pernlanently 
submerged in non-aggressive water, or subject to cyclic wet and 
dry conditions but not to abrasion, freezing or chemical attack. 

Reinforced concrete in very dry conditions. 

Reinforced concrete surfaces inside structures except areas of high 
humidity, or permanently submerged in non-aggressive water. 

Reinforced concrete completely buried in non-aggressive soil. 

External reinforced concrete surfaces sheltered from, or exposed 
to, direct rain. Reinforced concrete surfaces inside structures in 
areas of high humidity (e.g. bathrooms and kitchens). Reinforced 
concrete surfaces exposed to alternate wetting and drying. 

3. Corrosion induced by chlorides other than from seawater (see Note 

XDI Moderate humidity Reinforced concrete surfaces exposed to airborne chlorides, or to 
occasional or slight chloride conditions, including parts of bridges 
away from direct spray containing de-icing agents. 

XD2 Wet, rarely dry 

XD3 Cyclic wet and dry 

Reinforced concrete surfaces totally immersed in water contajning 
chlorides (see Note 3). 

Reinforced concrete surfaces directly affected by de-icing salts or 
spray containing de-icing salts (e.g. parts of structnres within 10m 
ofthe carriageway, edge beams and buried structnres less 
than I m below level, and car park 

4. Corrosion induced by chlorides from seawater (see Note 2) 

XSI Exposed to airborne salt but not in direct 
contact with seawater 

XS2 Wet, rarely dry 

XS3 Tidal, splash and spray zones 

5. Freezelthaw attack concrete is 

External reinforced concrete surfaces in coastal areas. 

Reinforced concrete below mid-tide level (see Note 3). 

Reinforced concrete in the upper tidal, splash and spray zones. 

attack from freeze/thaw cycles whilst wet) 

XFl Moderate water satnration, no de-icing agent Vertical concrete surfaces (e.g. facades and columns) exposed to 
rain and freezing. Non-vertical but not highly satnrated concret~ 
surfaces, which are exposed to rain or water and to freezing. 

XF2 Moderate water saturation, with de-icing agent Elements (e.g. parts of bridges), otherwise classified as XFl, that 
are exposed to de-icing salts directly, or as spray or run-off. 

XF3 High water satnration, no de-icing agent 

XF4 High water saturation, with de-icing agent or 
seawater (see Note 4) 

Horizontal concrete surfaces (e.g. parts of buildings) where water 
accumulates, or elements that are subjected to frequent splashing' 
with water, and exposed to freezing. 

Horizontal concrete surfaces (e.g. roads and pavements) that 
exposed to de-icing salts directly, or as spray or run-off, and 
freezing. Elements SUbjected to frequent splashing with w"ter'!,',\, 
containing de-icing agents, and exposed to freezing. 

Note 1. The classification, which relates to the conditions existing in the place of use of the concrete, does not exclude consideration of measures 
using stainless steel, or other corrosion-resistant metals, and applying protective coatings to the concrete or reinforcement. For exposure to chemical 
(class XA), where the approach in BS EN 206-1 varies significantly from current UK practice, reference should be made to BS 8500-1. . 

Note 2. The moisture condition relates to that in the concrete cover to reinforcement or other embedded metal. In many cases, the condition in 
cover can be taken as that of the surrounding environment. This may not be appropriate when there is a barrier between the concrete and its envirorun"nf:'f, 

Note 3. Where one surface is immersed in water containing chlorides and another is exposed to air, the condition is potentially more severe, espeda,nyif, 
the dry surface is at a higher ambient temperature. Specialist advice should generally be sought to develop a specification appropriate to the conditions. 

Note 4. For structures located in the UK, it is not normally necessary to include parts that are in frequent contact with the sea in the XF4 exposure class. 

Concrete quality and cover requirements for 
durability (BS 8500) 3.8 

Recommended limiting values for concrete quality (see Note 1) and cover to all reinforcement (including links) 

Exposure 
class 

(Table3.7) 

XCI 

XC2 

XC3/XC4 
(cement type 
IVB invalid) 

XDI 

XD2 

XD3 

XSI 

XS2 

XS3 

Maximum 
waterl 
cement 
ratio 

0.70 

0.65 

0.65 
0.60 
0.55 
0.45 

0.60 
0.55 
0.45 

0.55 
0.50 
0.40 

0.45 
0.40 
0.35 

0.50 
0.45 
0.40 

0.50 
0.45 
0.35 

0.55 
0.50 
0.40 

0.55 
0.50 
0.40 

0.40 
0.35 

0.50 
0.45 
0.40 

Minimum 
cement 
content 
kg/m' 

240 

260 

260 
280 
300 
340 

300 
320 
360 

320 
340 
380 

360 
380 
380 

340 
360 
380 

340 
360 
380 

320 
340 
380 

320 
340 
380 

380 
380 

340 
360 
380 

Minimum strength class (Table 3.5) 
for cement type (see Note 2) 

Group 4 

C20125 

C25/30 

C25/30 
C28/35 
C32/40 
C40/50 

C28/35 
C32140 
C40/50 

C28/35 
C32/40 
C40/50 

C35/45 
C40/50 
C45155 

C35/45 
C40/50 
C50/60 

C28/35 
C32/40 
C40/50 

C40/50 
C45155 

Group 5 

C20125 

C25/30 

C25/30 
C28/35 
C32/40 
C40/50 

C28/35 
C32/40 
C40/50 

C25/30 
C28/35 
C35/45 

C28/35 
C32/40 
C35/45 

C32/40 
C35/45 
C45155 

C25/30 
C28/35 
C35/45 

C28/35 
C32/40 
C35/45 

Group 6 

C20/25 

C25/30 

C25/30 
C28/35 
C32/40 
C40/50 

C28/35 
C32/40 
C40/50 

C20125 
C25/30 
C32/40 

C25/30 
C28/35 
C32/40 

C20/25 
C25/30 
C32/40 

C20125 
C25/30 
C32/40 

C25/30 
C28/35 
C32/40 

Minimum Nominal 
cover cover 

(see Note 3) (see Note 4) 
mm mm 

15 25 

25 35 

35 45 
30 40 
25 35 
20 30 

35 45 
30 40 
25 35 

40 50 
35 45 
30 40 

50 60 
45 55 
40 50 

50 60 
45 55 
40 50 

40 50 
35 45 
30 40 

40 50 
35 45 
30 40 

40 50 
35 45 
30 40 

50 60 
45 55 

50 60 
45 55 
40 50 

Note 1. The concrete quality recommendations apply for a maximum aggregate size of20 mm, and an intended working life 
for the structnre of at least 50 years. For concrete subject to freeze/thaw action and concrete in aggressive ground conditions 
reference should be made to Annex A ofBS 8500-1. 

Note 2. The cement (or combination) types are those listed in Table A.17 of BS 8500-1 (see also Table 2.17), as follows: 

Group 4 Portland cement, Portland-slag cement, Sulfate-resisting Portland cement 
Group 5 Portland-fly ash cement, Blastfurnace cement (36-65% ggbs) 
Group 6 Blastfurnace cement (66-80% ggbs), Pozzolanic cement 

3. The minimum COver values apply for ordinary carbon steel in concrete without special protection, and an intended 
Working lIfe for the structure of at least 50 years. 

typ 4. The allowance for tolerance of 10 mm is generally acceptable for buildings, and is normally also sufficient for other 
es of stru tn I rt· . . h· I . c res. n ce am sltnatlOns, t IS a lowance may be reduced (e.g. where fabrication is subjected to a quality 

assurance system, in which the monitoring includes measurements of the concrete cover or where for precast elements it 
can be ass dth t .. . . . . " , , ure a a very senSItIve measurement deVIce IS used for momtonng and non-confonning members are rejected. 
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Exposure conditions, concrete and cover requirements 3 .9 3 1 0 (prior to BS 8500) Fire resistance requirements (BS 8110) - 1 • .. 

Environment Exposure conditions Nominal cover to all reinforcement (including links) to meet specified periods of fire resistauce 

Mild Concrete surfaces protected against weather or aggressive conditions. 
Fire period 

Nominal cover (mm) 
(Table L 

Moderate Concrete surfaces in outdoor conditions, but sheltered from severe rain or freezing whilst wet. 
~ 

3.12) Beamsa 
Floors Ribs Columnsa 

Concrete surfaces continuously under non-aggressive water. 
•• 

~ 

Concrete in contact with non-aggressive soil. " Simply " Simply Simply Concrete subject to condensation. 0 hours supported Continuous Continuous " Continuous 
" supported supported 

Concrete surfaces exposed to severe rain, alternate wetting and drying, occasional freezing or severe 1;; Severe 00 0.5 20b 
20b 

20b condensation. ~ 20b 
20b 

20b 
20b 00 1.0 20b 

20b 00 20 20 20 20b 
20b 

Very severe Concrete surfaces occasionally exposed to seawater spray or de-icing salts (directly or indirectly). oj 

1.5 20 20b 
11 25 20 35 20 w Concrete surfaces exposed to corrosive fumes or severe freezing conditions whilst wet. .~ 2.0 40 30 20 

" " 35 25 (45) 35 25 " Concrete surfaces frequently exposed to seawater spray or de-icing salts (directly or indirectly). " 3.0 (60) 40 (45) 35 (55) S Most severe , 40 25 " Concrete in seawater tidal zone down to 1 m below lowest water level. OJ 4.0 (70) (50) (55) (45) (65) (50) 
~ 

§ 25 '~ 
0 " Z Note. The table relates to members of the minimum dimensions given in Table 311 Wh 1 h' 

~ 

Nominal cover to all reinforcement (including links) to meet durability requirements 0 h ' dd" " ere va ues are s own III ~ 

parent eSIS, a ItlOnal meaSures should be taken to reduce the risk of spalling (see separate table below). ~ 

"" r/J Conditions of exposure Nominal cover (mm) 
a For the purposes of assessing a nominal COver for beams and columns, an allowance for links of 10 mm has been ~ 
made to Cover the rauge from 8 mm to 12 mm. 

Mild 25 20 20' 20' 20' b 
Moderate ~ 35 30 25 20 These covers may be reduced to 15 mm providing the nominal maximum size of aggregate does not exceed 15 mm. 
Severe ~ ~ 40 30 25 

Nominal cover to all reinforcement (including links) to meet specified periods offire resistance Very severe ~ ~ 50b 40b 30 
Most severe ~ ~ ~ ~ 50 

Fire period 
(Table 

Nominal cover (mm) 
Lowest grade of concrete C30 C35 C40 C45 C50 

" 
3.12) Beamsa 

Floors 
Ribs Columnsa 

ti 
'These covers may be reduced to 15 mrn providing the nominal maximum size of aggregate does not exceed 15 mm. ~ 

" Simply " b Where concrete is subject to freezing whilst wet, air entrainment should be used, in which case strength grade may 0 Simply Simply " hours supported Continuous Continuous Continuous be reduced by 5. " supported 1;; el' i 
00 

0.5 ' . ~ 15 15 Environment Exposure conditions 
~ 1.0 15 15 15 15 15 
'" 15 15 15 15 15 15 15 ,.' ~ 1.5 Moderate Concrete surfaces above ground level and fully sheltered against rain, de-icing salts and spray from .g, 15 15 20 20 20 20 2.0 15 Ii; ; sea water: e.g. surfaces protected by bridge deck waterproofing or by permanent formwork, interior ·s 30 15 25 20 
~ 3.0 30 25 15 surfaces of pedestrian subways, voided superstructures or cellular abutments, Concrete surfaces 40 25 35 25 40 25 15 
~ 

4.0 50 permanently saturated by water with a pH > 4.5. 35 45 35 50 35 15 

•• 

Severe Concrete surfaces exposed to driving rain, or alternate wetting and drying: e.g. walls and structure Note. The table relates to concMe with lightweight aggregate of 15 mm maximum nominal size, and to members of 
supports remote from the carriageway, bridge deck soffits, and buried parts of structures. the mmlmum dlmenslOns gIven m Table 3.11. 

:' Very severe Concrete surfaces directly affected by de-icing salts, or spray from sea water: e.g. walls and ' For the purposes of assessing a nominal cover for beams and columns, an allowance for links of 10 mm has been 
w structure supports adjacent to the carriageway, parapet edge beams, concrete adjacent to the sea. made to COver the range from 8 mm to 12 mm. 

i " .i " Extreme Concrete sumces exposed to abrasive action by sea water, or water with a pH S; 4.5: e.g. marine S 
In cases where ,the no~inal cover to the outermost l~yer ?f reinforc~ment exceeds 40 mm for nonnal-weight concrete, .g structures, parts of structure in contact with moorland water. 

; : g. or 50 mm for hghtwelght aggregate concrete, there IS a nsk of spalhng in the event of fire. Where this could endanger 

•• 

~ Nominal cover to all reinforcement (including links) to meet durability requirements (see Note) the member, measures should be taken to avoid its occurrence. The cover can be reduced to an acceptable value by: 
0 .... 00 
0 .5 (a) The application of a finish by hand or spray of plaster or vermiculite. 

,i 
" ~ or. 

Conditions of exposure Nominal cover (mm) t (b) The provision of a false ceiling as a fire barrier. r/J ~ !i ~ 

" (c) The use oflightweight aggregate concrete. 
Moderate 45 35 30 25 " (d) The use of sacrificial tensile reinforcement. > 
Severe ~ 45b 35 30 ~ 

The following guidance can be given regarding the additional protection provided by selected applied finishes: '" Very severe ~ 

, 
50b 40 S 

Extreme ~ ~ 65b 55 ···r ~ 

15 mrn mortar, Or gypsum plaster" 25 mm concrete 
c':>. ~ 

~ 
w 

25 mm lightweight plaster, sprayed lightweight insulation, or vermiculite slabs C50 and over~ Ii oj 

Lowest grade of concrete C25 C30 C40 :8 "25 mm concrete (S; 2 hours), 12.5 mrn concrete (> 2 hours) : . 
Note. Highways Agency BD57/01 requires these covers to be increased by at least 10 mm for cast in-situ .. ;. Alternatively, supplementary reinforcement (e.g. welded steel fabric) placed within the cover, at 20 mm from the face 
'For parapet beams only, grade 30 concrete is permitted provided it is air entrained and the nominal cover is 60 mm .. ::; of the co.ncrete, has been used to prevent spallmg. There are practical difficulties in keeping the fabric in place and in 
b Where surface is liable to freezing whilst wet, air entrained concrete should be used..;;; compactmg the concrete. In certain circumstances, there would also be a conflict with the durabi1ity requirements. 

I. 
i' 
'iI 



Fire resistance requirements (BS 8110) - 2 3.11 
Beams 

Floors 

Solid 

~ 

'" .0 

~3 
_I ~ Ribbed 

E 
'" E Columns 
""' 0 
~ 

w " , ..... 
. ~ :'; :: .. •.... .; .. ~~.-.: ;', 
" .:~':" :-, .' 

S V ...• : . . ": .", ...... 
'6 

W ~ b 
50% exposed One face exposed 

:§ 
:::8 Fully exposed 

Fire Minimum Minimum Minimum Minimum column width (b) Minimum wall thickness for 
resistance beam rib thickness reinforcement percentage p 

period width (b) width (b) of floor (h) 
Fully 50% One face p< 0.4 <p< p> 

exposed exposed exposed 0.4 1.0 1.0 
hours mm mm mm mm mm mm 

mm mm mm 

0.5 200 125 75 150 125 100 150 100 75 
1.0 200 125 95 200 160 120 150 120 75 
1.5 200 125 llO 250 200 140 175 140 100 
2.0 200 125 125 300 200 160 - 160 100 
3.0 240 150 150 400 300 200 - 200 150 
4.0 280 175 170 450 350 240 - 240 180 

Note. The minimum dimensions given above relate specifically to the nominal covers given in Table 3.10. Ifthe~ct~al 
dimensions of the member exceed the minimum values, it may be possIble to reduce the nommal covers. For rt ~r 
information, reference sbould be made to Section 4 ofBS 8110-2. 

~~~~~==~==~~~~----------------------~ ..... 
••••••••••• 

Building regulations: minimum fire periods 3.12 
Purpose group of building Minimum fire periods (hours) for elements of structure 

1. Residential (domestic): 

a. Flats and maisonettes 

b. and c. Dwelling houses 

2. Residential 

a. Institutional (note 2) 

b. Other residential 

3. Office: 

- not sprinklered 
- sprinklered (note 3) 

4. Shop and commercial: 

- not sprinklered 
- sprinklered (note 3) 

5. Assembly and recreation: 

- not sprinklered 
- sprinklered (note 3) 

6. Industrial: 

- not sprinklered 
- sprinklered (note 3) 

7. Storage and other non-residential: 

a. Any building or part not 
described elsewhere 

- not sprinklered 
- sprinklered (note 3) 

b. Car park for light vehicles 

- open-sided carpark (note 4) 
- any other car park 

Basement storey (note 1) 

Depth (m) of 
lowest basement 

1.0 1.5 

0.5 1 

1.0 

1.0 

1.0 
1.0 

1.0 
1.0 

1.0 
1.0 

1.5 
1.0 

1.5 
1.0 

1.0 

1.5 

1.5 

1.5 
1.0 

1.5 
1.0 

1.5 
1.0 

2.0 
1.5 

2.0 
1.5 

1.5 

0.5 1 

0.5 1 

0.5 1 

0.5 1 

1.0 
0.5 1 

1.0 
0.5 1 

1.0 
0.5 1 

0.25' 
0.5 1 

Ground or upper storey 

Height (m) of top floor above ground in 
building or separated part of a building 

" 18 

1.0' 

1.03 

1.0 

1.0 

1.0 
0.5 1 

1.0 
1.0 

1.0 
1.0 

1.5 
1.0 

1.5 
1.0 

0.25' 
1.0 

1.5' 

1.5 

1.5 

1.5 
1.0 

1.5 
1.0 

1.5 
1.0 

2.0 
1.5 

2.0 
1.5 

0.255 

1.5 

>30 

2.02 

2.0' 

2.0' 

-
2.0' 

2.04 

2.0' 

2.0' 

-
2.04 

1.0 
2.0' 

Note 1. The floor over a basement (or topmost basement, if there is more than one basement) should meet the provisions for 
either the basement, or the ground and upper storeys, whichever period is higher. 
Note 2. Multi-storey hospitals designed in accordance with the NHS Firecode should have a minimum of I hour standard. 
Note 3. Sprinklered means that the building is fitted throughout with an automatic sprinkler system meeting the relevant 
recommendations of BS 5306 Fire extinguishing installations and equipment on premises: Part 2 specification for sprinkler 
systems; i.e. the relevant occupancy rating together with additional requirements for life safety. 
Note 4. The car park should comply with the relevant provisions in the guidance on B3, Section 12 of the Regulations. 

; Increased to a minimum of 1.0 hour for compartment walls separating buildings. 
3 Reduced to 0.5 hour for any floor within a maisonette, but not if the floor contributes to the support of the building. 
, Reduced to 0.5 hour for 3-storey dwelling houses, but minimum of 1.0 hour for compartment walls separating buildings. 
, Reduced to 1.5 hours for elements not forming part of the structural frame. 

Increased to 0.5 hour for elements protecting means of escape and 1.0 hour for compartment walls separating buildings. 



24.1 DESIGN ASSUMPTIONS 

Basic assumptions regarding the design of cracked concrete 
sections at the ULS are outlined in section 5.2. The tensile 
strength of the concrete is neglected and strains are evaluated 
on the assumption that plane sections before bending remain 
plane after bending. Reinforcement stresses are then derived 
from these strains on the basis of the design stress-strain 
curves shown on Table 3.6. The BS 5400 curve is the one that 
was used in CP 110 prior to that code being superseded by 
BS 8110. For the concrete stresses, alternative assumptions are 
pennitted. The design stress-strain curve for concrete shown 
on Table 3.6 gives a stress distribution that is a combination of 
a parahola and rectangle. The form of the data governing the 
shape of the curve causes the relative proportions of the two 
parts to vary as the concrete strength changes. Thus the total 
compressive force provided by the concrete is not linearly 
related to I,,, and the position of the centroid of the stress­
block changes with I". 

Alternatively. an equivalent rectangular stress distribution in 
the concrete may be assumed, as noted on Table 3.6. The 
BS 5400 rectangular stress-block is the one that was used 
in CP 110 prior to that code being superseded by BS 8110. In 
BS 5400. the use of the rectangular stress-block is prohibited in 
flanged, ribbed and voided sections where the neutral axis lies 
outside the flange, although there appears to be no logical 
reason for this restriction. 

For a rectangular area of width b and depth x, the total 
compressive force is given by kd"bx and the distance of the 
force from the compression face is given by k,x, where values of 
k, (allowing for the term 0.67IYm)and k2 are given in the 
following table, according to the shape of the stress-block. 

Properties of concrete stress-blocks for rectangular area 

Shape ic,N/mm2 kl kz 

Parabolic- 25 0.405 0.456 
rectangular 30 0.401 0.452 
(Table 3.6) 35 0.397 0.448 

40 0.394 0.445 
50 0.388 0.439 

BS 811 0 rectangular 0.402 0.450 

BS 5400 rectangular 0.400 0.500 

Chapter 24 

Bending and axial 
force 

Using the rectangular stress-block is conservative in BS 5400 
but gives practically the same result as that obtained with the 
parabolic-rectangular form in BS 8110. 

24.2 BEAMS AND SLABS 

Beams and slabs are generally SUbjected to bending only but, 
sometimes, are also required to resist an axial force, for example, 
in a portal frame, or in a floor acting as a prop between base­
ment walls. Axial thrusts not exceeding 0.11" times the area of 
the cross section may be ignored in the analysis of the section, 
since the effect of the axial force is to increase the moment of 
resistance. Where a section is designed to resist bending only, 
the value of the lever arm should not be taken greater than 0.95 
times the effective depth of the reinforcement. 

In cases where, as a result of moment redistribution allowed 
in the analysis of the member, the design moment is less than the 
maximum elastic moment at the section, the neutral axis depth 
should satisfy therequirementxld '" ({3b - 0.4), where {3b is the 
ratio of design moment to maximum elastic moment. 

24.2.1 Singly reinforced rectangular sections 

r-b---l 0.0035 O.67fco fym 

I 1 
d 

Section Strains Forces 

The lever arm between the forces shown in the figure here 
given by z = (d - k,x), from which x = (d - z)lk,. 

Taking moments for the compressive force about the line 
action of the tensile force gives 

M = kd"bxz = k,ic,bz(d - z)lk2 

The solution of the resulting quadratic equation in z gives 

z/d = 0.5 + YO.25-(kz/k1)K '" 0.95 where K = Mlbd'ic, 

Beams and slabs 

Taking moments for the tensile force about the line of action of 
the compressive force gives 

M = A, ;;z, from which A, = Mif,z 

The strain in the reinforcement e, =0.0035(1 - xltlJ/(xMJ and 
from the BS 8110 design stress-strain curve, the stress in the 
reinforcement is given by: 

;; = 8,E, = 700(1 - xltlJ/(xltlJ '" 1/1.15 

Thus for design to BS 8110, ;; = 1/1.15 for values of 

xld", 805/(805 + Iy) = 0.617 for I, = 500 N/mm2 

From the BS 5400 design stress-strain curve, the stress in the 
reinforcement is given by: 

;; = 8,E, = 700(1 - xltlJ/(xltlJ '" 0.8I/l.15 or 

( 
2001, )(3.5 + 4.5x/ d) 

0.81,11.15 <;; = 2300 + 1, x/d "'1,/1.15 

Thus for design to BS 5400, ;; < 0.81,11.15 for values of 

xld> 805/(805 + 0.81,) = 0.668 for 1, = 500 N/mm' 

and;; = 1,11.15 for values of 

xld'" 805/(1265 + Iy) = 0.456 forI, = 500 N/mm' 

Design charts for I, = 500 N/mm2, derived on the basis of the 
parabolic-rectangular stress-block for the concrete, are given in 
Table 3.13 for BS 8110 and Table 3.23 for BS 5400. In the case 
of BS 5400, unless the section is proportioned such that 
;; = 1/1.15, the moment of resistance should provide at least 
1.15 times the applied design moment. 

Design tables, based on the rectangular stress-blocks for the 
concrete, are given in Table 3.14 for BS 8110 and Table 3.24 
for BS 5400. The tables use non-dimensional parameters and 
are valid for I, '" 500 N/mm2 The formulae used to derive the 
tables. and the limitations when redistribution of moment has 
been allowed in the analysis of the member, are also given. 

24.2.2 Donbly reinforced rectangular sections 

r--b ---I 
T +-r 

0.0035 

.L 
O.67fcu fYm 

x T I 
1 d 

A~f~ k,x 

T kdcobx 

oA,' ~ 
Section Strains Forces 

The forces provided by the concrete and the reinforcement are 
shown in the figure here. Taking moments for the two com­
pressive forces about the line of action of the tensile force gives 

M = k1ic,bx(d - k,.x) + A;J;<d - d') 

The strain in the reinforcement 8; = 0.0035(1 - dix) and from 
the BS 8110 design stress-strain curve, the stress is given by: 

I: = 8;E, = 700(1 - d'/x) '" 1,/ 1.15 
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Thus for design to BS 8110, I; = I, /1.15 for values of 

x/d ;e: [805/(805 - I,)](d';tlJ = 2.64(d';tlJ forI, = 500N;mm2 

From the BS 5400 design stress-strain curve, the stress in the 
reinforcement is given by: 

I; = 8',E, = 700(1 - d'/x) '" 0.81,/1.15 or 

( 
2001, )( d') (20001,) 

0.81,/1.15 <1',= 2300 + I, 11.5-3.5-y '" 2300 + I, 

Thus for design to BS 5400, 1', < 0.81,/1.15 for values of 

x/d < [805/(805 - 0.8I,)](ditlJ = 2(ditlJ for f, = 500N/mm' 

and I; = 20001,(2300 + I,) for values of x/d ;e: (7/3)(d'/tlJ 

Equating the tensile and compressive forces gives 

Ash = kdcubx + A~rs 
where the stress in the tension reinforcement is given by the 
expressions used in section 24.2.1. 

Design charts based on the rectangular stress-blocks for 
concrete, and for d'id = 0.1 and 0.15 respectively, are given in 
Tables 3.15 and 3.16 for BS 8110, and Tables 3.25 and 3.26 for 
BS 5400. The charts use non-dimensional parameters and were 
determined for I, = 500 N/mm', but may be safely used for 
I, '" 500 N/mm2 In determining the forces in the concrete, no 
reduction has been made for the area of concrete displaced by 
the compression reinforcement. 

24.2.3 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 to 0.5d so that the formulae are automatically valid for 
redistribution of moment not exceeding 10%. 

The stress in the tension reinforcement is taken as 0.87/y in 
both codes, although this is only strictly valid for xld '" 0.456 
in BS 5400. The stress in the compression reinforcement is 
taken as 0.871, in BS 8110, and 0.721, in BS 5400. The code 
equations, which follow from the analyses in sections 24.2.1 
and 24.2.2, take different forms in BS 8110 and BS 5400. 

In BS 8110, the requirement for compression reinforcement 
depends on the value of K = Mlbd'Io, compared to K' where: 

K' = 0.156 for {3b;e: 0.9 

K' = 0.402( (3b - 0.4) - 0.18( {3b - O.4p for 0.9> {3b;e: 0.7 

{3b is the ratio, design moment to maximum elastic moment 

For K :5 K', compression reinforcement is not required and 

A, = MIO.87I,z 

where 

z = d{O.5 + YO.25-KJO.9} 5. 0.95d and x = (d - z)/0.45 

For K > K', compression reinforcement is required and 

where 

A; = (K - K') bd'j;",0.87I, (d - d') 

A, = A', + K' bd'ic",0.87Iyz 

z = d{0.5 + YO.25 - K'!O.9} and x = (d - z)/0.45 

For d'/x > 0.375 (for I, = 500 N/mm'), A; should be replaced 
by 1.6(1 - dix) A; in the equations for A; and A,. 
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BS 8110 Design table for singly reinforced rectangular 
beams 3.14 
I I I , 

M A,fy x z M A,fy x z , -- - - -- - -bd I,u bdfou d d bd'/cu bdfou d d 
SO.043 1.21K 0.111 0.950 0.110 0.148 0.317 0.857 

0.112 0.151 0.324 0.854 0.044 0.054 0.115 0.948 0.114 0.154 0.331 0.851 0.046 0.056 0.120 0.946 0.116 0.157 0.338 0.848 0.048 0.059 0.126 0.943 0.118 0.161 0.345 0.845 
0.050 0.061 0.131 0.941 0.120 0.164 0.352 0.842 0.052 0.064 0.137 0.938 0.122 0.167 0.359 0.838 0.054 0.066 0.142 0.936 0.124 0.171 0.367 0.835 0.056 0.069 0.148 0.933 0.126 0.174 0.374 0.832 0.058 0.072 0.154 0.931 0.128 0.178 0.382 0.828 
0.060 0.074 0.160 0.928 0.130 0.181 0.389 0.825 0.062 0.077 0.165 0.926 0.132 0.185 0.397 0.821 0.064 0.080 0.171 0.923 0.134 0.188 0.405 0.818 0.066 0.082 0.177 0.920 0.136 0.192 0.412 0.814 0.068 0.085 0.183 0.918 0.138 0.196 0.420 0.811 
0.070 0.088 0.189 0.915 0.140 0.199 0.428 0.807 0.072 0.091 0.195 0.912 0.142 0.203 0.436 0.804 0.074 0.094 0.201 0.910 0.144 0.207 0.444 0.800 0.076 0.096 0.207 0.907 0.146 0.211 0.453 0.796 0.078 0.099 0.213 0.904 0.148 0.215 0.461 0.793 
0.080 0.102 0219 0.901 0.150 0.219 0.470 0.789 0.082 0.105 0.225 0.899 0.152 0.223 0.478 0.785 0.084 0.108 0.232 0.896 0.154 0.227 0.487 0.781 0.086 0.111 0.238 0.893 0.156 0.231 0.496 0.777 0.088 0.114 0.244 0.890 0.158 0.235 0.505 0.773 
0.090 0.117 0.250 0.887 0.160 0.239 0.514 0.769 0.092 0.120 0.257 0.884 0.162 0.244 0.523 0.765 0.094 0.123 0.263 0.882 0.164 0.248 0.533 0.760 0.096 0.126 0.270 0.879 0.166 0.252 0.542 0.756 0.098 0.129 0.276 0.876 0.168 0.257 0.552 0.752 
0.100 0.132 0.283 0.873 0.170 0.262 0.562 0.747 0.102 0.135 0.290 0.870 0.172 0.266 0.572 0.743 0.104 0.138 0.296 0.867 0.174 0.271 0.582 0.738 0.106 0.141 0.303 0.864 0.176 0.276 0.593 0.733 0.108 0.144 0.310 0.861 0.178 0.280 0.603 0.728 

Limiting values 
Moment 

Redistribution ratio Fonnulae used in table above x M A,ly % Ih -
d bd2/cu bdl,u 

0 1.00 0.60 0.176 0.276 
5 0.95 0.55 0.166 0.252 

z R -=0.5+ 0.25--S0.95 10 0.90 0.50 0.156 0.231 d 0.9 15 0.85 0.45 0.144 0.207 
20 0.80 0.40 0.132 0.185 x 1-z/d A,fy K -=-- --25 0.75 0.35 0.118 0.161 d 0.45 bdfou 0.87 z/d 30 0.70 0.30 0.104 0.138 

whereK= M 
Formulae used to determine limiting values: 

bd'l,u 
x/d = (/3 b -0.4) K = 0.402(/3 b - 0.4) - 0.18(/3b - 0.4)' 
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In BS 5400, the moment of resistance of a section wifhout 
compression reinforcement is given by the equations: 

M" = A.(0.87I,)z ,,; 0.15bd'k" 

where 

z = d (1 - l.lA,J,lbdk") ,,; 0.95d 

For a section with compression reinforcement, the moment of 
resistance is given by the equations: 

M" = 0.15bd'k" + A',(O.72I,)(d - d') 

A,(0.87.t;,) = O.2bdk" + A~ (0.721,) 

The equations, which are based on x = 0.5d, are considered 
to be valid for values of di Id ,,; 0.2. A variant on the equa­
tions, with x taken as a variable, is included in Highways 
Agency BD44/95 for assessment purposes. These equations 
should not be used for values of x greater than 0.5d. 

24.2.4 Flanged sections 

In monolithic beam and slab construction, where fhe web of fhe 
beam projects below the slab, the beam is considered as a 
flanged section for sagging moments. The effective width of the 
flange may be taken as follows: 

T beam: b = bw + 0.21, ,,; actual flange width 
L beam: b = bw + 0.11, ,,; actual flange widfh 

lz is the distance between points of zero moment which, for a 
continuous beam, may be taken as 0.7 times effective span. 

In most sections where the flange is in compression, the depth 
of fhe neutral axis will be no greater than fhe thickness of fhe 
flange. In this case, fhe section can be considered to be rectangular 
wifh b taken as the flange widfh. The condition regarding fhe 
neutral axis depfh can be confirmed initially by showing that 
M,,; kJ,"bhe (d - k,he), where hf is fhe thickness of fhe flange. 
Alternatively, fhe section can be considered to be rectangular 
initially, and fhe neutral axis depfh can be checked subsequently. 

I' b , 1 
k-,hf 

n+t T kdcu(b - bw)/lf 

x 

1 kdcubwX 
d k,x 

• As· 
1 

A,(0.87f yl 

r-bw-j 
Section Forces 

The figure here shows a flanged section where fhe neutral axis 
depth is greater than fhe flange thickness. The concrete force 
can be divided into two components and the required area of 
tension reinforcement is then given by: 

A, = A" + k'k" (b - bw)hf 10.871, 

where 

ASl = area of reinforcement required to resist a moment Ml 
applied to a rectangular section, of widfh bw , and 

MJ = M - kJk" (b - bw)he (d - k,hf ) ,,; 0.15bd'k" 

Bending and axial force 

Using the rectangular concrete stress-blocks in the foregoing 
equations, gives kJ = 0.4, wifh k, = 0.45 for BS 8110 and 0.5 
for BS 5400. This approach gives solutions fhat are 'correct' 
when x = hr, but become slightly more conservative as 
(x - hf ) increases. A different approach is used in BS 8110 
resulting in solutions that are 'correct' when x = 0.5d, but 
increasingly conservative as (x - hrJ decreases. As a result, the 
solution when x = hf does not agree with fhat obtained by 
considering the section as rectangular with b taken as the 
flange widfh. 

24.2.5 General analysis of sections 

The analysis of a section of any shape, with any arrangement 
of reinforcement, involves a trial-and-error process. An 
initial value is assumed for the neutral axis depth, from which 
the concrete strains at the positions of the reinforcement can 
be calculated. The corresponding stresses in the reinforce­
ment are determined, and the resulting forces in the 
reinforcement and the concrete are obtained. If the forces are 
out of balance, fhe 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 the forces about the neutral axis, or any other 
point, is calculated. 

Example 1. The beam shown in fhe following figure is to be 
designed to fhe requirements of BS 8110. The design loads on 
each span are as follows, where Gk = 160 kN and 
Qk = 120 kN: 

Fm" = 1.4Gk + 1.6Qk = 416 kN, Fm;" = 1.0Gk = 160 kN 

The section design is to be based on the following values: 

I," = 40 N/mm', I, = 500 N/mm2, cover to links = 25 mm. 

For sagging moments, effective widfh of flange 

b = bw + 0.21, = 300 + 0.2(0.7 X 8000) = 1420 mm 

Allowing for 8 mm links and 32 mm main bars, 

d = 500 - (25 + 8 + 16) = 450 mm say. 

A B C 

1150 

t t t ~ 350 
8m 8m 

1 ' ,1-1 1 ~O~ 1 

Spans Cross section 

(load case 1) 

Elastic bending moment diagram 

Columns 
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In fhe calculations that follow, solutions are obtained using 
charts and equations, to demonstrate the use of each mefhod. 

A, = A~ + K' bd'k" 10.871,z 

Maximum sagging moment. For section to be designed as 
rectangular wifh b taken as the flange widfh, bending moment 
should satisfy fhe condition: 

= 982 + 0.100 X 300 X 450' X 40/(0.87 X 500 X 0.873 X 450) 

= 2404 mm' (compared to 2430 mm' obtained from chart) 

Using 3H32 gives 2413 mm2 

M,,; kJk"bhf (d - k,hf ) 

= 0.4 X 40 X 1420 X 150 X (450 - 0.45 X 150) X 10-' 

= 1303 kNm (>285 kNm) 

Mlbd' = 285 X 10'/(1420 X 450') = 0.99 N/mm' 

From chart in Table 3.13, 100A/bd = 0.24, 

A, = 0.0024 X 1420 X 450 = 1534 mm' 

Alternatively, K = Mlbd'k" = 0.99/40 = 0.0248 
From Table 3.14, Ad/bdk" = 1.21K = 0.0300 

A, = 0.03 X 1420 X 450 X 401500 = 1534 mm' 

Alternatively, by calculation or from Table 3.14, 

z/d = 0.5 + YO.25 - 0.0248/0.9 = 0.972 ,,; 0.95 

Hence A, = MIO.87.t;,z gives 

A, = 285 X 10'/(0.87 X 500 X 0.95 X 450) = 1533 mm' 

Using 2H32 gives 1608 mm' 

Maximum hogging moment 

K = Mlbd'k" = 416 X lO'/(300 X 4502 X 40) = 0.171 

From Table 3.14, A,f/bdk" = 0.264 

A, = 0.264 X 300 X 450 X 401500 = 2851 mm' 

Using 4H32 gives 3217 mm2 

Although fhis is a valid solution, it may be possible to reduce 
the area of tension reinforcement to a more suitable value, by 
allOWing for some compression reinforcement. Consider the 
Use of 2H25 wifh d' = 45 mm (did = 0.1). 

A~J,lbdk" = 982 X 500/(300 X 450 X 40) = 0.09 

From fhe chart in Table 3.15, AJ/bdk" = 0.225 

A, = 0.225 X 300 X 450 X 401500 = 2430 mm' 

A solution can also be obtained using fhe design equations, as 
fOllows: 

With 2H25 for A; and assuming I~ = 0. 871" 

K' = K - A ~ (0.87J,)(d - d')lbd'k" 

= 0.171 - 982 X 0.87 X 500 X 405/(300 X 450' X 40) = moo 

Z/d = 0.5 + V0.25 - 0.100/0.9 = 0.873 

x/d = (1 - z/d)/0.45 = (I - 0.873)/0.45 = 0.282 

dix = (dld)(x/d) = 0.1/0.282 = 0.355 

Since d'/x < 0.375, I~ = 0.871, is valid. 

Example 2. Suppose fhat in the previous example fhe maxi­
mum hogging moment at B is reduced by 30% to 291 kNm. 

K = Mlbd'k" = 291 X lO'/(300X 450' X 40) = 0.120 

f3b= 291/416 = 0.70, x/d,,; (f3b - 0.4) = 0.30 

From chart in Table 3.15, keeping to left of line for xld = 0.3 

A;J,lbdk" = 0.Q25, A,f/bdl" = 0.158 

A~ = 0.Q25 X 300 X 450 X 401500 = 270 mm2 

A, = 0.158 X 300 X 450 X 40/500 = 1706 mm' 

A solution can also be obtained by using fhe design equations 
wifh xld = 0.3 as follows: 

K' = 0.402(f3b - 0.4) - 0.18(f3b - 0.4)' 

= 0.402 X 0.3 - 0.18 X 0.3' = 0.104 «K = 0.120) 

z/d = 0.5 + YO.25-0.104/0.9 = 0.867 

A ~ = (K - K') bd'k"10.87I, (d - d') 
= 0.016 X 300 X 450' X 40 I (0.87 X 500 X 405) = 221 mm' 

A, = A~ + K'bd'J,jO.87I,z 

= 221 + 0.104 X 300 X 450' X 40/(0.87 X 500 X 0.867 X 450) 
= 1710 mm' 

Using 2H25 and lH32 gives 1786 mm' 

Since the reduced hogging moment for load case 1 is still 
greater than the elastic hogging moment for load case 2, the 
design sagging moment remains the same as in example 1. 

In the foregoing examples, at fhe bottom of fhe beam, 2H32 
bars would run fhe full lengfh of each span wifh 2H25 splice 
bars at support B. Ofher bars would be curtailed according to 
fhe bending moment requirements and detailing rules. 

24.3 COLUMNS 

In the Codes of Practice, a column is a compression member 
whose greater overall cross-sectional dimension does not 
exceed four times its smaller dimension. An effective height 
and a slenderness ratio are detennined in relation to major and 
ntinor axes of bending. An effective height is a function of the 
clear height and depends upon fhe restraint conditions at fhe 
ends of fhe column. A slenderness ratio is defined as the effec­
tive height divided by fhe depth of the cross section in the plane 
of bending. The column is fhen considered to be either short or 
slender, according to the slenderness ratios. 

Columns are subjected to combinations of bending 
moment and axial force, and the cross section may need to be 
checked for more than one combination of values. In slender 
columns, from an elastic analysis of the structure, the initial 
moment, is increased by an additional moment induced by 
the deflection of the column. In BS 8110, this additional 

, 

I 

i 
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moment contains a modification factor K, the use of which 
results in an iteration process with K taken as 1.0 initially. 
The design charts in this chapter contain sets of K lines as an 
aid to the design process. Details of the design procedures are 
given in Tables 3.21 and 3.22 for BS 81l0, and Tables 3.31 
and 3.32 for BS 5400. 

24.3.1 Rectangular columns 

Section Forces 

The figure here shows a rectangular section in which the 
reinforcement is disposed equally on two opposite sides of a 
horizontal axis through the mid-depth. By resolving forces and 
taking moments about the mid-depth of the section, the following 
equations are given for 0 < xlh s 1.0. 

Nlbhj" = kj(xlh) + 0.5(A,ci,lbhicu)(k,j - kd 

Mlhh'icu = kJC,xlh){0.5 - k,(x/h)) + 0.5 
(A,ci,lbhj,,)(k,j + k,,) (dlh - 0.5) 

For BS 8110, the stress factors, k,j and k", are given by: 

k,j = 1.4(xlh + dlh - I)/(xlh) s 0.87 

k" = 1.4(dlh - xlh)/(xlh) s 0.87 

The maximum axial force Nuz is given by the equation 

Nu/bhicu = 0.45 + 0.87(A,ci,lbhicu) 

Design charts, based on the rectangular stress-block for the 
concrete, and for values of dlh = 0.8 and 0.85, are given in 
Tables 3.17 and 3.18 respectively. On each curve, a straight 
line has been taken between the point where xlh = 1.0 and 
the point where N = Nu,' The charts, which were determined 
forf, = 500 N/mm2, may be safely used forjy s 500 N/mm2 

y . h In determining the forces in the concrete, no reductIOn as 
been made for the area of concrete displaced by the com­
pression reinforcement. In the design of slender columns, the 
K factor is used to modify the deflection corresponding to a 
load Nb,l> which for a symmetrically reinforced rectangular 
section is given as 0.25bdj,u' In the charts, Nb,1 is taken as the 
value at which M is a maximum. A line corresponding to Nba1 

passes through a cusp on each curve. For N ~ Nbab K is taken 
as 1.0. For N > Nb,I' K can be determined from the lines on 
the chart. 

For BS 5400, the stress factors, k,j and k", are given by: 

k,j = 1.4(xlh + dlh - 1)/(x/h) s 0.7 

0.7 s k,j = 0.25(3.3xlh + dlh - 1)/(xlh) s 0.714 

k" = 1.4(dlh - xlh)/(xlh) s 0.7 

0.7 s k" = 0.25(dlh + l.3xlh)/(xlh) s 0.87 

Bending and axial force 

Design charts, based on the rectangular stress-block for the 
concrete, and for values of dlh = 0.8 and 0.85, are given in 
Tables 3.27 and 3.28 respectively. On each curve, a straight line 
has been taken between the point where xlh = 0.8 and the point 
where N = Nu,' The use of the rectangular stress-block results 
in Nuz being given by the equation 

There are no K lines on the charts, as no modification factor is 
used in the design of slender columns to BS 5400. 

24.3.2 Circular columns 

i---h---i 

Section Forces 

The figure here shows a circular section containing six bars 
spaced equally around the circumference. Solutions based on six 
bars will be slightly conservative if more bars are used. The 
arrangement of the bars relative to the axis of bending affects 
the resistance of the section, and the arrangement shown in the 
figure is not the most critical in every case. For some combina~ 
tions of bending moment and axial force, if the arrangement 
shown is rotated through 30', a slightly more critical condition 
results, but the differences are small and may be reasonably 
ignored. 

The following analysis is based on a wriform stress-block for 
the concrete, of depth Ax and width hsina at the base (as shown 
in figure). Negative axial forces are included in order to cater for 
members such as tension piles. By resolving forces and taking 
moments about the mid-depth of the section, the following 
equations are obtained, where a = cos- j (l - 2 Axlh) for 
o < x s 1.0, and h, is the diameter of a circle through the centres 
of the bars: 

Nlh'j,,= k, (2a - sin2a)/8 
+ (TrIl2)(A,J,IA,icu)(k,[ - k" - k,,) 

Mlh3j,u= '" (3sina - sin3a)/72 
+ (TrI27.7)(A,ci,lAcfcu)(h,jh)(k,j + k,,) 

The minimum axial force N min is given by the equation 

Nm;/h2icu = - 0.87(Tr/4)(A,J,IA,icu) 

For BS 8110, k, = 0.45, A = 0.9 and the stress factors, k,J, 
and ks3' are given by: 

- 0.87 s k,j = 1.4(0.433h,jh - 0.5 + xlh)/(xlh) s 0.87 

- 0.87 s kQ = 1.4(0.5 - xlh)/(xlh) s 0.87 

- 0.87 s k" = 1.4(0.5 + 0.433h,jh - xlh)/(xlh) " 

Columns 

The maximum axial force Nuz is given by the equation 

N,)h'icu = (1T/4){0.45 + 0.87(A,J,IAcfcu)} 

Design charts for values of h,lh = 0.6 and 0.7, are given in 
Tables 3.19 and 3.20 respectively. The statements in section 
24.3.1 on the derivation and use of the charts for rectangular 
sections apply also to those for circular sections. 

For BS 5400, k, = 0.4, A = 1.0 and the stress factors, k'l> k,2 
and k", are given by: 

- 0.87 s k,j = 0.25(0.433h,lh - 0.5 - l.3xlh)/(xlh) s - 0.7 

- 0.7 s k,[ = 1.4(0.433h,lh - 0.5 + xlh)/(xlh) s 0.7 

0.7 s k,j = 0.25(0.433h,lh - 0.5 + 3.3xlh)/(xlh) s 0.714 

- 0.714 s k" = 0.25(0.5 - 3.3xlh)/(xlh) s - 0.7 

- 0.7 s k" = 1.4(0.5 - xlh)/(xlh) s 0.7 

0.7 s k" = 0.25(0.5 + 1.3 xlh)/(xlh) s 0.87 

- 0.714 s k,3 = 0.25(0.433h,lh + 0.5 - 3.3xlh)/(xlh) s 0.7 

- 0.7 s k" = 1.4(0.433h,lh + 0.5 - xlh)/(xlh) s 0.7 

0.7 s k,3 = 0.25(0.433h,lh + 0.5 + l.3xlh)/(xlh) s 0.87 

The maximum axial force Nuz is given by the equation 

Nu/h'icu = (Tr/4){0.4 + O.72(A,ciylA ,icu)} 

Design charts for values of h,lh = 0.6 and 0.7, are given in 
Tables 3.29 and 3.30 respectively. The statements in section 
24.3.1 on the derivation and use of the charts for rectangular 
sections apply also to those for circular sections. 

24.3.3 Design formulae for short braced columns 

Approximate formulae are given in BS 8110 for the design of 
short braced columns under specific conditions. Where, due to 
the nature of the structure, a column cannot be subjected to 
significant moments, it may be considered adequate if the 
design ultimate axial load, N s O.4ic.;1, + 0.75A,Jy' 

Columns supporting symmetrical arrangements of beams 
that are designed for uniformly distributed imposed load, and 
have spans that do not differ by more than 15% of the longer, 
may be considered adequate if N s 0.35ic.;1, + 0.67A,J

y
' 

24.3.4 General analysis of column sections 

Any given cross section can be analysed by a trial-and-error 
process. For a section bent about one axis, an initial value is 
assumed for the neutral axis depth, from which the concrete 
strains at the positions of the reinforcement can be calculated. 
The resulting stresses in the reinforcement are detennined, and 
the forces in the reinforcement and concrete 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 resultant moment of all the 
forces about the mid-depth of the section is then the moment of 
resistance appropriate to N. This approach is used to analyse a 
rectangular section in example 6. 

Example 3. A 300 mm square braced column designed to 
BS 8110, for the following requirements: 

10 = 3.75 m and f3 = 0.9 in both directions 

M, = 54 kNm, My = 0, N = 1800 kN 

265 

!ou = 40 N/mm', J, = 500 N/mm2, cover to links = 35 mm 

Since l/h = 0.9 X 3750/300 = 11.25 < 15, the column is 
short. 

Mm" = N(0.05h) = 1800 X 0.05 X 0.3 = 27 kNm «M,) 

Allowing for 8 mm links and 32 mm main bars, 

d = 300 - (35 + 8 + 16) = 240 mm say 

Mlbh'ic, = 54 X 10'/(300 X 3002 X 40) = 0.05 

N/bhicu = 1800 X 103/(300 X 300 X 40) = 0.5 

From the design chart for dlh = 240/300 = 0.8, 

A,ci,lbhj" = 0.22 (Table 3.17) 

A" = 0.22 X 300 X 300 X 40/500 = 1584 mm' 

Using 4H25 gives 1963 mm' 

Example 4. A 300 mm circular braced column designed to 
BS 8110, for the same requirements as example 3: 

Allowing for 8 mm links and 32 mm main bars, 

h, = 300 - 2 X (35 + 8 + 16) = 180 mm say 

Mlh3icu = 54 X 10'/(300' X 40) = 0.05 

Nlh'ic, = 1800 X 10'/(300' X 40) = 0.5 

From the design chart for h,lh = 180/300 = 0.6, 

A"f/Acfcu = 0.52 (Table 3.19) 

A" = 0.52 X (Tr/4) X 300' X 40/500 = 2940 mm' 

Using 6H25 gives 2945 mm' 

Example 5. The column in example 3, but designed for biaxial 
bending with My = 25 kNm, and all other requirements as before: 

Since h' = b' and M, > My> the section may be designed for an 
increased moment about the x-x axis (see Table 3.21): 

f3 = 1 - (7/6)(Nlbhfc,) = I - (7/6) X 0.5 = 0.42 

M; = Mx + f3 My = 54 + 0.42 X 25 = 64.5 kNm 

Mlbh'j" = 64.5 X 10'/(300 X 300' X 40) = 0.06 

From the design chart for dlh = 240/300 = 0.8, 

A,ci,lbhicu = 0.26 (Table 3.17) 

A" = 0.26 X 300 X 300 X 40/500 = 1872 mm' 

Using 4H25 gives 1963 mm' 

Example 6. A 300 mm square short column designed to 
BS 5400 for the following requirements: 

M, = 60 kNm, My = 40 kNm, N = 1800 kN 

icu = 40 N/mm2, jy = 500 N/mm2, d = 240 mm 

The section may be designed by assuming the reinforcement 
(4H32 say) and checking the condition (see Table 3.31): 

A,J,Ibh!ou = 3217 X 500/(300 X 300 X 40) = 0.45 

Nlbh!ou = 1800 X IO'/(300 X 300 X 40) = 0.5 
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BS 8110 Design procednre for columns - 1 3.21 
Values (see note 1) 

Type of column note 2) Braced Unbraced 

Restraint condition at end 2 Restraint condition at end 2 

Restraint condition at end 1 

1. Connected monolithically to members on either 
side, of depth not less than overall dimension of 
column in plane considered. At bases designed to 
support load and resist column moment. 

2. Connected monolithically to members on either 
side, of deptb less than the overall dimension of 
column in plane considered. 

3. Connected to members not specifically designed 
to restrain rotation, but providing some nominal 
restraint (e.g. bases designed to support load only). 

4. Unrestrained in position and direction (e.g. free 
end of a cantilever column). 

2 

0.75 0.80 

0.80 0.85 

0.90 0.95 

3 2 3 

0.90 1.2 1.3 1.6 

0.95 1.3 1.5 1.8 

1.00 1.6 1.8 

2.2 

Note I. Effective height in plane considered is given by I, = f3I, where I, is clear height between end restraints. 

Note 2. A column may be considered braced in a given plane iflateral stability to the structure as a whole is provided 
by walls, or bracing, designed to resist all lateral forces in that plane. Otherwise, it should be considered as unbraced. 

Note 3. For framed structures, f3may also be calculated from the following equations: 

Braced columns: lesser of f3= 0.7 + 0.05(a;,,1 + a;",)"; 1.0 andf3= 0,85 + 0.05a;"m'o"; 1.0 
Unbraced columns: lesser of f3= 1.0 + 0,15(a;,,1 + a;",) and f3= 2.0 + 0.3a;"m'o 

where a;,,1 and a;", are the ratios, sum of column stiffuesses to sum of beam stiffuesses, at ends I and 2 respectively, 
and a;"m'n is the lesser of a;,,1 and a;",. The stiffuess is taken as III for members continuous at the remote end, and 
0.75/11 for members pinned at the remote end, where / is the second moment of area of the cross-section and I is the 
length of the member. Only members properly framed into the ends of the column in the appropriate plane of bending 
should be considered. In flat slab construction, the beam stiffuess should be based on the dimensions of the column 
strip, At bases designed to resist column moments, a;, may be taken as 1.0. At bases not designed to resist column 

moments, and in cases where beams are nominally simply supported, a;, should be taken as 10. 

A column is considered as short if, in each plane of buckling, the ratio IJh is less than 15 for a braced column, or less 
than 10 for an unbraced column, where h is the depth of the section in the particular plane, Otherwise it is considered 
as slender. The ratio IJb should not exceed 60 and, if one end of an unbraced column is unrestrained in a given plane 
(e,g. a cantilever column), the ratio I,hlb' should not exceed 100, where hand b are the larger and smaller dimensions 
of the section respectively. No check is normally necessary on the deflection of un braced columns if, in the direction 
and at the level considered, the average value of IJh for a11 the columns does not exceed 30. 

At no section in a column should the design moment be taken less than Nem,", where ernio = 0,05h ,,; 20 mm. In cases 
of biaxial bending, it is only necessary to satisfy the minimum requirement about one axis at a time. In the design of. 
slender columns, account needs to be taken of the additional moments induced in the column by its deflection. Where 
IJh exceeds 20 and either one or both ends of the column are connected monolithically to other members (e,g. a base, 
beams or slabs), then these members should also be designed to withstand the additional moments applied by the ends 
of the column. Where there are columns both above and below a joint, the members should be designed to withstand 
the sum of the additional moments at the ends of the two columns. For slender columns of constant cross-section 
having a symmetrical arrangement of reinforcement, equations for the design moments are given in Table 3,22, 

A symmetrically-reinforced square or rectangular section (see figure) 
may be designed to support an increased moment about one axis: 

For Mxl h' "2.Myl b', design for M~ = M, + f3(h' I b')My 

For M,I h' < Myl b', design for M~ = My + f3(b' I h')M, 

where f3= 1 - (7/6)(Nlbh.fcn) "2. 0.3 . 

Circular sections should be designed for the resultant uniaxial moment: 

M=~(M; +M;) 

BS 8110 Design procedure for columns - 2 

End conditions 
of column 

Stiffer end joint 

Less stiff joint 

Initial moments 
(form analysis) 

Larger 
Moment 

M2 

My 

Smaller 
moment 

Additional moments 
(braced column) 

3.22 
Additional moments 
(unbraced column) 

I, M,dd 

Case Initial conditions Total design moments NIt. = Mi + Madd = Mi + Nau 

1 Column bent about a axis (but see + N(KhI2000)(IJb)' 

2 Column bent about a minor axis 

3 Column bent about both axes, or column (with 
1"lh > 20 or h "2. bent about a axis 

Notes. I~ the above, M;, and M;y are the initial moments (from analysis) about the major and minor axes respectively. 
DImenSIOns hand b ("; h) are the overall depths of the cross-section for bending about the major and minor axes and 
f~r cases 1 and 2, I, IS the greater of I" and I,y. For circular sections, My = M, + N(KhI2000)(IJh)2, where h i~ the 
dIameter of the sectIOn, In the expressIOns for M,dd, K IS a modification factor derived from the following equation: 

K = (N~ - NJ/( N~ - Nb'J)'; 1.0 where N" = 0.45j",,4, + 0.87j,.,4" 

Values of Nb,1 may be taken as 0.2bhj", for symmetrically-reinforced rectangular sections, and 0.15h,!;, for circular 
seCllons, Appropnate values of K may be found Iteratively. Alternatively, it will always be conservative to use K = 1. 

For braced columns bent about a single axis, the assumed initial moment at the point of maximum additional moment 
IS gIven by M, =.O.4MI + 0.6M, "2. O.4M" where MI is the smaller initial end moment and M, is the larger initial end 
moment, Assummg that the column is bent in double curvature MJ should be taken as negative and M '11' 
The maxi d' . h b" 2 as POSI ve. 

mum eSlgn mO,ment IS t en 0 tamed as the greatest of the following: (a) M" (b) M, + M,dd, (c) MI + M,del2, 
(d) Nemin. where the pOSitIOns of moments (a)-(c) are shown in the figure above, 

ior unbraced columns, the maximum design moment at the stiffer end joint is equal to M, + M,dd' The moment at the 
ess shffJomt may be reduced to MI + (a;",Ia;,.I)M,dd, where a;,,1 and a;", are as defined in Table 3.21. At any given 

level, the ends o~all th~ columns are usually constramed to deflect sideways by the same amount. In such cases, when 
calculatmg M,dd - Nan m the above equallons, the deflectIOn a, may be taken as the average for all the columns, 
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From the design chart for dlh = 240/300 = 0.8, 

M"lbh'k" = 0.075, N"lbhf" = 0.72 (Table 3.27) 

a" = 0.67 + 1.67(NIN,,) = 0.67 + 1.67(0.5/0.72) = 1.8 

Since the column is square, 

M" = M"y = 0.075 X 300 X 300' X 40 X 10-6 = 81 kNm 

[
M'J"' [My]"' [60J1.8 [40J1.8 
M" + M", = 81 + 81 = 0.86 

Since this value is less than 1.0, 4H32 are sufficient. 

Example 7. The column in example 3, but taken as unbraced 
(f3 = 1.6) in the direction of M" with all other requirements as 

before: 

Since l"jh = 1.6 X 3750/300 = 20> 10, the column is slender. 

The additional bending moment about the x-x axis is given by: 

M,dd = N(KhI2000)(l,,/b)' 

With K = 1.0 initially, and since b = h 

M,dd = 1800 X 0.3/2000 X 20' = 108 kNm 

M=Mi + Mood = 54+ 108 = 162kNm 

Mlbh'k" = 162 X 106/(300 X 300' X 40) = 0.15 

Nlbhk" = 0.5 as before, and from the design chart 

A,J/bhk" = 0.63 (Table 3.17) 

A" = 0.63 X 300 X 300 X 40/500 = 4536 mm' 

This requires 4T40 but it can be seen from the chart that, with 
AJ/bhf" = 0.63, K is about 0.6. If we use 4H32, 

A,J/bhf" = 3217 X 500/(300 X 300 X 40) = 0.45 

Nlbhfw = 0.5 as before, and from the design chart 

Mlbh'k" = 0.107 and K = 0.53 

With K = 0.53, corresponding to A,J/bhf" = 0.45 

Mood = 0.53 X 108 = 57 kNm, M = 54 + 57 = III kNm 

Mlbh'f" = 111 X 106/(300 X 300' X 40) = 0.103 < 0.107 

Thus 4H32, which gives 3217 mm2
, is sufficient. 

Note that K can also be calculated from the equations given in 
BS 8110, as follows: 

N",fbhk" = 0.45 + 0.87(A,J/bhk") 
= 0.45 + 0.87 X 0.45 = 0.84 

Nb,/bhk" = 0.25(dlh) = 0.25 X 0.8 = 0.2 

K = (N" - NJ/( N" - Nb,J) = (0.84 - 0.5)1(0.84 - 0.2) = 0.53 

Example 8. The following figure shows a rectangular section 
reinforced with 8H32. The ultimate moment of resistance of the 
section about the major axis is to be determined in accordance 
with the following requirements: 

N = 2500 kN,f" = 40 N/mm',fy = 500 N/mm2 

Bending and axial force 

1--300 --I 

L) _L 
T 60 k,x ASlksdy 

x T T 1 240 krfcubx .-. + 600 

il 
As2kszfy 

••• 60 As3ksJiy 

Section Forces 

Consider the bars in each half of the section to be replaced by 
an equivalent pair of bars. Depth to the centre of area of the bars 
in one half of the section = 60 + 240/4 = 120 mm. The section 
can now be considered to be reinforced with four bars of area 
A,d4, where d = 600 - 120 = 480 mm. 

A,J,Ibhfc" = 6434 X 500/(300 X 600 X 40) = 0.45 

Nlbhk" = 2500 X 10'/(300 X 600 X 40) = 0.35 

From the design chart for dlh = 480/600 = 0.8, 

Mlbh'f" = 0.14 (Table 3.17) 

M = 0.14 X 300 X 6002 X 40 X 10-6 = 605 kNm 

The solution can be checked, using a trial-and-error process to 
analyse the original section, as follows: 

N = k'k"bx + (A"k" - A,2k,2 - A,3k,,)fy 

where dlh = 540/600 = 0.9, and k,jo k" and k,3' are given 
by: 

k" = 1.4(xlh + dlh - 1)I(xlh) :5 0.87 

k" = 1.4(0.5 - xlh)/(xlh) :5 0.87 

k,3 = 1.4(dlh - xlh)/(xlh) :5 0.87 

With x = 300 mm, xlh = 0.5, k" = 0.87, k,2 = 0 and k,3 = 0.87 

N = 0.4 X 40 X 300 X 300 X 10-3 = 1440 kN «2500) 

With x = 360 mm, xlh = 0.6, k,2 = -0.233, k,3 = 0.7 

N = 0.4 X 40 X 300 X 360 X 10-' + (2413 X 0.87 + 1608 
X 0.233 - 2413 X 0.7) X 500 X 10-' 

= 1728 + 392 = 2120 kN «2500) 

With x = 390 mm, xlh = 0.65, k" = -0.323, k,3 = 0.538 

N = 0.4 X 40 X 300 X 390 X 10-' + (2413 X 0.87 + 1608 
X 0.323 - 2413 X 0.538) X 500 X 10-3 

= 1872 + 660 = 2532 kN (>2500) 

With x = 387 mm, xlh = 0.645, k" = -0.315, k,3 = 0.553 

N = 0.4 X 40 X 300 X 387 X 10-' + (2413 X 0.87 + 
X 0.315 - 2413 X 0.553) X 500 X 10-3 

= 1858 + 636 = 2494 kN (~2500) 

Taking moments about the mid-depth of the section gives: 

M = kJ"bx(0.5h - k,x) + (A"k" + A"k,,)(d - 0.5h}fy 
= 0.4 X 40 X 300 X 387 X (300 - 0.45 X 387) X I 

+ (2413 X 0.87 + 2413 X 0.553)(540 - 300) X 500 X 
= 233 + 412 = 645 kNm (>605 obtained before) 

BS 5400 Design chart for singly reinforced rectangular 
beams 
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BS 5400 Design table for singly reinforced rectangular 
beams 3.24 

, , I I 

M A,/y x z M A,/y x z 
- - - -

bd'/ou bdlou d d bd'/ou bdlou d d 

,; 0.038 1.21K 0.100 0.950 

0.040 0.049 0.106 0.947 0.100 0.135 0.293 0.854 

0.042 0.051 0.111 0.944 0.102 0.138 0.300 0.850 

0.044 0.054 0.117 0.942 0.104 0.141 0.307 0.846 

0.046 0.056 0.123 0.939 0.106 0.145 0.314 0.843 

0.048 0.059 0.128 0.936 0.108 0.148 0.322 0.839 

0.050 0.062 . 0.134 0.933 0.110 0.151 0.329 0.835 

0.052 0.064 0.140 0.930 0.112 0.155 0.337 0.832 

0.054 0.067 0.146 0.927 0.114 0.158 0.344 0.828 

0.056 0.070 0.151 0.924 0.116 0.162 0.352 0.824 

0.058 0.072 0.157 0.921 0.118 0.165 0.360 0.820 

0.060 0.075 0.163 0.918 0.120 0.169 0.368 0.816 

0.062 0.078 0.169 0.915 0.122 0.173 0.376 0.812 

0.064 0.081 0.175 0.912 0.124 0.176 0.384 0.808 

0.066 0.083 0.181 0.909 0.126 0.180 0.392 0.804 

0.068 0.086 0.188 0.906 0.128 0.184 0.400 0.800 

0.070 0.089 0.194 0.903 0.130 0.188 0.408 0.796 

0.072 0.092 0.200 0.900 0.132 0.192 0.417 0.792 

0.074 0.095 0.206 0.897 0.134 0.196 0.426 0.787 

0.076 0.098 0.213 0.894 0.136 0.200 0.434 0.783 

0.078 0.101 0.219 0.891 0.138 0.204 0.443 0.778 

0.080 0.104 0.225 0.887 0.140 0.208 0.452 0.774 

0.082 0.107 0.232 0.884 0.142 0.212 0.462* 0.769 

0.084 0.110 0.238 0.881 0.144 0.216 0.471 * 0.765 

0.086 0.113 0.245 0.877 0.146 0.221 0.480* 0.760 

0.088 0.116 0.252 0.874 0.148 0.225 0.490* 0.755 

0.090 0.119 0.258 0.871 0.150 0.230 0.500* 0.750 

0.092 0.122 0.265 0.867 
0.094 0.125 0.272 0.864 
0.096 0.128 0.279 0.861 

0.098 0.131 0.286 0.857 

The following formulae are used in the table above: 

x 1-z/d 
-~--

d 0.5 

A,/y K 

bdlou 0.87z/d ~~0.5+.J0.25-1.25K'; 0.95 

M 
whereK= , 

bd leu 

The tabulated data include for rm values of 1.5 for concrete and 1.15 for steel. If the table is used for assessment purposes in 
accordance with Highways Agency document BD44/95, in designs where characteristic strengths are replaced by worSI,I;"'· 
credible strengths,/ou should be multiplied by (1.5/1.2), and/y should be multiplied by (1.15/1.1). If measured values of the 
effective depth d are used, in addition to the worst credible steel strength,/y may be multiplied by (1.15/1.05). 

* For/y = 500 and rm = 1.15, values of x/d > 0.456 are cases where the reinforcement stress should be less than 0.87/y, 

the formulae are considered valid for all values of K'; 0.15. 

BS 5400 Design chart for doubly reinforced rectangular 
beams-l 
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BS 5400 Design chart for rectangular columns - 2 
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BS 5400 Design chart for circular columns _ 1 3.29 
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BS 54 00 Design chart for circular columns - 2 3 .30 BS 5400 Design procedure for columns - 1 3.3 1 
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Location Position Rotation I, 

[14 Top Full Full 

0.70/
0 

1 

Bottom Full Full 

1.2 

/, /0. 

C 
1\ Top Full None 

, r-... 

0.8510 

......... A 

2 I-..... r-... :Cf~~" 
Bottom Full Full 

['.... .......... .......... 
I-. i-.... t-..... n::--

0.8 

'f, I-...... I'..... 
~ ~ 

I-.. 

c-! 1\ Top Full None """ ......... ......... i'... 
3 

1.0 to 

6 I-.. t-.... ..... t-.:.:~. ..... 1-.. ....... i'... 

"'" ]'... :~::;- f': r-... '" f'., 
Bottom Full None 

...... ,..... ..... ~0 .......... I"': 't-.. "" 77/7/7 I'..... ......... _0 ......... ...... " " 

o. 

'[, 0, r-..... ...... ........... I ......... ...... ......... 

C~!R Top None None 

I-.. t-.... 
4 I'..... "" ...... r-..... ........ I'... 

~ 

1.3 10 

.......... n -:;--... 
.e 

10 '" r-... ......... t-- bIJ 4 
~ f-..... ~ ...... "" I" .:;; 

Elasto~eric 
...... f'.. ......... "" .e Bottom Full Full 

t-- "" 1": ....... I'... 1'. 

" - beanng ~ ..... 1-.. J'". ...... 1'( ........ I-.. I'... 1": ...... 

':g 
'[, r-..... i'.. " " " f'.. " r-... " <ll 
~ None 1,\ , 1\ '-' 

L-~O 
Top None 

.2 
'\ 1\ '\ '\ 

~ 1\ \ \ 
1.4 10 \ \ 1\ \ 5 / ) 

Bottom Full Full ./ / / J \ 
//'//// V ...- / I 

[1= 
0 V .,- V I I 

Top 
None Full 

_ ... 
V ./ V V V J 

1.5 to 
V 17 1/ 1/ / 6 .,- V .; ..... 

P l-"" / .-- V V 1/ V II 
Bottom Full Full V ./ / V ./ I./' 1/ / 

.2 
V V .- V / / 1/ 

r.~;J f/or v;~ None None 
.....- .....- V ./ V- I./' / 

Top ..... V .- .... ./ ..... V 1/ 
7 10 

) 10 2.3 lo V V ./ V ./ V-
Bottom Full Full 

.- / .....- / .--V 
//, 0.4 po' .,- V ....... /' • h, • Note 1. In the above, 10 is the clear height between end restraints in the plane of buckling considered. A column is 

p /' V .,-P- .1. considered as short if, in each plane of buckling, the ratio 1,lh is less than 12, where h is the depth of the section in the ..... l-"" ........ ..... / 
particular plane. Otherwise it is considered as slender. In each plane of buckling, the ratiolJh should not exceed 60 . V V ......... 

li( Note 2. For a short column bent about the minor axis, the moment obtained by analysis should be increased by Nea, -
I ..- V 

where ea = O.OSh S;; 20 nun. For a short column bent about the major axis, or biaxiaIly bent, the moment about each 
.6 

;: I- ..-
Ac = nh2/4 

axis should be increased by ea = O.03h S;; 20 mm. In the design of slender columns, account needs to be taken of the 
.... 1-

Asc = total area of additional moments induced in the column by its deflection. For slender columns of constant cross-section having a 
reinforcement I, symmetrical arrangement of reinforcement, equations for the total design moments are given in Table 3.32. 

A symmetrically-reinforced square or rectangular section may be designed as being bent separately about each axis in 
.8 

0.16 0.2 \ turn, providing the following criterion is satisfied: 0.08 0.12 0 0.04 

o. 

o 

-0 

-0 

-0 

[~r {~Lr 5l.0 
': I. 

Mlh 3!,u 
I· with 1.0,; an ~ 0.67 + 1.67 (N INn)'; 2.0 where ,. ' Mux Muy 

Circular columns (fy= 500 N/mm2, hslh = 0.7) 
. '. X 

';;j 
Mx ,My are applied moments about the x-x (major) and y-y (minor) axes respectively, including the moments N ea. ii 'R 

~ 
Mux , Muy are resistance moments about the x-x and y-y axes respectively, corresponding to the axial load capacity ., iii 
of the section ignoring all bending, given by Nu ~ 0.45fruA, + /y,A"" and N is the applied axial load. 

.. 
Circular sections should be designed for the resultant uniaxial moment: M = ~(M: + M i J 



BS 5400 Design procedure for columns - 2 3.32 
Case Initial conditions Total design moments in symmetrically reinforced 

columns of rectangular or circular cross-section 

2 

3 

Column (with h < 3b) bent about a major axis 

Column bent about a minor axis 

Column bent about both axes, or column (with 
h;" 3b) bent about a major axis 

M" = Mix + N(hI17S0) (I - 0.003S1Jb)(lJb)2 

M,y = Miy + N(bI17S0)(1 - 0.003S1Jb)(lJb)2 

M" = Mi, + N(hI17S0)(1 - 0.003S1,,Ih)(I,,Ih), 
M,y = Miy + N(bI17S0)(l - 0.003S1,,Ib)(l,,Ib), 

Notes. In the above, Mix and Miy are the initial moments (from analysis) about the x-x (major) and y-y (minor) axes 
respectively. Values ofthe initial moments should be taken not less than Ne" where e, = O.OSh $ 20 mm for case I, 
and e, = O.OSb $ 20 mm for case 2. For case 3, Mix and Miy should be increased by Ne" where e, = 0.03h $ 20 mm for 
Mi" and e, = 0.03b $ 20 mm for Miy. Dimensions hand b ($ h) are the overall depths of the cross-section for bending 
about the major and minor axes respectively and, for cases 1 and 2, Ie is the greater of lex and ley. For circular sections, 
M, = Mi + N(hI17S0)(1 - 0.003S1Jh)(IJh)', where h is the diameter of the section. 

For a column fixed in position at both ends where no transverse loads occur in its height, the initial moment may be 
reduced to Mi = OAMI + 0.6M2;" 004 Mj, where Ml is the smaller initial end moment (assumed negative if the column 
is bent in double curvature) and M2 is the larger initial end moment (assumed positive), provided that M,;" M2. 

The following formulae may be used to determine the resistance of a rectangular cross-section with reinforcement in 
the two faces parallel to the axis of bending, whether the reinforcement is symmetrical or not: 

where 

Nu and M, are the combined axial load and bending resistance of the section for the particular value of d, assumed 
b is the breadth of the section 
d, is the assumed depth of concrete in compression, where 2.33 d' $ d, $ h 
d' is the depth from the surface to the reinforcement in the more highly compressed face 
d2 is the depth from the surface to the reinforcement in the other face 
h is the overall depth of the section in the plane of ben ding 
lou is the characteristic cube strength of the concrete 
/" is the design compressive strength of the reinforcement, taken as 2000/,1(2300 + /,) 

/" = 0.714/, when/, = SOO N/mm2 

/.2 is the stress in the reinforcement A,2, given by the following expressions (when/, = SOO N/mm2): 
/., = - 0.87/, for d, $ OA6(h - d2) 
/., = - 0.2S[(h - d2)ld, + 1.31/' for OA6(h - d2) < d, < 0.67(h - d2) 
/.2 =-1.4[(h -d2)1d,-ll/' for 0.67(h -d2)$ d, $ h 

A:1 is the area of compression reinforcement in the more highly compressed face 

As2 is the area of reinforcement in the other face, which may be in compression or tension (negative) as the resultant 
eccentricity ofthe load increases and the value of d, decreases from h to 2.33 d' 

The following formulae apply when the full depth of the section is in compression: 

Mu = A;l /" (O.Sh - d') - Aa.hz (O.Sh - d,) 1.4(d2Ih)/, $ [,2 $/" = 0.714/, 

The following simplified formulae may also be used as appropriate: 

(a) Where e = MIN $ (O.Sh - d') and N $ OASb(h - 2eVo" only nominal reinforcement is required. 
(b) Where e = MIN> (O.Sh - d2), the axial load may be ignored and the column section designed as a beam to 

an increased moment M, = M + N(O.Sh - d2). The required area of tension reinforcement can then be calculated 
as A, = (M,Iz - N)1(0.87/,), where z is the lever arm appropriate to the increased moment. 

25.1 SHEAR RESISTANCE 

25.1.1 Shear stress 

In BS 8110, the design shear stress at any cross section in a 
member of uniform depth is calculated from: 

v = Vlb,d 

where 

V is the shear force due to ultimate loads 
b, is the breadth of the section, which for a flanged section 

IS taken as the average width of the web below the flange 
d IS the effecnve depth to the tension reinforcement 

For a member of varying depth, the shear force is calculated as 
v.::,: (M tan8,)ld, where 8, is the angle between the tension 
relllf~rce~ent and the compression face of the member. The 
neganve sIgn applies when moment and effective depth both 
mcrease m the same direction. In no case should v exceed the 
lesser of 0.8;ffc, or S N/mm2, whatever the reinforcement. In 
BS S400, b is used in place of b" and the maximum value of 
VIS taken as the lesserofO.7S;ffcu or4.7S N/mm2 

25.1.2 Concrete shear stress 

In BS 8110, the design concrete shear stress V, is a function of 
the Concrete grade,. the effective depth and the percentage of 
effecttve tenSIOn remforcement at the section considered. It is 
o~ten convenient to determine Vc at the section where the 
remforcement is least, and use the same value throughout the 
member. For sections at distance av $ 2d from the face of a 
s~PPor:' or concentrated load, V, may be multiplied by 2dla" 
p OVldmg the tensIOn remforcement is adequately anchored. 

as a simplification for beams carrying uniform 
the section at distance d from the face of a support may 

. deSIgned WIthOut usmg this enhancement, and the same 
provided at sections closer to the support. In 

S400,. the deSIgn concrete shear stress is obtained as g,v" 
Vc IS the ulttmate shear stress and Ss is a depth factor. 

.1.3 Shear reinforcement 

. for shear reinforcement depend on the value of 
relation ~o Vc (or gsvc)' In slabs, no shear reinforcement is 

reqUir"d proVIded v does not exceed the concrete shear stress. In 
beams of structural importance, a minimum amount of shear 

Chapter 25 

Shear and torsion 

rei~forcernent in the fonn of links, equivalent to a shear 
:eslstance VSY = 0.4 byd, is required. The shear resistance can be 
mcreased, by introducing more links, Or bent-up bars Can be used 
to proVIde up to SO% of the total shear reinforcement. The 
contribution of the shear reinforcement is detennined On the basis 
of a truss analogy, in which the bars act as tension members and 
mclined struts form within the concrete, as shown in the figure here. 

s, .1 
System of bent-up bars used as shear reinforcement 

In the figure, the truss should be chosen so that both a and f3 
are ;" 4 S', and St :5 1.5d. The design shear resistance provided 
by a system of bent-up bars is then given by: 

V,b = (A,t/Sb)(0.87.t;,)(s,sina) 

where s, = (d - d')(cota + cot(3) :5 1.Sd 

For bars bent-up at 4S', withf, = SOO N/mm2, 

V,b = OA61A,b (dlsb) ;" 0.307A,b kN 

For bars bent-up at 60', withfy = SOO N/mm2, 

V,b = 0.S94 A,b (d - d')lSb ;" 0.376 A,b kN 

In BS 811 0, th~ shear resistance of members containing shear 
remforcement IS taken as the sum of the resistances provided 
separately by the shear reinforcement and the concrete. The 
strut analogy results in an additional longitudinal tensile 
force that is effectively taken into account in the curtailment 
rules for the longitudinal reinforcement. In BS 5400, the 
mm.l~num amount of shear reinforcement is required in 
addllIon to that needed to cater for the difference between the 
deSIgn shear force and the concrete shear resistance. It is also 
nec~~sary to design the longitudinal reinforcement for the 
addIllOnal force. 

Details of the design procedures for detennining the shear 
reSIstances of members are given in Table 3.33 for BS 8110 
and Table 3.36 for BS S400. ' 

'I 



BS 8110 Shear resistance 3.33 
The design shear resistance of a flexural member without shear reinforcement is given by Vc = vcbvd, where: 

v,~ (0;:7J(4~OrCOOb~1'u r with (4~Or;'0.67' 0.15$ (I~~~,) $3.0,10.$40 and rm~1.25 
As is the area of longitudinal tension reinforcement that extends for a distance "2:: d beyond the section considered. 
(At supports, the full area of tension reinforcement may be used, providing the requirements for anchorage are met) 
b, is the section breadth (for a flanged section, b, should be taken as the average width of the rib below the flange) 
d is the effective depth of the tension reinforcement 

For sections at distance a, $ 2d from the face of a support, or concentrated load, v, may be replaced by (2dlav)v" but 
Vlbvd should not exceed the lesser of 0.8'lfc. or 5 N/mm2

• The tension reinforcement should extend on each side of the 
section for a distance;:::: d or have an equivalent anchorage. See also the alternative method described in section 25.1.2. 

For a flexural member subjected also to axial load N (positive in compression, negative in tension), Vc may be replaced 
by v, + 0.6(NIA,)(VhIM) $ v, + 0.6(NIA,), where h is the overall depth and A, is the gross area ofthe concrete section. 

$ 0.15 
0.25 
0.50 
0.75 
1.0 
1.5 
2.0 

Design concrete shear stress v, (N/mm') for values of d (mm) andlc. ~ 25 

0.47 0.45 0.43 0.40 0.36 0.33 0.30 
0.56 0.53 0.51 0.47 0.43 0.40 0.36 
0.71 0.67 0.64 0.60 0.54 0.50 0.45 
0.81 0.77 0.73 0.68 0.62 0.57 0.52 
0.89 0.84 0.81 0.75 0.68 0.63 0.57 
1.02 0.97 0.92 0.86 0.78 0.72 0.65 
1.12 1.06 1.02 0.95 0.85 0.79 0.72 
1.29 1.22 1.16 1.08 0.98 0.91 0.82 

0.25 0.22 
0.30 0.27 
0.38 0.33 
0.43 0.38 
0.48 0.42 
0.55 0.48 
0.60 0.53 
0.69 0.61 

Notes. Forlc. ~ 30, 35 and;' 40 N/mm2, values of v, in table should be multiplied by 1.06,1.12 and 1.17 respectively. 
For members with shear reinforcement, where d > 400 mm, values of v, corresponding to d ~ 400 mm may be used. 

The design shear resistance of a member provided with upright links and a system of bent-up bars is given by: 

Vu ~ v,b,d + (A,/sv)(0.87!",,)d + (A,,,isb)(0.87/,)(s,sina) where s, ~ (d - d' )(cota+ cotfJJ';; 1.5d 

A,b is cross-sectional area ofbent up bars a is angle (;' 45°) between bent-up bar and axis of member 
A" is cross-sectional area of vertical legs oflinks f3 is angle (;' 45°) between 'compression strut' of a system 
d' is depth from concrete face to top ofbent-up bar ofbent-up bars and axis of member 

/, is characteristic strength ofbent-up bars Sb is spacing of bent-up bars along the member 
/yv is characteristic strength oflink reinforcement Sv is spacing aflinks along the member 

At no section should Vlbvd exceed the lesser of 0.8'-1!ru or 5 N/mm2, whatever shear reinforcement is provided. 

Form and area of shear reinforcement to be provided in beams (where/" $ 500 N/mm2) 

Value ofv ~ Vlb,d (N/mm2) Form of shear reinforcement Area of shear reinforcement 

v < O.5v, throughout whole beam 

0.5v, < v $ (v, + 0.4) 

(v, + 0.4) < v $ 0.8'lfc" or 5 N/mm2 

whichever is the lesser 

Minimum links desirable but may be 
omitted in members such as lintels. 

Links at spacing $ 0.75d for full length 
of beam (transverse spacing oflegs $ d) 

Links or links combined with bent-up 
bars, but not more than 50% of shear 
resistance provided by reinforcement 
to be in the form of bent-up bars 

None specified 

A,/s, ~ 0.4bjO.87!"" 
(see Table 3.35 for areas oflinks) 

Where links only are provided: 
A,/sv ~ blv - v,)/0.87!"" 
Where bent-up bars are provided, 
see equation and section 25.1.3 . 

Farm and area of shear reinforcement in solid slabs 

Value of v ~ Vlbvd (N/mm') 

v<vc 

v, < v $ (v, + 0.4) 

(v, + 0.4) < v $ 0.8'-1lcu or 5 Nlmm' 
whichever is the lesser 

Fonn of shear reinforcement Area of shear reinforcement 

None required Not applicable 

In slabs;' 200 mm deep, links at spacing As beams 
::=;; d in regions where v > Vc 

In slabs;' 200 mm deep, any combination As beams 
of links and bent-up bars at spacing $ d 

Note. If shear reinforcement is required in sections at distance av :::;; 2d from the face of a support, the total area 
provided within the middle three-quarters of a, is given by LA" ~ a,blv-

Design for torsion 

25.1.4 Shear under concentrated loads 

The maximum shear stress at the edge of a concentrated load 
should not exceed the lesser of 0.8'-1k • or 5 N/mm'. Shear in 
solid slabs under concentrated loads can result in punching fail­
ures on the inclined faces of truncated cones or pyramids. For 
calculation purposes, the shear perimeter is taken as the bound­
ary of the smallest rectangle that nowhere comes closer to the 
edges of a loaded area than a specified distance. The shear 
capacity is checked first on a perimeter at distance 1.5d from 
the edge of the loaded area. If the calculated shear stress is no 
greater than Ve• no shear reinforcement is needed. If the shear 
st~ess exceeds Ve• shear reinforcement is required within the 
faIlure zone, and further checks are needed on successive 
perimeters at intervals of 0.75d, until a perimeter is reached 
where shear reinforcement is no longer required. 

Details of design procedures for shear under concentrated 
loads are given in Table 3.34 for BS 8110, and Tables 3.37 and 
3.38 for BS 5400. 

25.1.5 Shear in bases 

The shear strength of pad footings near concentrated loads is 
governed by the more severe of the fOllowing two conditions: 

(a) Shear along a vertical section extending for the full width 
of the base. In BS 8110, the concrete shear stress v, may be 
multiplied by 2dla" for all values of a, :5 2d. In BS 5400, the 
critical section is taken at distance d from the face of the load 
with no enhancement of the concrete shear stress. 
(b) Punching shear around the loaded area, as described in 
section 25: 1.4. The reaction resulting from the soil bearing 
pressure wIthm the shear perimeter may be deducted from the 
design load on the column, when calculating the design shear 
force acting on the section. 

The shear strength of pile caps is normally governed by the 
shear along a vertical section extending for the full width of the 
cap. The critical section for shear is assumed to be located at 
20% of the pile diameter from the near face of the pile. The 
deSIgn shear force acting on this section is taken as the whole 
of the reaction from the piles with centres lying outside the 
section: In BS 8110, the design concrete shear stress may be 
multIplIed by 2dla." where a, is the distance from the column 
face to the critical section, for strips of width up to three times 
the pile diameter centred on each pile. In BS 5400, this 
enhancement may be applied to strips of width equal to one pile 
dIameter centred on each pile. For pile caps designed by truss 
analogy, 80% of the tension reinforcement should be concen­
trated in these strips. 

25.1.6 Bottom loaded beams 

Where load is applied near the bottom of a section sufficient 
vertical reinforcement to transmit the load to the 'top of the 
sectIOn should be provided in addition to any reinforcement 
~equlfed to resist shear. 

DESIGN FOR TORSION 

285 

mi~imum shear reinforcement. When it is judged necessary 
to mclude torsional stiffness in the analysis of a structure or 
torsional resistance is vital for static equilibrium, 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 flow. 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 for torsion are given in Table 3.35 
for BS 8110, and Table 3.39 for BS 5400. 

Example I. The beam shown in the following figure is to be 
designed for shear to the requirements of BS 8110. Details of 
the design loads and the bending requirements, for which the 
tension reinforcement comprises 2H32 (bottom) and 3H32 (top, 
at support B), are contained in example I of Chapter 24. The 
design of the section is to be based on the following values: 

k" = 40 N/mm2,fy = 500 N/mm2, d = 450 mm 

In the following calculations, a simplified approach is used in 
which the critical section for shear is taken at distance d from 
the face of the support with no enhancement of the concrete 
shear stress. In addition, the value of v, is determined for the 
section where the tension reinforcement is least, and the same 
value of v, used throughout. Since the beam will be provided 
with shear reinforcement, the value of Vc may be taken as that 
obtained for a section with d = 400 mm. 
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Shear force diagram 

normal beam-and-slab or framed construction calculations Based on 2H32 as effective tension reinforcement, 
t . , 
orSlOn are not usually necessary, adequate control of any 100A,Ibvd ~ 100 X 1608/(300 X 450) ~ 1.19 

.toI·sio'nal cracking in beams being provided by the required v, = 0.78 N/mm2 (Table 3.33, for d ~ 400 andlc. = 40) 
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BS 8110 Shear under concentrated loads 3.34 
For design purposes, a shear perimeter is taken as the boundary ofthe smallest rectangle that nowhere comes closer to 
the edges of a loaded area than a specified distance. The shear capacity is checked first on a perimeter distant I,Sd 
from the edge of the loaded area, where d is the mean effective depth for all effective tension reinforcement crossing 
the perimeter. If the calculated shear stress v does not exceed Vc• no shear reinforcement is needed. 

If v exceeds Ve, shear reinforcement is required within the failure zone that exists between the shear perimeter and the 
edge of the loaded area. In zones where v, < V" 2v" shear reinforcement in the form of links may be provided in solid 
slabs;" 200 mm deep, No provision is made for cases where v > 2v" Further checks should be made on successive 
perimeters at intervals of 0,7Sd, until a perimeter is reached where shear reinforcement is no longer needed, Each 
check is associated with a 15d wide failure zone that overlaps the previous failure zone by 0.7Sd, 

The maximum design shear stress at the edge of a concentrated load, or the face of a column or column head, should 
not exceed the lesserofO.8'if;u or S N/mm2

• The value of the maximum stress is given by Vmox ~ Vluod, where Vis the 
design value of the concentrated load, and Uo is the length of the perimeter that touches the loaded area reduced where 
necessary at the edges of the slab, or for the effect of openings (see Tables 3.37 and 3.38). 

For pile caps, no check for punching is needed in cases where the spacing of the piles is not greater than three times 
the pile diameter (taken as the diameter of the inscribed circle for non-circular piles). In other cases, the shear stress 
should be checked on a rectangular perimeter whose sides are at distances a y from the column face, where ay is equal 
to the distance from the column face to the inner edge of the piles plus one-fifth ofthe pile diameter. For sides where 
a, < 15d, v, may be replaced by (l.Sdla,)v" provided this value does not exceed the lesser of 0.8'if;u or S N/mm2 

In flat slab structures, the punching shear forces around the columns should be increased to allow for the effects of 
moment transfer. The design effective shear force V,ff at the perimeter considered should be taken as follows: 

Column Internal Edge Comer 

Axis of bending Both Perpendicular to edge Parallel to edge Both 

(1 + l.5M,!V,x) V, (1.2S + I.SM,!V,x) V, l.2Sv, 

Values of V,ff should be determined independently for the moments and shears about both axes of the column and the 
design checked for the worse case, where: 

Aft is the design moment transmitted to the column at the connection. For an internal column, Mt is the difference 
in the slab moments on either side of the axis of bending. In cases where the equivalent frame method of analysis 
is used and pattern loads are considered, M, may be reduced by 30%. 
V, is the design shear force transmitted to the column at the connection. For an internal column, V, is the sum of 
the shear forces on either side of the axis of bending. 
x is the length of the side of the shear perimeter parallel to the axis of bending. 

Alternatively, for braced structures with approximately equal spans, values of V,ff ~ 1.1S V, for internal columns, and 
V,ff ~ 1.4 V, for edge columns bent about the axis perpendicular to the edge, may be taken (see, also Table 2.56). (, 

For pad footings, the load resulting from the soil bearing pressure within the shear perimeter may be deducted fi-om, 

the design load on the column, when calculating the design shear force transmitted to the footing. 

In slabs;" 200 mm deep, for v, < v " 2v" shear links may be provided in accordance with the following equations: 

Shear stress v ~ V,rr/ud 

Vc < v:::; 1.6vc 

1.6vc < v < 2vc 

Total area of shear reinforcement 

LA"sina~ (v - v,)udI0.87/yv;" 0.4 udI0.87/yv 

LA"sina- (3.Sv . Sv.)udlO.87/yv > 0.4 udI0.87/y, 

Notes. LA" is the total area of shear reinforcement required in the failure zone, u is the effective length ofthe outer 
perimeter of the failure zone, reduced where necessary for the effect of openings or unsupported edges (see Tabl~s 
3.37 and 3.38), and a is the angle between the shear reinforcement and the plane of the slab. ' 

The shear reinforcement required within each failure zone should be distributed on at least two perimeters. , 
perimeter of reinforcement should be located at approximately O.Sd from the inner edge ofthe failure zone and 
contain not less then 40% of the total amount of reinforcement required within the zone. The spacing oOlfperirrletl'f"l,,,,,:, 
shear reinforcement should not exceed 0.7Sd and the spacing of the shear reinforcement around any perimeter 
not exceed I.Sd. Shear reinforcement should be anchored round at least one layer of tension reinforcement. The 
reinforcement within the overlapping portion of adjacent failure zones may be taken into account as cOlltributi~@ 
the requirements for both zones. No provision is made in the code for the use of shear reinforcement other 
or for cases where v> 2vc. 
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BS 8110 Design for torsion 3.35 
If required in structural analysis or design the torsional ri 'dity of a ' 
the shear modulus G ~ 0.42E and taking the torsional con~ant C hS~~lIon (G x C) may be calculated by assumi~g 
concrete sectlOn. as a the St. Venant value calculated for the plam 

The ~t. Venant value for a rectangular section is: 
fJ h min hmax 

where 
Values of coefficient j3 

1 I.S 2 3 5 >S 
hm~ and hmj, are the dimensions of the section j3 014 0 023 

. .20. 0.26 0.29 0.33 
The St. Venant value for a non-rectangular section can be obtained b d' 'd' '. . 
and summing the values obtained for each rectan I Th d' . Y IVI mg the sectlOn mto a senes of rectangles, 
maximise the total value obtained. This will generalTyebe aC~i~u~d 7t~on °df the sectlOln should be arranged so as to 

v I e WI est rectang e IS made as long as possible. 

Rectangular sections 

T-, L- or I-sections 

Hollow sections 

Calculate as Vt ~ -;;--; __ 2T____ h 
h 2 (h _ h ' 1 ) were T ~ design ultimate torsional moment 

mm max nun 3 

Divide section into component rectangles so as to maximise the term L h 3, h d 
tth nnnmax,an 
rea eac component as a rectangular section subjected to a torsional moment equal to' 

T [ h~m hmaJ L h';'" hmax 1 . 

B:~ sections in which the wall thickness exceeds one-quarter of the overall dimension 
o t e sectIon 1n the dIrectIon of measurement may be treated as solid sections. 

Reinforcement to be : A. r. b' d h ' '" _,_., or com me s ear and torsion (see nv,",) 

Shear stress Torsional shear stress 

Vt> vt,min 

Minimum shear reinforcement Designed torsion reinforcement but not 
A,/s, ~ 0.4b/0.8Fy, I th ." h 

J, eSB an mInImUm s ear reinforcement 

DeAsig~e~ sbhe(ar r~e Vi,n)/foo.r8c7e/ym,ent Designed shear reinforcement and 
svfSv v v d' d t' . C eSlgne orSlOn reIn.10rcement 

v>vc+OA 

Notes. At no section should (v + v) exc d . 11 . 
rectanguiarlink,YI < SSO mm sho~ld v ::C:Otudnvor(y, mlSsSmO)a shectlOns wohe8r~}he larger cen

2
tre-to-centre dimension ofa 

. . ' t tu I ,werev",~ . 'ii, orSN/mm h'h . hi 
torSIOn remforcement is required in sections where V

t 
S;; Vt . = 0 067>/1" or 0 ~ NI 2 h: W

h 
Ie ~vehfls t e esser. No 

. • ,rum • ~cu • mm ,W Ie ever IS t e lesser. 
TorslOn remforcement should consist of rectangular closed links to th . h .. , 
of these reinforcements, which is additional to an . C ghe er WIt longltudmal remforcement. The areas 

Y reqUlrements ,or s ear and bendIng, should be such that: 

A" ;" T T(x, + y,) A, is total area of the longitudinal bars 
and A,;" ~::-'--'-::c'':-':''-:--

s, 0.8x'YI (0.87/yv) 0.8x,y, (0.87/
y

) A" is area of21egs ofa rectangular closed link 
Xl and YI are centre-t~-centre dimensions of links 

The longitudinal torsion reinforcement sh Id b d' t'b d 
distance between the bars should not exce~~ 300

e 
m's n ~tet levenz ro~nd the in~ide perimeter of the links. The clear 

used. In a region where reinforcement is needed ~o~n b a ,east our aT.s, one In each corner of the links, should be 
provided by using larger bars than those re uired for endIng and tOrsIon, the sum of both requirements can be 
distance at least equal to the largest dimens;on of th be~dmg baloned T~e torSIOn remforcement should extend for a 

required. In T-, L- or I-sections, the reinforcement ~h~:'I~o~e ~~~~Ie~ ~os~~~~~h:~:~ ~:~~~t:~:l1j i~is n~ I?ng:r 
component rectangles together. The area properties oflink cages, according to size and spacing, are :~o~ :~Io:e t e 

Values of Awls, for 2 legs oflink reinforcement \1 fmm) 

Note. For torsion, s, should not exceed the I a t f 12 200 . 
and d for solid slabs. e s 0 X" YI or mm. For shear, s, should not exceed 0.7Sd for beams 

" 

:, i 

••• 

•••• 

I 

, 

, 

': , 



BS 5400 Shear resistance 3.36 

J 
o 

U 

The design shear resistance of a flexural member without shear reinforcement is given by V, ~ ;,v,bd, where: 

1/3 ()114 (IOOA ) v, ~ [0.27)(100:;/ou ) with;, ~ 5~0 ;;, 0.7, 0.15" -bt- ,,3.0, I"," 40 and Ym ~ 1.25 

~ . 'd d 

tA;sS~~~~~: ~:~~:ITi:~~n~~::~~:~~ ~::~~~~~:::~: ~:~ ~en~~:,sp~:v~d~~t:c;e~~!;:Ftt ~~~ :~~~~a~~n::e %:ti 
b is the bre~dth of the section which, for a flanged section, should be taken as the wldt 0 ten 
d is the effective depth of the tension reinforcement . 

For beam sections at distance a," 2dfrom the face ofa support, the front edge ofa rigid bearing or centre Ime of,a 
. ';' bId by ;,(2dla)v but Vlbd should not exceed the lesser of 0.75'lfoo or 4.75 N/mm . ~~~l~~~s~~:~~i~fo~~~::~t s~~~da~~ntinues to th: s~~port and have an anchorage equivalent to 20 times the bar SIze. 

10, 
N/mm' 

25 
30 
35 

;;'40 

" 0.15 0.25 

0.34 0.40 
0.36 0.42 
0.37 0.44 
0.39 0.47 

Ultimate concrete shear stress v, (N/mm') for values of 100A,Ibd 

0.50 0.75 1.0 1.5 2.0 

0.50 0.57 0.63 0.72 0.80 
0.53 0.61 0.67 0.76 0.85 
0.56 0.64 0.70 0.80 0.89 
0.59 0.67 0.74 0.84 0.93 

Depth factor;, for values of effective depth d (mm) 

2.5 ;;, 3.0 

0.85 0.91 
0.91 0.97 
0.96 1.02 
1.00 1.06 

d " 100 150 200 300 400 500 1500 ;;'2000 

;, 1.50 1.35 1.25 1.15 1.05 1.00 . . 

The design shear resistance of a member provided with upright links and a system of bent-up bars IS gIven by: 

V, ~ (;,v,- O.4)bd + (A,/sv)(0.87/y,)d + (A,,,isb)(0.87/y)(s,sina) where s, ~ (d - d' )(cota+ cotfJJ " 1.5d 

. a is angle (> 45°) between bent-up bar and aXIS of member 
~'b:~ ~~~~~:~:~::~~:: :~:: ~~~:~~~~ ~:~: oflinks f3 is angle (~45°) between 'compr~sion strut' of a system 
d~ is depth from concrete face to top of bent-up bar of bent-up bars and aXIs ofmem :r b 

f" is characteristic strength of bent-up bars Sb is spacing of bent-up bars along t e mem er 
}, is characteristic strength of link reinforcement Sv is spacmg of Imks along the member . 

At an cross section an additional area of longitudinal reinforcement is required in the tensIon zone (m excess of t~at 
Y - d' '). b A ~05VI087r InnocaseshouldVlbde"ceedthelesserofO.75,jIo,or4.75N/mm. reqUlred for ben mg gIven Y sa . . Jy-

Form and area of shear reinforcement to be provided in beams 

Value ofv~ Vlbd Fonn of shear reinforcement Area of shear reinforcement 

;,v, < V" 0.75,jIo, or 4.75 N/mm' 
whichever is the lesser 

Links at spacing" 0.75d in direction 
of span and at right angles to span 

Links or links combined with bent-up 
bars, but not more than 50% of shear 
resistance provided by reinforcement 
to be in the form ofbent-up bars 

Form and area of shear reinforcement to be 

Valueofv~ Vlbd(N/mm') Form of shear reinforcement 

j: None required v:::;; '='svc 

;,v, < v" 0.75'lfoo or 4.75 N/mm' In slabs;;' 200 mm deep, as beams 
whichever is the lesser link" d 

A,,1sv ~ 0.4b10.87/yv 
(see Table 3.39 for areas oflinks) 

Where links only are provided: 
A,,1sv ~ b(v + 0.4 - ;,v,)10.87/yv 
Where links and bent-up bars are 

see general 

in solid slabs 

Area of shear reinforcement 

Not applicable 

As beams 

For a column or load-bearing wall subjected to uniaxial shear, the value of ;,v, obtained above may be multiplied 
(I + 0.05NIA,), where A, is the gross area of the concrete section and N IS the uIltmate axtalload. Members 
to bia"ial shear should be designed such that: . 

Vx and Vy are the applied shears for the x-" and y-y axes r~specltvely d 
Vx + Vy ,,1.0 V ~ and V,y are the corresponding shear resistances provIded by the concrete an 
V v: rel'nforcement derived allowmg for the aXIal load enhancement factor . 

ux uy , . h Idb tk as that 
For a circular column, the area oflongitudinal reinforcement to be used to ~et~rmme vd ~ ~uk :s ~h:ndistance 
half of the column opposite the extreme compression fibre. Infibthe she~~ ~a ~~~~:~s;he ~a~~~r ofthe section. 
the centroid of this reinforcement to the extreme compreSSIOn 1 re, an IS 

BS 5400 Shear under concentrated loads - 1 3.37 
For design purposes, a shear perimeter is taken as the boundary of the smallest rectangle that nowhere comes closer to 
the edges of a loaded area than a specified distance. Details of loaded areas for wheel loads, allowing for dispersal 
down to the top surface of the concrete slab, are given in section 2.4.9. The shear capacity is checked first at a critical 
section distant 1.5d from the edge of the loaded area, as shown in figure (a) on Table 3.38, where d is the effective 
depth to the tension reinforcement. If a part of the perimeter of the critical section cannot, physically, extend 1.5d 
from the boundary of the loaded area, that part should be taken as far from the loaded area as is physically possible 
and the value of v, for that part may be increased to (l.5dla,)v" where av is the distance from the boundary of the 
loaded area to the perimeter actually considered. Near unsupported edges and for cantilever slabs, the critical section 
should be taken as the worst case obtained from figures (a), (b) or (c) on Table 3.38. For a group of concentrated 
loads, adjacent loaded areas should be considered singly and in combination. 

The overall shear resistance should be taken as the sum of the shear resistances for each portion of the critical section. 
The value of 100A/b,d, which is used to determine v, for each portion, should be based on the tension reinforcement 
associated with that portion as shown in the figures. If the ultimate shear force V, due to concentrated loads, does not 
exceed the value of V, determined from the formulae in Table 3.38, no further check is needed. If V does exceed V" 
shear reinforcement in the form of links may be provided in slabs;;' 200 mm deep. Further checks should be made on 
successive perimeters at intervals of O.75d out from the critical section until a perimeter is reached where shear 
reinforcement is no longer needed. The maximum design shear stress at the edge of a concentrated load, or the face of 
a column, should not exceed the lesser ofO. 75;ft;, or 4.75 N/mm2 

For pad footings, the load reSUlting from the soil bearing pressure within the shear perimeter may be deducted from 
the column load, when calculating the design shear force transmitted to the footing. 

When openings in slabs or footings are located at a distance 
less than 6d from the edge of a concentrated load or the face 
of a column, the part of the periphery of the critical section 
that is enclosed by radial projections taken from the centre of 
the loaded area to the comers of the opening should be 
considered ineffective. Where a hole is adjacent to a column 
face, and its greatest width is less than one-quarter of the 
column side or one half of the slab depth, whichever is the 
lesser, its presence may be ignored. 

~
. <6d 

Loaded area - ,- --+L-_LI 

r--- Critical section 

Openings in slabs 

In solid slabs;;' 200 mm deep, for V, < V, shear links may be provided in accordance with the following equation: 

LA" ~ (V - V,)/0.87fyv;;' 0.4LbdI0.87/y, 

LA" is the area of shear reinforcement to be provided as described below 
Lbd is the area ofthe section under consideration 
/y, is the characteristic strength of the shear reinforcement 

The prescribed area of shear reinforcement should be provided at the critical section, and a similar amount on a 
parallel perimeter at a distance 0.75d inside the critical section. If shear reinforcement is needed at perimeters further 
out than the critical section, the prescribed area should be provided at the section under consideration. The spacing of 
the shear reinforcement should not exceed 0.75d, and each link should be anchored at both ends by passing round the 
main reinforcement. If inclined links are used A" should be replaced by A"sina; where a is the angle between the 
links and the plane of the slab. 



BS 5400 Shear under concentrated loads - 2 
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BS 5400 Design for torsion 3.39 
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Rectangular 
sections 

T-, L- or 1-
sections 

Hollow 
sections 

T is the ultimate torsiona1 moment 
hmax and hmin are the dimensions of the section 

Divide the section into component rectangles so as to maximise the tenn L h!m h
max 

' and treat each of 

the components as a rectangular section subjected to a torsional moment equal to: 
3 I 3 T[ hmin hmox L hmin h_ 1 

An is the area enclosed by the median wall line 
hwn is the relevant wall thickness 

Reinforcement to be provided for combined shear and torsion (see Notes) 

Shear stress I-______________________________ T_o_r_s_io_n_a_l ,sh_e_a_r_s_tr_e_ss ______________________________ --1 

Vt > vI,min 

Minimum shear reinforcement 
A,is, ~ 0.4bI0.87h, 

Designed shear reinforcement 
A,isy ~ b(v + 0.4 - ;,v,)/0.87jyv 

Designed torsion reinforcement but not 
less than minimum shear reinforcement 

Designed shear reinforcement and 
designed torsion reinforcement 

Notes. At no section should (v + Vt) exceed Vtu nOT, in small sections where the larger centre-ta-centre dimension of a 
rectangular link, Yl < 550 mm, should VI exceed vtucy,/550), where Vtu is the lesser of 0.75'ifcu or 4.75 N/mm2 Torsion 
reinforcement is not required in sections where Vt::; Vt,min = O.067-1/cu or 0.42 N/mm2, whichever is the lesser. 

Torsion reinforcement should consist of rectangular closed links together with longitudinal reinforcement. The area of 
the reinforcement, which is additional to any requirements for shear and bending, should be such that: 

Rectangular A" > T and A,L ~ A" (I yv J A,L is the area of one longitudinal torsion bar 
sectl·ons Ast is the area of one leg of a torsion link Sy 1.6xly,(0.87/yv) sL Sy IYL 

SL is the spacing of the longitudinal bars 

A" > T 
Sy 2An(0.87/yv) 

Hollow 
sections and 

Sy is the spacing of the links along the member 
x, is the smaller centreline dimension of the link 
Yl is the larger centreline dimension of the link 

The area of either the links or the longitudinal reinforcement may be reduced by up to 20% provided that the product 
(A,tis,) x (A,Jsc) remains unchanged. The total area oflongitudinal torsion reinforcement is 2(A,Jsc)( Xl + yd. 

The longitudinal torsion reinforcement should be distributed evenly round the inside perimeter of the links, and such 
that there is a bar in each comer of the links. In a region where tension reinforcement is needed for bending and 
torsion, the sum of both requirements can be provided by using larger bars than those required for bending alone. In a 
region that is subjected to simultaneous compression due to bending, the area of longitudinal torsion reinforcement in 
the compression zone may be reduced by an amount equal to the magnitude of the compressive force/0. 87hL. In the 
case of beams, the depth of compression zone used to calculate the compressive force may be taken as twice the cover 
to the torsion links. In T -, L- or I-sections, the reinforcement should be detailed so that the link cages interlock and tie 
the component rectangles together. The area properties of link cages, according to size and spacing, are shown below. 

Values of A,isy (~2 A,tisy) for 2 legs oflink reinforcement (mm'/mm) 

Spacing Size of bar (mm) Spacing Size of bar (mm) 
s, (mm) 

8 10 12 16 Sy (mm) 
8 10 12 16 

75 1.34 2.09 3.01 5.36 200 0.50 0.78 1.l3 2.01 
100 1.00 1.57 2.26 4.02 225 0.44 0.70 1.00 1.79 
125 0.80 1.25 1.81 3.21 250 0040 0.63 0.90 1.61 
150 1.04 2.68 0.82 1.46 0.67 1.51 275 0.36 0.57 
175 0.57 0.90 1.29 2.30 300 0.33 0.52 0.75 1.34 

Note. For torsion, Sy should not exceed the least of (Xl + y,)/4, 16 times diameter oflongitudinal comer bar or 300 mm. 
For shear, Sy should not exceed 0.75d for beams and d for solid slabs. 
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Minimum link requirements are given by: 

A,visy = 0.4bJO.87!y, = 0.4 X 300/(0.87 X 500) 

= 0.28 mm'/mm 

Sy :5 0.75d = 0.75 X 450 = 337.5 mm 

From Table 3.35, H8-300 provides 0.33 mm2/mm 
Shear resistance of section containing H8-300 is given by: 

Vo = v,b,d + (A,,/sy)(0.87!y,)d 

= (0.78 X 300 + 0.33 X 0.87 X 500) X 450 X 10-3 = 170 leN 

Based on a support of width 400 mm, distance from centre of 
support to critical section = 200 + 450 = 650 mm. The design 
load is 416/8 = 52 leN/m, and the shear forces at the critical 
sections are: 

End A, V= 172 - 0.65 X 52 = 138 leN < 170 leN (H8-300) 

End B, V = 260 - 0.65 X 52 = 226 leN >170 leN 

v = V/byd = 226 X 103/(300 X 450) = 1.68 N/mm2 

Area of links required at end B is given by: 

A,,/s, = (v-volby/0.87!yv = (1.68 -0.78) X 300/(0.87 X 500) 

= 0.62 mm2/mm 

From Table 3.35, H8-150 provides 0.67 mm'/mm 

Note that if the concrete shear strength is taken as (2d/a,)v, for 
Q y ::; 2d, critical section is at a y = 2d and distance from centre 
of support to critical section = 200 + 900 = 11 00 mm. Here, 
V = 203 leN, v = 1.50 N/mm', A,,/sy = 0.50 mm'/mm and, 
from Table 3.35, H8-200 would be sufficient. 

Example 2. A 700 mm thick solid slab bridge deck is supported 
at the end abutment on bearings spaced at 1.5 m centres. The 
maximum bearing reaction resulting from the worst arrange­
ment of the design loads is 625 leN. The tension reinforcement at 
the end of the span is H25-200. The slab is to be designed for 
shear to the requirements of BS 5400, using the following values: 

.ho = 40 N/mm', J" = 500 N/mm', d = 620 mm 

If the critical section for punching is taken at 1.5d = 930 mm 
from the edge of each bearing, clearly the critical perimeters 
from adjacent bearings will overlap. Therefore, the slab will be 
designed for shear along a vertical section extending for the 
full width of the slab. Assuming that the bearing reaction can 
be spread over a slab strip equal in width to the spacing of 
the bearings, 

v = V/bd = 625 X 103/(1500 X 620) = 0.67 N/mm' 

Based on H25-200 as effective tension reinforcement, 

100A,Ibd = 100 X 2454/(1000 X 620) = 0.40 

v, = 0.54 N/mm2, ~, = 0.95 (Table 3.36, for ko = 40) 

Area of links required at end of span is given by: 

A,/sy = (v + 0.4 - ~,v,)b/0.87!yy 

= (0.67 + 0.4 - 0.95 X 0.54) X 1000/(0.87 X 500) 

= 1.28 mm2/mm 

Shear and torsion 

Consider H 10 links and transverse spacing of legs at 200 mm 
to suit spacing of tension reinforcement, that is, 5 legs per 

. metre. Then, required longitudinal spacing oflinks is given by, 

Sy :5 5 X 78/1.28 = 304 mm 

Provide HlO-300 with legs at 200 mm centres transversely. 

Example 3. A 280 mm thick flat slab is supported by 400 mm 
square columns arranged on a 7.2 m square grid. The 
slab, which has been designed using the simplified method for 
determining moments, contains as tension reinforcement in 
the top of the slab at an interior support, within a 1.8 m wide 
strip central with the column, H16-180 in each direction. 
The slab is to be designed to the requirements of BS 811 0 
(see Table 3.34), for a shear force resulting from the maximum 
design load applied to all panels adjacent to the column of 
V,=954 leN. 

.ho = 40 N/mm', J" = 500 N/mm', d = 240 mm (average) 

For design using the simplified method, the design effective 
shear force at an interior column V,ff = 1.l5V = 1098 leN. 

The maximum design shear stress at the column face, 

V,ff /u,d = 1098 X 103/(4 X 400 X 240) = 2.86 N/mm' (:55.0) 

Based on H16-180 as effective tension reinforcement, 

100A,Ibvd = 100 X 201/(180 X 240) = 0.46 

v, = 0.65 N/mm' (Table 3.33, for d= 240 and.ho = 40) 

The length of the first critical perimeter at 1.5d from the face of 
the column is 4 X (3d + 400) = 4480 mm. Thus, the design 
shear stress at the first critical perimeter, 

v = 1098 X 103/(4480 X 240) = 1.02N/mm' (= 1.57v,) 

Since v, < v :51.6v, and (v - v,) < 0.4 N/mm2, the total area 
of vertical links required within the failure zone is given by: 

!A" = 0.4ud/0.87!yy = 0.4 X 4480 X 240/(0.87 X 500) 

= 989mm' 

20H8 will provide 1006 mm" which should be arranged on two 
perimeters at O.5d = 120 mm, and 1.25d = 300 mm, from the 
column face. The inner perimeter should contain at least 40% 
of the total, that is, 8H8, with 12H8 on the outer perimeter. . 

The length of the second critical perimeter at 2.25d 
the face of the column is 4 X (4.5d + 400) = 5920 mm. 
the design shear stress at the second critical perimeter, 

v = 1098 X 103/(5920 X 240) = 0.77 N/mm2 (>v,) 

!A" = 0.4 X 5920 X 240/(0.87 X 500) = 1307 mm' 

12H8 are already provided by the outer perimeter of 
the first failure zone. A further perimeter containing 
give a total of 28H8, will provide 1407 mm' in the 
failure zone. The length of the third critical perimeter at 3d 
the face of the column is 4 X (6d + 400) = 7360 mm. 
the design shear stress at the third critical perimeter, 

v = 1098 X 103/(7360 X 240) = 0.62 N/mm2 «vol ....• 

The reinforcement layout is shown in the figure 
where + indicates the link positions, and the spacing 
tension reinforcement has been adjusted so that the links 
anchored round the tension bars. 

Designfor torsion 

3 - 180 180 5 - 160 180 3 -180 llH16 
0 
;"; + + + + + ~ 

0 + + + + ;"; 

+ + + + + 
0 + 

+0+ 
+ :£ + <n + 

+ + 
0 + + + + + ;"; 

0 + + + + ;"; 

~ + + + + + 
'" § 

Example 4. The following figure shows a channel section 
edge beam, on the bottom flange of which bear 8 m long simply 
supported contiguous floor units. The edge beam, which is 
contmuous over several 14 m spans, is prevented from lateral 
rotation at its supports. The positions of the centroid and the 
shear centre of the section are shown in the figure, and the beam 
IS to be designed to the requirements of BS 8110. 

Characteristic loads: 

floor units: dead 3.5 leN/m', imposed 2.5 leN/m' 
edge beam: dead 12 leN/m 

Design ultimate loads: 

floor units (1.4 X 3.5 + 1.6 X 2.5) X 8/2 = 35.6 
edge beam 1.4 X 12 = 16.8 

52.4 leN/m 

ioo = 40 N/mm2,fy = 500 N/mm2, d = 1440 mm 

1 • 
300 250 

I "I 

200I i 

Weight of 
edge beam 

! 

Centroid k--
~ 

Load from 

floorrnits 

'400 

i 

1500 

Shear 
centre 
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Bending moment, shear force and torsional moment (about 
shear centre of section) at interior support (other than first): 

M = - 0.08 X 52.4 X 142 = - 822 IeNm (Table 2.29) 

V = 52.4 X 14/2 = 367 leN 

T = (35.6 X 0.400 + 16.8 X 0.192) X 14/2 = 122 IeNm 

(Note: In calculating V and T, a coefficient of 0.5 rather than 
0.55 has been used since the dead load is dominant and the 
critical section may be taken at the face of the suPpo~.) 

Considering beam as one large rectangle of size 250 X 1500 
and two small rectangles of size 200 X 300, 

!hmi, 
3 
hm" = 2503 X 1500 + 2 X 2003 X 300 

= (23.4 + 2 X 2.4) X 109 = 28.2 X 109 

Torsional moment to be considered on large rectangle: 

Tl = 122 X 23.4128.2 = 101.2 IeNm 

Torsional moment to be considered on each small rectangle: 

T2 = 122 X 2.4128.2 = 10.4 IeNm 

Reinforcement required in large rectangle 

Bending (see Table 3.14) 

K = M/bd2.ho = 822 X 10'/(550 X 14402 X 40) = Om8 
Smce K:5 0.043, A, = M/0.87!yz where z = 0.95d 

A, = 822 X 10'/(0.87 X 500 X 0.95 X 1440) = 1382 mm' 

Shear (see Table 3.33) 

v = V/byd = 367 X 103/(250 X 1440) = 1.02 N/mm' 
100A,Ib,d = 100 X 1382/(250 X 1440) = 0.38 
v, = 0.53 N/mm' (for d = 400 and.ho = 40) 

A,/s, = bv(v - v,)/0.87!yv = 250 X (1.02 - 0.53)/(0.87 X 500) 

= 0.28 mm'/mm (total for all vertical legs) 

Additional requirement for bottom loaded beam 

A.lsv = 35.6/(0.87 X 500) = 0.08 mm'/mm (for inner leg) 

Torsion (see Table 3.35) 

v, = 2Tl /[hmi,'(hm" - hmi,l3)] 

= 2 X 101.2 X 10'/[250' X (1500 - 250/3)] = 2.29 N/mm2 
(v + v,) = 1.02 + 2.29 = 3.31 N/mm2 «v" = 5.0) 

ASSUming 30 mm cover to links, dimensions of links: 

Xl = 250-2 X 35 = 180 mm, Yl = 1500-2 X 35 = 1430 mm 

A,,/sy = Tl/[0.8xlYl(0.87!y)] 

= 101.2 X 10'/(0.8 X 180 X 1430 X 0.87 X 500) 

= 1.13 mm2/mm (total for 2 outer legs) 

Total link requirement for shear, torsion and bottom load 
assuming single links with 2 legs: ' 

A,,/s, = 0.28 + 1.13 + 2 X 0.08 = 1.57 mm'/mm 

Sy :5 least of Xl = 180 mm, y/2 = 715 mm or 200 mm 

From Table 3.35, HIO-100 provides 1.57 mm2/mm 
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Total area of longitudinal reinforcement for torsion: 

A = (A,/sJify/jy)(x, + y,) , , 
= 1.13 X 1.0 X (180 + 1430) = 1819 mm 

Area of longitudinal reinforcement required in part of the 
section between centrelines of flanges (1300 mm apart) 

= 1819 X 1300/(180 + 1430) = 1469 mm' 

From Table 2.28, 14H12 provides 1583 mm' 
Total area of tension reinforcement required at top of beam for 

bending and torsion 

= 1382 + 0.5 X (1819 - 1469) = 1557 mm' 

From Table 2.28, 2H32 provides 1608 mm' 

Reinforcement required in small rectangles 

With link dimensions taken as x, = 200 - 2 X 35 = 130 mm, 
and Y1 = 300 - 35 = 265 mm, since y, < 550 mm~ v, should 
not exceed v"y,/550 = 5.0 X 265/550 = 2.4 N/mm . 

v, = 2T,I[hml,'(hm" - hm,,!3)] 
= 2 X 10.4 X 10'/[2002 X (300 - 200/3)] 

= 2.23 N/mm' «2.4) 

Area of link reinforcement required for torsion: 

A,.js, = T ,I[0.8x,y,(0.87jy)] 
= 10.4 X 10'/(0.8 X 130 X 265 X 0.87 X 500) 

= 0.87 mm2/mm (total for 2 outer legs) 

s, :5 least of x, = 130 mm, y,12 = 132 mm or 200 mm 

Shear and torsion 

From Table 3.35, H8-100 provides 1.00 mm'/mm 

Area of longitudinal reinforcement for torsion: 

A, = (A,.js,)ify/jy)(x, + y,) 

= 0.87 X 1.0 X (130 + 265) = 344 mm' 

From Table 2.28, 4H12 provides 452 mm' 

HI2 H32 

H8 - 100 ~ f 

f----- HlO-lOO 

H 12 

It . 

The lower rectangle should also be designed for the bending 
and shear resulting from the load applied by the floor umts. 

1 

26.1 DEFLECTION 

Deflections of members under service load should not impair 
the appearance or function of a structure. For bridges, there are 
no specific limits in BS 5400, but allowances are needed to 
ensure that minimum clearances and satisfactory drainage are 
provided. Accurate predictions of deflections at different stages 
of construction are also required. 

In BS 8110, the final deflection of members below the 
level of the supports, after allowance for any pre-camber, is 
limited to span/250. A further limit, to be taken as the lesser 
of span/500 or 20 mm, applies to the increase in deflection 
that occurs after the application of finishes, cladding or par­
titions in order to minimise any damage to such elements. 
These requirements may be met by limiting the span/effective 
depth ratio of the member to the values given in Table 3.40. 
In this table, the design service stress in the tension 
reinforcement is shown as j, = (5/S)(fy/f3blCA, ",lA, p,,,). In 
BS SILO at the time of writing, the term (5/8), which is 
applicable to Ym = 1.15, is given incorrectly as (2/3), which 
is applicable to Ym = 1.05. 

:rhe span/effective depth ratio limits take account of 
normal creep and shrinkage but, if these are likely to be 
particularly high (e.g. free shrinkage strain >0.00075 or 
creep coefficient >3), the permissible span/effective depth 
ratio derived from the table should be reduced by up to 15%. 
The limiting ratios may be used also for designs where light­
weight aggregate concrete is used, except that for all beams 
and slabs where the characteristic imposed load exceeds 
4 kN/mm', the values derived from Table 3.40 should be 
multiplied by 0.S5. 

In special circumstances, when the calculation of deflection 
is considered necessary, the methods described in Tables 3.41 
and 3.42 can be used. Careful consideration is needed in the 
case of cantilevers, where the usual formulae assume that the 
cantilever is rigidly fixed and remains horizontal at the root. 
Where the cantilever forms the end of a continuous beam, the 
deflection at the end of the cantilever is likely to be either 
increased or decreased by an amount IIJ , where I is the length 
of the cantilever measured to the centre of the support, 
and IJ is the rotation at the support. Where a cantilever is con-

to a substantially rigid structure, some root rotation 
still occur, and the effective length should be taken as the 

to the face of the support plus half the effective depth. 

Chapter 26 

Deflection and 
cracking 

26.2 CRACKING 

26.2.1 Buildings and bridges 

Cracking of members under service load should not impair the 
appearance or durability of the structure. In BS SIl 0, for 
buildings, the design surface crack width is generally limited to 
0.3 mm. For members such as beams and slabs in which the 
nominal cover does not exceed 50 mm, the crack width 
requirement may be met by limiting the gaps between tension 
bars to specified values. In circumstances where calculation 
is considered necessary, crack width formulae are provided. 
Details of the bar spacing rules (see section 26.1 for com­
ment on;;) and the crack width formulae are given in 
Table 3.43. 

In BS 5400, the design crack width limits apply only for 
load combination I where, for highway bridges, the live load 
is generally taken as HA. Crack widths are calculated for a 
surface taken at a distance from the outermost reinforcement 
equal to the nominal cover required for durability. The 
design crack width limits vary according to the exposure 
conditions as follows: 0.25 mm (moderate or severe expo­
sure), 0.15 mm (very severe exposure), and 0.10 mm 
(extreme exposure). In many cases, these requirements are 
critical and details of the crack width formulae are given in 
Table 3.43. 

In BS 8IlO, for cracking due to the effects of applied loads, 
the modulus of elasticity of concrete is taken as E/2, where 
values of E, are given in Table 3.5. In BS 5400, a value in the 
range E, to E,/2 is taken according to the proportion of live to 
permanent load. 

Craeking due to restrained early thermal effects is considered 
in BS SIlO: Part 2, and Highways Agency BD2S/87. In 
these documents, the restrained early thermal contraction is 
given by 8, = 0.8RaT, where a is a coefficient of expansion for 
the mature concrete, R is a restraint factor, and T is a tempera­
ture differential or fall. The following values of R are given: 

TYpe of pour and restraint 

Base cast onto blinding 
Slab cast onto fonnwork 
Wall cast onto base slab 
Infill bays 

R 

0.1--0.2 
0.2--0.4 
0.6-0.8 
0.8-1.0 
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In the absence of specific deflection calculations, the span/effective depth ratios of beams and slabs should satisfy the 
following requirement: 

lid OS; basic ratio X IX, X a; where values of the basic ratio, and modification factors as and a; are given below. 

Basic sp"n/effective depth ratios for rectangular sections according to support conditions 
Simply supported I Continuous I Cantilever 

20 I u I 7 
Note 1, For flanged sections with bwlb OS; 0.3, the basic ratios for rectangular sections should be multiplied by 0,8, 
For values of bwlb > 0.3, the basic ratios for rectangular sections should be multiplied by (5 + 2bwlb)l7. 
Note 2. For two-way spanning slabs, the ratio should be based on the shorter span. For flat slabs, the check should 
be carried out for the more critical direction, and the basic ratio should be multiplied by 0.9, except for slabs with 
drops of gross width in both directions not less than one-third of the respective spans. 
Note 3. For spans> 10 m, where it is necessary to limit the increase in deflection that occurs after the application of 
finishes, cladding or partitions, the basic ratios should be multiplied by 10/span. This multiplier effectively changes 
the limit on total deflection from span1250 to 40 mm. For a cantilever> 10 m, the deflection should be calculated. 

Modification factor as, which depends on the amount of tension reinforcement and its service stress, is. given by: 

IX, = 0.55 + (477 -1,)1[120 x (0.9 + Mlbd')] OS; 2.0 

M is the design ultimate moment (maximum moment in span or, for a cantilever, at the support) 
b is the width of a rectangular section or, for a flanged section, the effective width of the compression flange 
I, is the design service stress in the tension reinforcement, which may be estimated fromf, = (5/8)(f,l J3")(A,,,qlA, pmv) 

As reqlAs prov is the ratio, area of reinforcement required to area of reinforcement provided, for design moment M 
A is ratio, MI(maximum elastic moment at section), in continuous spans where redistribution of moment is involved 

For designs where!, = 500 N/mm2, and/, = (5/8}!, = 312 N/mm2 may be assumed (j3" ~ 1.0 and A",q ~ A, pmv), values 
of IX, for different values of Mlbd2 are as follows: 

I Mlbd' I 0.50 I 0.75 I 1.0 1.5 I 2.0 I 3.0 I 4.0 I 5.0 I 6.0 I 
I IX, I 1.53 I 1.38 I 1.27 1.12 I 1.02 I 0.90 I 0.83 I 0.78 I 0.75 I 
Modification factor a~, which depends on the amount of compression reinforcement, is given by: 

A;prov is the area of reinforcement provided in the compression zone, whether or not effectively tied with links. 

The foregoing recommendations were derived for uniformly loaded members, and include for some rotational restraint 
at end supports. Basic ratios of 18 (both ends pinned), 24 (one end pinned and one end fixed) and 30 (both ends fixed) 
can be obtained for a rectangular section. For a cantilever, no allowance has been made for rotation of the support. 

For a cantilever with no rotation of the support, where the overall depth reduces linearly from h at the support to ho at 
the free end, the basic ratio should be multiplied by the following factors: 

Load distribution on cantilever 
Modification factor for values of hJh 

1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 
Uniform load 1.00 0.94 0.88 0.81 0.75 0.68 0.61 0.54 
Triangular load (zero at free end) 1.25 1.19 1.12 1.06 0.99 0.92 0.85 0.78 
Concentrated load at free end 0.75 0.69 0.63 0.58 0.52 0.46 0.40 0.33 

In special circumstances, when the calculation of deflection is considered necessary, the method given in Table 3.41 
can be used. For dead load, the characteristic value should generally be used. For imposed load, the characteristic 
value should be used in limit state calculations, and the expected value in best estimate calculations. The proportion of 
imposed load considered as permanent should be taken as 25% for normal domestic or office occupancy, and at least 
75% for structures used for storage. For structural analysis where a single value of stiffness is used for each member, 
the stiffness of the uncracked concrete section should be used. If a more sophisticated method oK analysis is used, in 
which variations in section properties over the length of the member are considered, it may be more appropriate to use 
the stiffness of the cracked transformed section at highly stressed sections. In deflection calculations, there are several 
factors that are often difficult to assess, but which can have a considerable effect on the reliability of the result. These )' 
include the assumptions made regarding the restraints provided by supports, the age of members when load is first > 

applied, the stages at which subsequent load is applied, and the effects of finishes and rigid partitions. A reasonableiCi 
approach may be to assess maximum and minimum values for the influence ofthese effects and take the average.',;} 
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(b) Uncracked section 
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Section Strain Stresses in concrete and reinforcement 

The curvature Ilrb of a section subjected to simple bending can be determined from the following relationships: 

For (a) and (b) 1 I, I, I M 
rb xE (d-x)E Alternatively, for (b) -=-

, ~ ~ 
where 

E is modulus of elasticity of concrete. Use E for short-term I di _ 
where ¢ is a creep coefficient For values ;f E d Ao oa. ng, and E,[f - E/(1 + ¢) for long-term loading 

E' d I fl" . . ,an ", see sechon 22.1 and Table 3 5 
l' IS mo u us 0 e ashclty of remforcement, taken as 200 kNlmm' . . 

o IS second moment of area of gross concrete section (see Table 3.42) 
M I.S moment due to deSIgn servIce loading at section considered 
Ic IS ca.lculated stress in concrete at compression face, Is is calculated stress in tension reinforcement 

The solutIOn of the above relationship for (a) requires a trial-and- . 
whereby x IS determined for the transformed section th fi 11 . error approach. Allowmg for a small approximation, 

, e 0 OWIng slmplfied relatIOnshIp can be derived: 
1 _M_-_M-",,-, ~ _M_ 

El, Elo M" = btfo,,(h - x)'/3(d -x) where 

I, is second moment of area of cracked transformed section (see Table 3 42 

!' :: :~:~lo:~~:~~~~:~~~;!:k;;i~:~~i::~;~~~~;o~e~!~i~~I;1.~~)f·we~ for a flanged section) 

10, ~;~n~}~:~eO~~~~t~:)ete at centroid of tension reinforcement, taken as I N/mm2 (instantaneously) redUCing to 

The shrinkage curvature IIr" of a section can be determined from the following relationship: 

I cesEsSs - = --'"'.-'--"-
res Eeff! 

I is second moment of area of section taken as either I L d . 

where 

Ss i~ first moment of area of reinforce~ent about centroido~f~ ependmg on the value ~sed to ?erive l!rb 
gIVen by S, = A,(d -x) _ A; (x-d') nsformed or gross sectIOn, whIchever IS appropriate, 

r--+_t;" is free shrinkage strain (see section 22.1 and Table 3.5) 

Deflections can be determined from the relationshi 11r = d' IeIx' ' 
at x, by.calculating curvatures at successive secti:ns alon : m ,where lIrx .IS the curvat~re ~nd a is.the deflection 
AlternatIvely, the deflection at the mid-span of a beam t: d e~ber and USIng a numencal mtegratlOn technique. 

,or e en 0 a cantIlever, IS gIven approximately by-
a = L:.Kt'(lIrb) + Ki'(lIr,,) . 

K . < where 
IS a lactor that, for a member of constant cr t·· 
(see Table 3.42). For concrete shrinka e KOS

S 
Sec lOn, IS related to the shape of the bending moment diagram 

applicable to the maximum sagging m~~en;s( :~u~ ~ ~~e2~e~dIng moment coefficient for uniform dead load 
I is the effective span ofthe member . . . or pInned ends) or, for a cantIlever, K = 0.5. 

11rb is the curvature due to loading (at ihe position of maximum . 
IIr" is the curvature due to concrete shrinkage. saggmg moment or, for a cantilever, the support). 

The maximum deflection should be taken as the sum of the Ion -1e . 
shrinkage, and the short-term deflection due to transient load. F g r rm deflectIOns due to permanent load and concrete 
the total load, and a K value appropriate to the bendin m 0 ~omplex load arrangements, the value of IIrb due to 
summmg the deflections due to permanent loads and tr g . o~~nt mgram due to the total load should be used. When 
concrete in the tension zone (represented by M . th ~nsl~nfi ~ads for the. cracked section, the stiffening effect of the 

~_.L._ " In e sImp I e relatIOnshIp) should be allowed only once. ! 
1 
" 

Ii 
!: ! 
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Rectangular section (or flanged section where x ,; hr) Flanged section (where x > hr) 

Cracked transformed section (where a, ~ E,/E, or E,/E,rr, P ~ A,Jbd, p' ~ A;/bd) 

Loading Bending moment diagram 
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Values ofK 

K~O.l04(I-P/IO) where 

p ~ (MA + MB)/Me 
For pinned ends, K ~ 0.104 

K~ 0.OS3 (l-P/4) where 

P ~ (MA + MB)/Me 

3-4a 2 

K~ ...::...---=--:-
4S (I-a) 

For a ~ 0.5, K ~ 0.OS3 

K~ 0.102 

a 2 

K~O 125--. 6 

a(3-a)' fl' K ~ --- for end de ectlOn 
6 

For a ~ 1.0, K ~ 0.333 

K~ a(4-a) for end deflection 
12 

For a ~ 1.0,K~ 0.25 

BS 8110 (and BS 5400) Cracking 3.43 
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For beams, in the absence of specific crack width calculations, the spacing of bars in tension (ignoring bars of size less 
than 0.45 x size oflargest bar) where the cover does not exceed 50 mm should satisfY the following requirements: 

Clear distance between bars in tension ab'; (47 000)ij;'; 300 mm 

Distance between side face of beam and nearest longitudinal bar in tension 
where f, ~ (5/S)(1/ j3")(A,,,qlA, pm,) 

a, ,; (23 500)ij; ,; 150 mm 
For beams of overall depth h > 750 mm, longitudinal bars should be provided at a spacing Sb'; 250 mm near the side 
faces of the beam. These bars should be distributed over a distance", (2/3)h measured from the tension face. The bar 
size should be '" ..J(sbb/fy), where b (taken,; 500 mm) is the breadth of the beam at the point considered. 

For f, ~ (5/SJt; and I, ~ 500 N/mm2
, the following values apply: 

For h > 750 mm, longitudinal bars near side faces to be Tl6-250 for b '" 500 mm 

For slabs, in the absence of specific crack width calculations, the spacing of bars in tension where the COVer is not 
greater than 50 mm should satisfY the follOwing requirements: 

For h,; 200 mm or 100A,/bd < 0.3, 

For h > 200 mm and 0.3 ,; 100A/bd < 1.0 

For h > 200 mm and 100A/bd", 1.0 

ab'; lesser oOd or 750 mm 

ab'; least of(47 OOOij;)/(lOOA,/bd) or 3d or 750 mm 

ab'; least of (47 000ij;) or 3d or 750 mm 

The design width of a crack at a particular point on the surface of a member, for values off,'; O.SJ;" may be calculated 
from the following relationships: 

_ 3acr cm Wer -

1+ 2(a,,-cmin )/(h-x) where "m ~ "I -bt(h-x)(a'-x) ~ (fs _ bt(h-X»)(a'-xJ 
3E,As (d-x) E, 3E,A, d-x 

As is area of tension reinforcement 
Es is modulus of elasticity of reinforcement 
a' is distance from compression face to level at which crack width is being determined 
a" is distance from point considered to surface of nearest longitudinal bar 
bt is width of section at centroid of tension steel 
Croin is minimum cover to tension steel 

is is calculated stress in tension reinforcement, ignoring stiffening effect of concrete in tension zone 
x is neutral axis depth of cracked transformed section, taking modulus of elasticity of concrete as EJ2 
W" is design surface crack width with an acceptable probability of being exceeded 
Em is average strain at level where cracking is being considered 
CI is calculated strain at level considered, ignoring stiffening effect of concrete in tension zone 

Concrete shrinkage may generally be ignored, but if an abnormally high value ('" > 0.0006) is expected, the value of 
t;" should be increased by 0.5<;". A negative value of t;" indicates that the section is uncracked. 

The design width of a crack at a particular point on the surface of a member, taken at distance Cruin from the outermost 
bar, for solid rectangular sections, the stems of T beams, and other solid sections shaped without re-entrant angles, 
may be calculated from the following relationships (notation as in BS SIlO unless defined below): 

where cm::::cl- t c l--q-xlO-9 :::;el 
(

3.Sb h (a'-d »)( M J 
",A,(h-d,) Mg 

Mg is bending moment at section considered due to permanent loads 
Mq is bending moment at section considered due to live loads 
Cmin is minimum cover to outermost reinforcement 

d, is depth of concrete in compression (if d, ~ 0, design crack width should be calculated as Wcr ~ 3a"t;,,) 
E's is calculated strain at centroid of tension reinforcement, ignOring stiffening effect of concrete in tension zone 

When the axis of the bending moment and the direction of the tensile reinforcement resisting the bending moment are 
not orthogonal (e.g. in a skew slab), then A, should be taken as L (At cos4 al) where At is the area of reinforcement in a 
particular direction, and at is the angle between the axis of the design moment and the direction ofthe reinforcement. 

For flanges in overall tension, including tensile zones of box beams and voided slabs, the design crack width should be 
calculated as Wer = 3aer~, where em is determined from the equation given above. 

The spacing of all bars in tension should not exceed 300 mm, and the spacing of transverse bars in slabs with circular 
voids should not exceed twice the minimnm flange thickness. 
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26.2.2 Liquid-retaining structnres 

In BS S007. for structures where the retention or exclusion of 
liquid is a prime consideration, a design surface crack width 
limit of 0.2 mm generally applies. In cases where the surface 
appearance is considered to be aesthetically critical, the limit is 
taken as 0.1 mm. Under liquid pressure, cracks that extend 
through the entire thickness of a slab or a wall are expected to 
result in some initial seepage, but it is assumed that such cracks 
will heal autogeneously within 21 days for a 0.2 mm design 
crack width, and 7 days for a 0.1 mm design crack width. 
Separate calculations using basically different crack width for­
mulae are used for the effects of applied loads and the effects 
of temperature and moisture change. Details of the formulae for 
each type of cracking are given in Table 3.44. 

In order to control any potential cracking due to the effects 
of restrained thermal contraction and shrinkage, three design 
options are given in which the reinforcement requirements are 
related to the incidence of any movement joints. Details of the 
design options are given in Table 3.45, where the joint spacing 
requirements refer to joints as being either complete or partial. 
C{)ntraction joints can be formed by casting against stop ends 
or by incorporating crack-inducing waterstops. The joints are 
complete, if all of the reinforcement is discontinued at the 
joints, and partial, if only 50% of the reinforcement is discon­
tinued. The joints need to incorporate waterstops and surface 
sealants to ensure a liquid-tight structure. 

The reinforcement needed to control cracking in continuous 
or semi-continuous construction depends on the magnitude of 
the restrained contraction. The restraint factor R (i.e. ratio of 
restrained to free contraction) may be taken as 0.5 generally, but 
more specific values for some common situations are also given 
in Table 3.45. For particular sections and arrangements of rein­
farcement, limiting values for restrained contraction strain are 
given in Table 3.46. 

For cracking due to applied loading, and concrete classes that 
are typically either C2S/35 or C32/40, the effective modular 
ratio <>0 = 2E/E, may be taken as 15. In this case, for singly 
reinforced rectangular sections, the elastic properties of the 
transformed section in flexure are given in Table 3.47. For par­
ticular sections and arrangements of reinforcement, limiting 
values are given for service moments in Tables 3.48-3.50, and 
direct tensile forces in Tables 3.51 and 3.52. 

Example 1. The beam shown in the following figure is to be 
checked for deflection and cracking to the requirements of 
BS SllO. The designs for bending and shear are contained in 
example I of Chapters 24 and 25 respectively. The tension 
reinforcement, comprising 3H32 (top at B) and 2H32 (bottom), 
is based on the following values: 

, = 40 N/mm' " = 500 N/mm2, cover to links = 25 mm Jeu 'Jy 

ABC 

I I t 
8m 8m 

{: 150 

~1350' 
1

300
1 

For the bottom reinforcement, with d = 450 mm: 

b = 1420 mm, Mlbd 2 = 0.99 N/mm' 
As req = 1534 mm2

, As prov = 1608 mm2 

Deflection and cracking 

For continuous support conditions and a flanged section with 
b /b = 30011420 = 0.21 :5 0.3, Table 3.40 gives w 

Basic span/effective depth ratio = O.S X 26 = 20.S 

The estimated service stress in the reinforcement, for a design 
with no redistribution of the ultimate moment, is given by: 

], = (5/S)]y (A, ",iA, pro,) 
= (5/S) X 500 X 15341160S = 29S N/mm' 

Modification factor for tension reinforcement 

<>, = 0.55 + (477 - I.)/120(0.9 + Mlbd 2) :5 2.0 
= 0.55 + (477 - 29S)/[120 X (0.9 + 0.99)] = l.34 

Ignoring modification factor for compression reinforcement, 

Limiting span/effective depth ratio = 20.S X l.34 = 27.9 

Actual span/effective depth ratio = SOOO/450 = 17.S 

Allowing for HS links with 25 mm cover, the clear distance 
between the H32 bars in the bottom of the beam is given by: ' 

ab = 300 - 2 X (25 + 8 + 32) = 170 mm 

From Table 3.43, the limiting distance is given by: 

ab:5 47 OOOli. = 47000/29S = 15S mm «170 rum) 

The clear distance between the H32 bars could be reduced to 
150 mm by increasing the side cover to the links to 35 mm. 
Alternatively the bars could be changed to 2H25 and 2H20. 

Example 2. A 2S0 mm thick flat slab, supported by columns 
arranged on a 7.2 m square grid, is to be designed to the require­
ments of BS Sll O. Bending moments are to be determined using 
the simplified method, where the total design ultimate load on a 
panel is 954 kN, and the slab is to be checked for deflection. 

" = 40 N/mm' , = 500 N/mm', cover to bars = 25 mm Jeu ,Jy 

Allowing for the use of H12 bars in each direction, and based 
on the bars in the second layer of reinforcement: 

d = 2S0 - (25 + 12 + 6) = 235 mm, lid = 7200/235 = 30.6 

In the following calculations, a, is based on the average value 
of Mlbd' determined for a full panel width. From Table 2.62 
the design ultimate bending moment, for an end span with a 
continuous connection at the outer support, is given by: 

M = 0.075FI = 0.D75 X 954 X 7.2 = 515 kNm 

Mlbd' = 515 X 10'/(7200 X 2352) = l.30N/mm' 

From Table 3.40, for a continuous flat slab without dropS, the 
basic span/effective depth ratio = 26 X 0.9 = 23.4 

Modification factor for tension reinforcement, if I. = (5/S)/'y: 

a, = 0.55 + (477 - ],)1120(0.9 + MlbcP) :5 2.0 
= 0.55 + (477 - 312)1[120 X (0.9 + l.3)] = 1.17 

Assuming that no compression reinforcement is provided, 

Limiting span/effective depth ratio = 23.4 X 1.17 = 27.4 

The limiting value of lid can be raised to 30.6 by increa,dng. <>~ 
to l.31, which reducesi. to 276 N/mm', so that the 
tension reinforcement determined for the ULS ""JU'_ " 
multiplied by the factor 312/276 = 1.13. 

For an interior span, where the bending moment weffiici,mt, 
0.063, compared to 0.075 for the end span: 

Mlbd' = 1.30 X 0.063/0.075 = l.09 N/mm' 

<>, = 0.55 + (477 - 312)1[120 X (0.9 + l.09)] = l.24 ( 

BS 8007 Cracking 3.44 

s 

The design width of a crack at a partiCUlar point on the surface of a member, for values of/c ,;; 0.45/cu andI.,;; O.S/y, 
may be calculated from the following relationships: 

(Members in flexure, or combined flexure and axial load where d < x < 0) 

Forwlim=O.lmm, em=(f, 
E, 

(Members in direct tension, or combined flexure and axial load where the whole section is in tension) 3 
w= acrEm 

Cmin 

j, 
X 

W 

is area of tension reinforcement 
is modulus of elasticity of reinforcement 

is distance from compression face to level at which crack width is being determined 
is distance from point considered to surface of nearest longitudinal bar 
is width of section at centroid of tension steel 
is minimum cover to tension steel 

is calculated stress in tension reinforcement, ignoring stiffening effect of concrete in tension zone 
is neutral axis depth of cracked transformed section, taking modulus of elasticity of concrete as E,/2 
is design crack width with an acceptable probability of being exceeded 
is average strain at level where cracking is being considered 

For members subjected to combined flexure and axial tension where the whole section is in tension, in the expression 
for Go, the second term should be multiplied by a factor between 0.5 when x = 0, and 1.0 for direct tension. 

The design width of a crack in continuous (option I) and semi-continuous (option 2) construction of thin cross section 
may be calculated from the following relationships (see Table 3.45 for design options): 

W
m" = Sm" e Sm" = (fc/.!b)(rpI2p) e= "', + R&o - (100 X 10-6) &0 = aCT, + T,) 

is estimated temperature fall between hydration peak and ambient at time of construction (see Table 2.18). 

T, 

R 

Smax: 

Wmax 

a 
e 

Perit 

For design purposes, values of TJ should be taken ;0, 20°C for walls and;o, 15°C for slabs. 

is estimated further fall in temperature because of seasonal variations. For semi-continuous construction 
where movement joints are provided as for option 2 in Table 3.45, T, may be omitted. ' 
is a restraint factor, which may be taken as 0.5 for immature concrete with rigid end restraints. Values of R 
for some common situations are given in Table 3.45. Otherwise, R = 0.5 may be used generally. 
IS average bond strength between immature concrete and reinforcement, where fctlfb is taken as 1.0 for plain 
bars and 0.67 for deformed type 2 bars. For square-mesh fabric reinforcement, in which the cross-wires are 
~ot sm.

aller 
than the main wires,/ctlJb may be taken as 0.8 for plain wires and 0.5 for deformed type 2 wires. 

IS tensIle strength of Immature concrete, taken at age of3 days, given by /C, = 0.12/cuo.7 ;o, 1.6 N/mm' 
is likely maximum spacing of cracks when p;o, Perit 

is estimated maximum crack width arising from restrained drying shrinkage and thermal contraction. 
IS coefficient of expansion of mature concrete (see Table 3.5). 
is effective strain which may usually be taken as &, 

is estimated shrinkage strain. For concrete exposed to norm!1 UK climatic conditions, the shrinkage strain 
less ItS aSSOCiated creep stram IS generally less than 100 x 10 , unless high shrinkage aggregates are used. 
is estimated total thermal contraction after peak temperature ariSing from hydration effects 
is size of each reinforcing bar 

~s ra~i?, are~ of reinforcement to gross area of concrete, provided in a surface zone (see below). 

The reinforcement ratios needed to limit the value ofwm", to values of either 0.2 mm or 0.1 mm (see Table 3.4) should 
be prOVIded III surface zones of the following thickness, where h is the overall thickness ofthe section: 

IS cntlcal remforcement ratio, given by Peri' =fd/y. For/c, = 1.6 N/mm' and/y = 500 N/mm', Pori, = 0.0032. 

Walls and suspended slabs: surface zone thickness = O.5h ,;; 250 mm (each side) 

Ground slabs: surface zone thickness = O.5h,;; 250 mm (top), 100 mm (bottom, for slabs with h;o, 300 mm) 

From the above relationships, the reinforcement ratio required to limit the calculated crack width to Wlim is given by: 

P = (fc, 1Jb)( erpl2wlim) ;0, P'rit = /c//y where, in most cases, e= 0.5&, may be used. 

.~ __ ~M __ ax_i_m_urn ___ v_a_Iu_e_s_O_f_e_(_X __ IO_~_) __ fo_r_g~i_v_en __ b_ar __ arr __ an_g~e_rn __ en_t_s_in __ s~p_ec_i_fi_e_d_s_U_rf_a~c_e~z~0=ne=s~ar=e~g:i=v=en~in~r.~a=b=le=3=.=4=6=. ______ -.J i. 
I 



BS 8007 Design options and restraint factors 3.45 
~ 

" 0 

"£.. 
0 

.§> 
~ 

" 0 

Option Type of Maximum spacing (m) of movement joints Reinforcement 
ratio 

2 

3 

construction 
Continuous 
Semi-
continuous 

Free to move 

H 

No 'oints other than widel s aced ex ansion 'oints 
!fe/fi)( 9I'wm,,)e 

;;::: Perit 
(a) Complete joints: 15 m 
(b) Alternate partial and complete joints: 11.25 m 
c Partial 'oints: 7.5 m 

(a) Complete joints: 4.8 + wm,xle 
(b) Alternate partial and complete joints: 0.5sm" + 2.4 + wm,,/e 2/3pcrit 

(c) Partial joints: Sm" + w=/ e 

204m §t~_~2~_~ __ ~t~t_J~ __ ~~~~ __ :t ~ 
Expansion 

or free 

L 

Eif 
-<: 
M 

~ err' 0.5 ; fO- -~ o 0 . 
, , 

~1---- I 05 I 
~~lb~i __ 

Vertica141:iJ:;?t~W;~i;§$:'ITf!;q[%: o 
8 

'<:t o.s.~ restraint 
factors 

L 

Horizontal restraint factor 
Obtain value from the table 
below for this central zone. 

(a) Wan panel on base 

::; O.2H Whichever is f' SO.2m,\ !heg,e.te, 

° ° o 

~~M~' ~i: ___ -_-'P--~~~~rnf~-'-~~~r~-~---------------_-~_.'~~ 
0' primary a 6 

cracks H 

*For H < L, factor = O.5(}-HIL) 

(b) Horizontal slab between rigid restraints 

~0.25._.;f:. ---"'~C;;2;-;+---------J. __ ...t,...':'" :;;:0.(0.25) 

t ~ ~ O.~~, 0:25 I 0.(0.25) 

204m 

L 

(c) Continuous wall- sequential bay construction (d) Continuous wall- alternate bay construction 

Note. For external restraint to seasonal temperature variation T, in ground slabs cast on blinding, R ~ 0.5 at mid-l"ngW 
reducing uniformly to zero at the ends may be taken, for 30 m lengths and over. 

BS 8007 Design table for cracking due to temperature effects 3.46 
Thickness Bar type Maximum value of e(x 10-6) for bar spacing (mm) 

of zone and size 
mm 300 250 225 200 175 150 125 100 75 

100 HIO 209* 235 269 314 377 471 628 
Hl2 188* 226* 251* 282 323 377 452 565 754 

125 Hl2 180 201 226 258 301 362 452 603 
E 
E Hl6 201 241 268 301 344 402 482 603 804 

"l 150 Hl2 167 188 215 251 301 0 377 502 
II Hl6 167 201 223 251 287 335 402 502 670 

:g 175 Hl2 161 184 215 258 323 430 
.~ 

~ 
Hl6 143 172 191 215 246 287 344 430 574 

'" 
200 Hl2 161 188 226 282 377 

<.> 
co Hl6 150 167 188 215 251 301 377 502 
.S . .., H2O 157 188 209 235 269 314 377 471 628 
E 

225 :.:l Hl2 167 201 251 335 
Hl6 134 149 167 191 223 268 335 446 
H2O 139 167 186 209 239 279 335 418 558 

250 H12 181 226 301 
Hl6 134 150 172 201 241 301 402 
H2O 125 150 167 188 215 251 301 377 502 

* These values apply only to the bottom surface zones of ground slabs and wall bases of overall thickness> 300 mm. 

Thickness Bar type Maximum value of e (x 10-') for bar spacing (mm) 
of zone and size 

mm 300 250 225 200 175 150 125 100 75 

100 HIO 104 117 134 157 188 235 314 
H12 94 113 125 141 161 188 226 282 377 
H16 125 150 167 188 215 251 301 377 502 

125 Hl2 90 100 113 129 150 181 226 301 
S Hl6 100 120 134 150 172 201 241 301 402 
S H2O 125 150 167 188 215 251 301 377 502 
~ 

0 150 Hl2 II 83 94 107 125 150 188 251 
oS Hl6 83 100 III 125 143 167 201 251 335 

"" .~ H2O 104 125 139 157 179 209 251 314 419 

~ 175 Hl2 80 92 107 129 161 215 
1l 
<.> H16 71 86 95 107 123 143 172 215 287 
co H2O 89 107 119 134 153 179 
'" 

215 269 359 
:§ 200 Hl6 75 83 94 107 125 150 188 251 
:.:l H2O 78 94 104 117 134 157 188 235 314 

H25 98 117 130 147 168 196 235 294 392 

225 Hl6 67 74 83 95 111 134 167 223 
H2O 69 83 93 104 119 139 167 209 279 
H25 87 104 116 130 149 174 209 261 349 

250 Hl6 67 75 86 100 120 150 201 
H2O 62 75 83 94 107 125 150 188 251 
H25 78 94 104 117 134 157 188 235 314 

The values of e in the above tables, where the bar spacing is taken" 2 x surface zone thickness or 300 mm, whichever is the 
lesser, are derived from the relationship: e~ 3 (P/¢)WHm where p;" 0.0032 is the reinforcement ratio in the surface zone. 

To determine the value of edue to temperature and moisture effects to be considered for design purposes, see Table 3.44. 

i 

.1 

I 
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BS 8007 Elastic properties of cracked rectangular 
sections in flexure 3.47 

100As 100M x 100As 100M x 100As 100M x 
-- -

I sbd
2 

-

J:bi' 
-

bd I sbd
2 d bd d bd d 

0.10 0.095 0.159 0.80 0.697 0.384 1.50 1.259 0.483 
0.12 0.113 0.173 0.82 0.714 0.388 1.52 1.274 0.485 

. 0.14 0.131 0.185 0.84 0.730 0.392 1.54 1.290 0.487 
0.16 0.150 0.196 0.86 0.747 0.395 1.56 1.306 0.489 
0.18 0.168 0.207 0.88 0.763 0.398 1.58 1.321 0.491 

0.20 0.186 0.217 0.90 0.779 0.402 1.60 1.337 0.493 
0.22 0.203 0.226 0.92 0.796 0.405 1.62 1.353 0.495 

~ 
0.24 0.221 0.235 0.94 0.812 0.408 1.64 1.368 0.497 

" 0.26 0.239 0.243 0.96 0.828 0.412 1.66 1.384 0.499 .;l 
~ 0.28 0.257 0.251 0.98 0.845 0.415 1.68 1.399 0.501 " " ~ "0 0.30 0.274 0.258 1.00 0.861 0.418 1.70 1.415 0.503 
til 0.32 0.292 0.266 1.02 0.877 0.421 1.72 1.430 0.505 
OJ) 

0.34 0.309 0.272 1.04 0.893 0.424 1.74 1.446 0.507 ~ 

i " 0.36 0.327 0.279 1.06 0.909 0.427 1.76 1.461 0.509 
" 0.430 1.78 1.477 0.511 .0 0.38 0.344 0.286 1.08 0.925 

"0 

" .S 0.40 0.361 0.292 1.10 0.941 0.433 1.80 1.492 0.513 
.0 0.42 0.378 0.298 1.12 0.957 0.436 1.82 1.508 0.515 E 

! 0 0.44 0.396 0.303 1.14 0.973 0.438 1.84 1.523 0.517 " ~ 
0 0.46 0.413 0.309 1.16 0.989 0.441 1.86 1.539 0.518 
~ 

OJ) 0.48 0.430 0.314 1.18 1.005 0.444 1.88 1.554 0.520 
t " 'B 
! " 0.50 0.447 0.319 1.20 1.021 0.446 1.90 1.569 0.522 : " 0.52 0.464 0.325 1.22 1.037 0.449 1.92 1.585 0.524 ! .0 
! 

0 
t ~ 0.54 0.481 0.330 1.24 1.053 0.452 1.94 1.600 0.526 

"0 
0.56 0.498 0.334 1.26 1.069 0.454 1.96 1.616 0.527 * " 0.58 0.514 0.339 1.28 1.085 0.457 1.98 1.631 0.529 

~ 0.60 0.531 0.344 1.30 1.101 0.459 2.00 1.646 0.531 I:;' ~ 

~ I::';' 

" 0.62 0.548 0.348 1.32 1.117 0.462 (' 0 
!: 1 

0.g 0.64 0.565 0.353 1.34 1.133 0.464 
I:: j 

" 0.66 0.581 0.357 1.36 1.149 0.467 :" ~ 
! 

~ ,:: 0.68 0.598 0.361 1.38 1.164 0.469 Hi ""5 I"'; 

k OJ) 
0.70 0.615 0.365 1.40 1.180 0.471 !I'" 

H': til 
iV Q 0.72 0.631 0.369 1.42 1.196 0.474 j , ! i ~; 1:: 0.74 0.648 0.373 1.44 1.212 0.476 "0 
~" ' " 0.76 0.665 0.377 1.46 1.227 0.478 ~l' g 
!]:i:' <.8 0.78 0.681 0.381 1.48 1.243 0.480 {o 

.§ .!. 

!'!Jii The values in the table above are derived from the following equations: Ii 

I:II!! 
~ 

il! .~ 
[ a,As r + 2a,As _ a,As 

<i 

x 100M ~ 100As (1 _ ~) 2E 
Wi";] '- d ~ 1 ae~~' ~ 15 

" 0 .' 

frll!!1 

~ bd bd bd l,bd 2 bd 3d E, 
" ".! .€ 
" For a section subjected to combined bending and tension. where MIN> (d - O.5h), the value of M in these equations 

.! .... ) "" lii'1! 8 should be replaced by MJ ~ M - N(d - O.5h). The total area of reinforcement required is then given by As + Nils. The 

/ 'i· !ii !:~ I "" analysis of such a section, containing a given area of reinforcement, involves an iterative process in order to detennine " : 'j .~ the values ofx andls (see example 5). :'11'1 oj ; 

~Il!! 
j] 

As is area of tension reinforcement to resist M or MJ b is breadth of section 
M is bending moment due to design service loading d is effective depth of tension reinforcement 
N is direct tension due to design service loading Is is stress in tension reinforcement ....... 

III!I!! 
E, is modulus of elasticity of concrete h is overall depth of section .," 

ljn!! 
Es is modulus of elasticity of reinforcement x is neutral axis depth 

•• ii 

td For a section where MIN < (d - 0.5h), tension reinforcement is required on both faces, given by the equations: 
c.Y ~i ! r-

.1:·l. 
A O.5N (I MIN) D· . d As, ~ O.SN (1 _ MIN) on other "I ill! sl = -- + on ace In tenSIOn ue to M 

III!I!! 

Is d-O.5h Is d-O.5h 

For a comprehensive treatment of crack width calculations for combined bending and direct tension, see ref. 41. 
mil:1 
iii:I·] 
jJf1j 

~III! 2h! ' 
I 
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BS 8007 Design table for cracking due to flexure in slabs 1 - 3.48 
Thickness Bar type Maximum service 

Bar spacing (mm) of slab and size moment and stress 
mm in tension bars 300 250 225 200 175 150 125 100 
200 HIO M kNmlm 17.0 18.5 20.5 23.5 28.1 

Is N/mm2 
304 290 278 268 258 

HI2 M kNmlm 20.3 22.4 25.2 29.3 35.5 
Is N/mm2 257 249 243 237 233 

H16 M kNmlm 28.3 31.7 36.4 42.9 52.6 
j, N/mm' 210 208 206 205 204 

250 H12 M kNmlm 25.7 27.3 29.5 32.5 36.6 42.7 52.0 
Is N/mm' 301 290 279 270 263 257 253 

H16 M kNmlm 33.7 36.6 40.4 45.5 52.4 62.4 77.5 
Is N/mm2 230 226 223 221 220 220 222 

H2O M kNmlm 43.9 48.3 53.9 61.3 71.4 85.7 107.1 
Is N/mm2 198 197 197 197 199 201 204 

300 H12 M kNmlm 37.2 40.0 43.9 49.3 57.2 69.7 
Is N/mm2 

314 302 290 281 274 270 
H16 M kNmlm 39.6 44.8 48.6 53.5 60.1 69.4 82.9 

N/mm2 103.7 
Is 255 243 238 234 232 231 232 235 

H2O M kNmlm 49.3 57.4 63.1 70.6 80.6 94.3 ~ 114.1 144.1 E Is N/mm2 209 205 204 204 205 207 211 E 216 
0 350 H16 M kNmlm 50.8 57.2 61.7 67.8 76.0 87.6 104.6 131.1 ..,. 
II Is N/mm2 272 256 250 245 242 241 242 245 
~ H2O M .0 kNmlm 62.0 71.9 79.0 88.2 100.7 118.1 143.5 182.5 
.8 Is N/mm2 218 212 210 210 211 214 219 226 
il H25 M kNm/m 79.8 ;- 94.9 105.5 119.5 138.1 163.8 200.8 256.5 0 

Is N/mm2 184 " 184 186 188 192 197 203 211 ~ 

Ei 400 H16 M kNmlm 63.4 E 70.8 76.1 83.3 93.1 106.9 127.5 159.8 
N Is N/mm2 289 271 263 257 253 251 251 254 0 
II H2O M kNmlm 76.0 87.6 95.9 107.0 122.0 143.1 174.1 222.0 j Is N/mm' 227 220 217 217 218 220 226 233 

H25 M kNmlm 96.1 114.0 126.8 143.6 166.2 197.7 243.5 313.3 
Is N/mm2 189 188 189 192 196 201 209 218 

450 H16 M kNmlm 77.3 85.7 91.9 100.1 111.4 127.6 151.7 189.8 
Is N/mm2 307 286 277 269 264 260 260 263 

H2O M kNmlm 91.2 104.4 114.1 126.9 144.4 169.2 205.8 262.9 
Is N/mm2 237 228 225 224 224 227 232 240 

H25 M kNmlm 113.5 134.2 149.0 168.7 195.3 232.7 287.3 371.3 
N/mm2 Is 194 192 193 196 200 206 214 224 

500 H16 M kNmlm 102.1 109.0 118.3 131.2 149.7 177.3 221.2 
Is N/mm2 302 291 282 275 270 269 271 

H2O M kNmlm 107.7 122.6 133.5 148.1 168.1 196.5 238.8 305.0 
Is N/mm2 248 237 233 231 230 233 238 246 

H25 M kNm/m 132.1 155.5 172.5 194.9 225.5 268.7 332.2 430.6 
Is N/mm' 199 197 198 200 203 209 218 229 

600 H2O M kNmlm 144.9 163.1 176.5 194.5 219.4 255.2 308.7 393.3 
Is N/mm' 271 256 250 246 244 245 249 256 

H25 M kNmlm 173.2 202.0 223.0 251.0 289.6 344.4 425.7 552.9 
Is N/mm2 212 207 207 208 211 217 226 238 

H32 M kNmlm 225.2 272.1 306.1 351.2 412.7 499.3 626.3 821.9 
Is N/mm2 173 176 179 183 190 199 210 224 

... 

1
'1 

i 
!ii 

:ii 
Iii 



3.49 3.50 I 

BS 8007 Design table for cracking due to flexure in slabs - 2 BS 8007 Design table for cracking due to flexure in slabs - 3 

Thickness Bar type Maximum service Bar spacing (mm) Thickness Bar type Maximum service 
Bar spacing (mm) of slab and size moment and stress of slab and size moment and stress 

in tension bars 300 250 225 200 175 150 125 100 mm in tension bars 300 250 225 200 175 150 125 100 
mm 

200 H10 M kNmlm 14.1 15.1 16.5 18.4 21.2 200 HI0 M kNmlm 13.3 14.2 15.3 16.9 19.3 f, N/mm' 275 258 243 227 212 f, N/mm' 266 249 232 216 199 
H12 M kNmlm 16.4 17.8 19.7 22.2 26.0 H12 M kNm/m 15.3 16.5 18.1 20.3 23.5 f, N/mm2 227 216 206 196 186 f, N/mm2 

218 207 196 184 173 
H16 M kNm/m 22.0 24.2 27.1 31.1 36.8 H16 M kNmlm 20.2 22.1 24.6 27.9 32.7 f, N/mm2 178 173 167 162 155 f, N/mm2 

169 163 157 150 142 
250 H12 M kNmlm 22.5 23.7 25.3 27.4 30.2 34.3 40.4 250 H12 M kNm/m 21.5 22.6 24.0 25.9 28.4 32.0 37.3 f, N/mm' 280 267 255 243 231 221 210 f, N/mm2 

274 260 247 234 222 210 198 
H16 M kNm/m 28.6 30.7 33.4 36.9 41.7 48.3 58.0 H16 M kNmlm 27.1 28.9 31.3 34.5 38.6 44.4 52.8 f, N/mm' 208 202 196 191 186 182 177 f, N/mm' 201 195 188 182 177 171 165 
H2O M kNmlm 36.2 39.3 43.3 48.4 55.1 64.4 77.7 H2O M kNmlm 34.0 36.7 40.2 44.7 50.6. 58.6 70.1 f, N/mm2 174 171 169 166 164 161 158 f, N/mm2 167 164 160 157 154 150 146 

300 H12 M kNmlm 33.3 35.4 38.2 42.1 47.8 56.3 300 H12 M kNmlm 32.1 34.0 36.5 40.1 45.1 52.6 f, N/mm2 295 280 266 253 241 230 f, N/mm' 289 274 259 245 231 218 
H16 M kNmlm 35.3 39.4 42.2 45.9 50.8 57.4 66.8 80.9 H16 M kNmlm 34.0 37.7 40.3 43.6 48.0 54.0 62.3 74.7 f, N/mm' 240 224 217 211 206 201 197 193 f, N/mm2 235 219 211 204 198 192 187 181 
H2O M kNmlm 43.1 49.3 53.6 59.1 66.3 76.0 89.6 109.5 H2O M kNm/m 41.2 46.8 50.7 55.7 62.2 70.8 82.8 100.2 ~ ~ 

f, N/mm' 192 185 182 179 177 176 175 173 S f, N/mm2 187 179 175 172 169 167 164 161 
S 
S S 

\ H16 M kNmlm 46.3 51.4 55.0 59.6 65.9 74.4 86.7 105.2 '" 350 H16 M kNm/m 44.9 49.6 52.9 57.2 62.8 70.6 81.6 98.1 
N 350 

'" '" f, N/mm2 258 240 232 225 219 214 209 205 II f, N/mm2 254 235 227 219 212 205 200 194 
II 

~ 

~ 76.0 85.3 98.1 116.2 143.0 ~ 

H2O M kNmlm H2O M kNmlm 55.6 63.4 68.9 oj 
53.6 60.8 65.8 72.3 80.8 92.3 108.4 132.2 .0 .0 

f, N/mm2 203 195 191 189 187 186 185 185 0 f, N/mm2 199 190 186 182 179 177 175 173 8 -Ii> H25 M kNmlm 70.1 81.9 90.1 100.6 114.3 132.8 158.7 196.3 Ii> H25 M kNm/m 67.1 77.9 85.4 95.0 107.4 124.0 147.0 180.1 
;> ;> 

f, N/mm2 165 165 166 167 168 169 0 
f, N/mm2 164 161 159 

0 169 166 u 158 158 158 158 157 .... , 
u 

~ 
. 
~ 

S H16 M kNm/m 58.7 64.7 69.0 74.6 82.2 92.7 107.9 130.9 S 400 H16 M kNmlm 57.2 62.8 66.8 72.0 78.9 88.5 102.3 122.9 
400 

S S 
f, N/mm2 278 257 247 239 231 225 220 216 N f, N/mm' 274 252 242 233 225 218 211 205 

N 
0 0 

H2O M kNmlm 69.3 78.7 85.3 94.0 105.5 121.4 144.0 177.8 II H2O M kNm/m 67.2 75.9 82.0 90.0 100.6 115 135.4 165.6 
II 

j f, N/mm2 214 205 201 197 195 194 194 194 § f, N/mm' 211 200 195 191 188 186 184 183 ~ 
H25 M kNm/m 86.1 100.5 110.5 123.5 140.7 164.1 197.0 245.5 H25 M kNmlm 83.0 96.3 105.6 117.5 133.2 154.3 183.9 227.1 f, N/mm2 175 172 171 171 172 173 175 177 f, N/mm2 171 167 166 165 165 165 166 166 

450 HI6 M kNm/m 72.4 79.4 84.4 91.0 99.9 112.4 130.5 158.1 450 HI6 M kNm/m 70.9 77.4 82.0 88.2 96.4 107.8 124.3 149.2 

i' 

f, N/mm2 297 273 262 252 244 237 231 226 f, N/mm' 294 269 258 247 238 229 222 216 : 
95.2 103.0 113.2 126.9 145.9 173.1 214.1 

• •• 

. 
H2O M kNmlm 82.0 92.3 99.5 109.0 i H2O M kNmlm 84.2 

121.6 138.9 163.6 200.6 f, N/mm2 226 214 210 206 203 202 201 202 f, N/mm2 222 210 205 200 197 194 192 191 
'i

' 

1:,1 M kNmlm 103.2 120.1 132.1 147.6 168.2 196.5 236.6 296.2 
. 

H25 M kNmlm 100.0 115.8 126.9 141.2 160.1 185.9 222.1 275.6 
H25 .J , 

N/mm2 177 178 179 182 185 f, N/mm' 178 , l'-! f, 182 178 177 173 172 171 171 171 173 174 ii 

!-:I 

•••• 
\ !::i 

H16 M kNmlm 95.4 101.2 108.7 119.0 133.4 154.4 186.6 500 H16 M kNmlm 93.3 98.7 105.7 115.2 128.5 147.7 176.8 
"~I 500 '" N/mm' 290 277 266 256 248 241 235 

~Z 
f, N/mm2 286 273 261 

" 

, j f, 
250 241 232 225 il H2O M kNm/m 100.5 113.0 121.9 133.7 149.6 171.6 203.5 251.8 ~" H2O M kNm/m 98.2 109.9 118.3 129.3 143.9 164.2 193.2 236.9 

Ii! 
I" 

f, N/mm' 238 224 219 214 211 209 208 209 f, N/mm2 235 220 214 209 205 202 200 198 
it! 
'I! 

kNm/m 121.5 141.0 154.8 172.8 196.9 230.1 277.4 348.3 H25 M kNm/m 118.2 136.4 149.3 166.0 188.2 218.6 
iii.! H25 M 

261.7 325.6 i,f f, N/mm2 188 184 182 182 183 185 187 191 f, N/mm2 185 179 178 177 176 177 178 180 
.' : kNmlm 137.2 152.7 163.9 178.8 199.0 227.2 268.3 331.2 600 H2O M kNm/m 134.7 149.4 159.9 173.8 192.6 218.8 

ii: 600 H2O M 
256.5 313.7 "I f, N/mm2 262 245 237 231 226 223 221 221 f, N/mm2 260 241 233 227 221 217 213 211 

):.; 

456.7 
I 

iii H25 M kNm/m 162.0 186.4 203.9 226.9 257.9 301.0 363.0 H25 M kNmlm 158.5 181.5 197.9 219.4 248.2 288.0 344.7 429.8 
'. 

!: i i ~ f, N/mm2 203 196 194 192 193 194 197 201 ". 
f, N/mm' 200 192 189 188 187 187 189 191 i H32 M kNm/m 207.5 246.9 275.0 311.6 360.5 427.6 523.1 665.3 H32 M kNm/m 201.8 239.0 265.3 299.4 344.7 406.5 493.6 622.1 I il·! f, N/mm2 163 163 164 167 170 174 180 185,;,'. f, N/mm' 160 159 160 161 164 167 171 175 II! ......• 

iH '; 
i 

iii 
ill 

: t. '. 
- --



BS 8007 Design table for cracldng due to direct 
tension in walls - '1 3.51 

Thickness 
of wall 

mm 

200 

Bartype 
and size 

Maximum service 
tension force and 

stress in bars 300 250 

Bar spacing (EF) mm 

225 200 175 150 125 100 

HI2 N kN/m 278 319 378 470 620 
j; N/mm' 246 247 251 260 274 

HI6 N kN/m 394 467 574 739 1008 
j; N/mm2 196 203 214 230 251 

H20 N kN/m 545 661 830 1090 1513 

j ~ ____ ~ ______ ~j;~ ____ N~/~m~m~'-+ ____ ~ ____ +-__ ~~1~7~4-+~18~4~~1~9~8-+~21~7-4~2~4~1~ 
HI6 N kN/m 337 375 427 500 608 772 1041 250 ~ 

II j; ~~ 210 210 213 218 ll7 m ill 

~ H2O N kN/m 435 496 578 894 863 1124 1547 B j; N/mm2 173 178 184 193 206 224 246 

Z H25 N kN/m 592 688 818 1002 1271 1682 2348 
f) I' N/mm2 151 158 167 179 194 214 239 
~ ~----~----~J~"----~~~----4-~-+~~+-~-+~~+-~-+~~+-~-1 § 300 H16 N kN/m 319 370 408 460 534 641 806 1075 
N j; N/mm2 238 230 229 229 232 239 251 267 
o 
II H20 N kN/m 388 469 529 611 727 897 1157 1580 
t j; N/mm2 186 187 190 195 203 214 230 252 

H25 N kN/m 498 625 721 851 1035 1304 1715 2382 
j; N/mm2 152 159 165 174 185 199 218 243 

350 H16 N kN/m 404 442 494 567 674 839 1108 
j; N/mm2 251 247 246 247 252 261 276 

H20 N kN/m 422 502 562 645 761 930 1190 1613 
j; N/mm2 202 200 202 205 212 222 237 257 

H25 N kN/m 531 659 754 885 1069 1337 1748 2415 
I j; N/mm2 162 168 173 180 191 204 223 246 

200 HI2 N kN/m 272 293 322 368 443 
j; N/mm2 241 227 214 204 196 

H16 N kN/m 330 367 420 503 637 
j; N/mm2 164 160 157 156 159 

H20 N kN/m 406 464 548 678 890 
j; N~ 1~ 1~ 131 III In 

250 HI6 N kN/m 335 354 380 417 470 553 687 " 
j; N/mm2 208 198 189 182 176 172 171 

H20 N kN/m 384 414 456 514 598 728 940 
j; N/mm2 153 149 145 143 143 145 150 

H25 N kN/m 463 510 576 668 802 1008 1341 
j; N/mm2 118 117 117 119 123 128 137 

300 H16 N kN/m 360 385 404 430 467 520 603 737 I 
j; N/mm2 268 240 226 214 203 194 188 183 i 

H20 N kN/m 394 434 464 506 564 648 778 990 < 
;; j; N/mm2 188 173 166 161 157 155 155 158/ 

II§ H25 N kN/m 449 513 560 626 718 852 1058 1391 'J,!> 
~ ~ ____ -4 ______ ~j;~ ____ N~/m~m~2-+~13~7~~1~3~1-+~12~9~~1~2~8-+~12~8~~1~3~0-+~13~5-1~1~42~ 

HI6 N kN/m 435 454 480 517 570 653 787 350 
j; ~~ 2n m ill ill U3 2m 1% 

H20 N kN/m 444 484 514 556 614 698 828 1040 
j; N/mm2 212 193 184 177 171 167 165 166 

H25 N kN/m 499 563 610 676 768 902 1108 1441 
j; N/mm' 153 143 140 138 137 138 141 147 

Note. Values shown in bold type for Wlim = 0.1 mm exceed those obtained for Wlim = 0.2 mm as a result offormulae used for 

BS 8007 Design table for cracking due to direct 
tension in walls - 2 3.52 

Thickness 
of wall 

mm 

200 

Bar type 
and size 

Maximum service 
tension force and 

stress in bars 300 250 

Bar spacing (EF) mm 

225 200 175 150 125 100 

H12 N kN/m 271 307 360 438 561 
j; ~~ m m ill W m 

H16 N kN/m 380 446 539 679 898 
j; N/mm

2 
189 194 201 211 224 

H20 N kN/m 522 626 773 992 1336 

j ~~~~ __ ~~~j;~ __ ~~N~/m=m~2-+ ____ ~ ____ +-__ ~~1~6~6-+~17~4~~1~8~5-+~19~7-4~2~13~ 
250 HI6 N kN/m 331 366 413 479 573 712 931 N 

V'> 

II j; ~~ ~ 2~ ~ W m ~ m 
N kN/m 425 481 556 659 806 1026 1369 
j; N/mm' 169 172 177 184 193 204 218 

H20 
8 
Z 
,. H25 N kN/m 575 663 781 944 1176 1521 2061 

,g, j; N/mm
2 

147 152 159 168 180 194 210 

N 
o 
II 

N 

~=-~~~--~=-~~~~~~~~~~~~~ 
300 H16 N kN/m 316 364 399 447 512 606 745 965 

j; N/mm' 236 226 224 222 ll3 226 232 240 

N kN/m 383 459 514 589 692 840 1059 1403 
j; N/mm

2 
183 183 184 188 193 201 211 223 

H20 

N kN/m 489 608 696 815 977 1210 1555 2094 
j; N/mm2 150 155 160 166 174 185 198 213 

H25 

350 HI6 N kN/m 397 433 480 546 639 779 998 
j; ~~ 247 W ill m ill W m 
N kN/m 417 492 548 622 726 873 1092 1436 
j; N/mm

2 
199 196 196 198 202 208 217 ll9 

H20 

N kN/m 523 642 730 848 1011 1243 1588 2127 
j; N/mm

2 
160 163 167 173 180 190 202 217 

H25 

200 H12 N kN/m 269 287 313 352 414 
j; N/mm

2 
238 222 208 195 183 

N kN/m 323 356 403 473 582 
j; N/mm

2 
161 155 150 147 145 

H16 

N kN/m 394 446 520 630 801 
j; ~ lU 124 124 m lU 

H20 

250 H16 N kN/m 332 350 373 406 453 523 632 
j; N/mm

2 
207 196 186 177 169 163 157 

';;' H20 N kN/m 379 407 444 496 570 679 851 
B j; N~ In 1~ lQ 1M 136 III 1% 
,c 
8 H25 N kN/m 454 498 557 639 755 927 1197 

~ ~~~ __ r-~~-tj;~'~ ____ ~N~/m~m __ 24-____ 4-~I~I~6-+~1~14~~~11~4~~I~I~4~~1~1~5-+~1~18~+-~12~2~ f) I 0 
~ 3 0 HI6 N kN/m 357 382 400 423 456 503 573 682 

j; N/mm
2 

267 238 224 211 199 188 178 170 

o 
II 

350 

H20 

H25 

H16 

H20 

H25 

N kN/m 392 429 457 494 546 620 729 901 
j; N/mm

2 
187 171 164 158 152 148 145 144 

N kN/m 445 504 548 607 689 805 977 1247 
j; N/mm2 136 128 126 124 123 123 125 127 

N kN/m 432 450 473 506 553 623 732 
j; ~~ m m 236 m ~ lW 1~ 
N kN/m 442 479 507 544 596 670 779 951 
j; N/mm

2 
211 191 182 173 166 160 155 152 

N kN/m 495 554 598 657 739 855 1027 1297 
j; N/mm

2 
151 141 137 134 132 131 131 132 

Note. Values shown in bold type for Whm = 0.1 mm exceed those obtained for Whm = 0.2 mm as a result of formulae used for t;" 



310 

In this case, increasing ", to 1.31 reducesj, to 295 Nlmm', so 
that the area of tension reinforcement should be multiplied by 
the factor 312/295 = 1.06. 

Example 3. A simply supported 700 mm thick solid slab 
bridge deck is to be designed for bending and checked for 
cracking and fatigue to the reqllirements of BS 5400. 

Ion = 40 N/mm'.!, = 500 Nlmm', d = 620 mm 

The maximum longitudinal ultimate moment at mid-span for 
load combination 1 (37.5 units HE live load) is 950 kNmlm 

Mlbd'j" = 950 X 106/(1000 X 620' X 40) = 0.062 
AJ/bdkn = 0.078 (Table 3.24) 
A, = 0.078 X 1000 X 620 X 40/500 = 3869 mm'/m 

Although H25-125 gives 3927 mm'/m, this is unlikely to be 
sufficient with regard to cracking and fatigue, which will be 
checked on the basis of H25-100 (4909 mm'/m). 

The maximum longitudinal service moment at mid-span for 
load combination 1 (HA live load) is M, = 600 kNmlm, with 

Mg = 325 kNmlm, Mq = 275 kNmlm, MiMg = 0.85 

In the following calculations, the modulus of elasticity of the 
concrete is taken as a value reflecting the relative proportions of 
live load and permanent load. Taking E, for live load and E/2 
for permanent load, the effective value is given by: 

E,ff = [I - 0.5/(1 + MiMg)]E, 

From section 22.1.1, E, = 19 + 0.3kn = 31 kN/mm' 

E,ff = [I - 0.5/(1 + 0.85)] X 31 = 22.6 kN/mm' 

From Table 3.42, the neutral axis depth x (or do) is given by: 

xld = Y 13' + 213 - 13 where 13 = (E/E,ff)(A/bd) 

13 = (200/22.6) X 4909/(1000 X 620) = 0.07 

xld = YO.o7' + 2 X 0.07 - 0.07 = 0.31, x = 192 mm 
Stress in tension reinforcement is given by: 

J, = M/A,(d - x13) 
= 600 X 106/[4909 X (620 - 192/3)] = 220 Nlmm' 

Strain in tension reinforcement 

8, = J,lE, = 220/(200 X IO') = 0.0011 

Strain at surface taken at distance Cmin from outermost bars, 
ignoring stiffening effect of concrete, 

8j = 8, (h - x - IO)/(d - x) 
= 0.0011 X (700 - 192 - 10)/(620 - 192) = 0.00128 

Stiffening effect of concrete (with a' = h) 

8, = (3.8bth)(1 _ Mq) X 10-9 
8.A, Mg 

= 3.8 X 1000 X 700 X 0.15 X 10-9/(0.0011 X 4909) 
= 0.00007 

Strain at surface, allowing for stiffening effect of concrete, 

8 m = 8j - 8, = 0.00128 - 0.00007 = 0.00121 

Distance from surface of bar, where Sb is bar spacing, to point 
midway between bars, on surface taken at distance Cmin from 
autennast bars, is given by: 

a" = Y~(s-b/~2)~2-+-(7h---d:----1;-'0"')' - </> 12 

= Y(50), + (70)' - 12.5 = 73.5 mm 

Deflection and cracking 

The maximum design crack width is given by: 

3acrOm 
Woe = I + 2(a" - cmin)/(h - do) 

= 3 X 73.5 X 0.00121/[1 + 2 X (73.5 - 45)/(700 - 192)] 
= 0.24mm 

From Table 3.2, the limiting design crack width for a bridge 
deck soffit (severe exposure) is 0.25 mm. 

The service stress range in the reinforcement resulting from the 
live load moment Mq is given by: 

(MiM,)f, = (275/600) X 220 = 101 N/mm2 . 

From Table 3.2, the limiting value, for spans in the range 
5-200 m and bar sizes> 16 mm, is 120 N/mm2 

Example 4. The wall of a cylindrical tank, 7.5 m deep and 
15 m diameter, is 300 mm thick. The wall, which is continuous 
with the base slab, is to be designed for temperature effects, and 
those due to internal hydrostatic pressure when the tauk is full 
of liquid. 

Design crack width 0.2 mm 
Cover to horizontal bars 52 nun 

Ion = 40N/mm' 
j, = 500 N/mm2 

Effects oj temperature change. Allowing for concrete grade 
C32/40, with 350 kg/m' Portland cement, at a placing temperature 
of 20°C and a mean ambient temperature during construction of 
15'C, the temperature rise for concrete placed within 18 mm 
plywood formwork: 

Tj = 25°C (Table 2.18) 

As the wall is to be designed to resist hoop tension, there will 
be no vertical movement joints and allowance must be made for 
a fall in temperature due to seasonal variations. Allowing for 
T, = 15'C, restraint factor R taken as 0.5 and coefficient of 
thermal expansion" taken as 12 X 10-6 per 'C (Table 3.5), 
restrained total thermal contraction after the peak temperature 
arising from hydration effects is given by: 

R" (Tj + T2) = 0.5 X 12 X 10-6 X (25 + 15) = 240 X 10-6 

From Table 3.46, for 0.2 mm crack width and a surface zone 
thickness of 30012 = 150 mm, H16-200 (EF) will suffice. 

Effects ajhydrostatic load. Suppose that an elastic analysis of 
the tank, assuming a floor 300 mm thick, indicates a service 
maximum circumferential tension of 400 kN/m. This valu~ 
occurs at a depth of 6 m, and above this level the hoop ten- . 
sions can be assumed to reduce approximately linearly t? 
near zero at the top of the wall. 

2 •• 
In BS 8110, for direct tension andj, = 500 N/mm , rru~mUl1l 
reinforcement equal to 0.45% of the concrete cross sectIOn l:S 

required. Hence, for a wall 300 mm thick, the minimum area 
of reinforcement required on each face: 

A . = 00045 X 1000 X 150 = 675 mm2/m (H16-300) smm . 

From Table 3.51, for a 0.2 mm crack width and 40 mm cover, 
the following values are obtained for a 300 mm thick wall: 

H16-225 (EF) provides for N = 408 kN/m 
H16-300 (EF) provides for N = 319 kN/m 

In order to cater for the effects of both temperature change 
hydrostatic load, H16-225 (EF) can be used for a 

Cracking 

3.0 m say, and minimum reinforcement of H16-300 (EF) for the 
remaining height of 4.5 m. 

Example 5. A 200 mm thick roof slab to a reservoir is to be 
designed for serviceability cracking to the requirements of 
BS 8007. 

Design crack width 0.2 mm Cover to bars 40 mm 

(a) Sliding layer is provided between slab and perimeter wall. 
Maximum service moment: M = 25 kNmlm. 

From Table 3.48, H12-150 caters for M = 25.2 kNmlm with 
J; = 243 N/mm'. 

(b) Slab is tied to perimeter wall. Maximum service moment 
and direct tension: M = 25 kNmlm and N = 40 kN/m. 

h = 200 mm, d = 200 - (40 + 12/2) = 154 mm 

Since MIN = (25/40) X 10' = 625 mm > (d - 0.5h) = 54mm, 
one face will remain in compression, and the section can be 
designed for a reduced moment M j = M - N(d - 0.5h) with 
the tensile force acting at the level of the reinforcement. 

M j = 25 - 40 X 0.054 = 22.8 kNmlm 

From solution (a) above, take J; = 240 Nlmm' as a trial 
value. 

100M/J,bd2 = 100 X 22.8 X 106/(240 X 1000 X 154') = 00400 

From Table 3.47, by interpolation: 100A,jlbd = 0.445 

A,j = 0.00445 X 1000 X 154 = 685 mm'lm 

Total area of reinforcement required is given by: 

A, = A,j + NIJ, = 685 + 40 X 10'1240 = 852 mm2/m 

Using H12-125 gives 905 mm2/m. This may not necessarily be 
sufficient, because the stiffening effect of the concrete inherent 
in solution (a) is reduced by the additional tension. A crack 
width calculation is needed to confirm the solution. 

3ll 

The stress in the reinforcement is given approximately by: 

J, = 240 X 852/905 = 226 Nlmm' 
100MjlJ,bd' = 0.400 X 2401226 = 0.425 

From Table 3.47, by interpolation: 100A,/bd = 0.474 

A,j = 0.00474 X 1000 X 154 = 730 mm'lm 

A, = A,j + NIJ, = 730 + 40 X 10'1226 = 907 mm'lm 

This is near enough to the area given by H-125, no further 
iteration is needed, and looM/J,bd' = 0.425 may be assumed. 

From Table 3.47, by interpolation: x/d = 0.312, x = 48 mm 

Strain in the reinforcement, 

8, = 1/E, = 226/(200 X 10') = 0.00113 

Strain at surface, ignoring stiffening effect of concrete, 

8j = 8.(h - x)/(d - x) 

= 0.00113 X (200 - 48)/(154 - 48) = 0.00162 

Stiffening effect of concrete at surface (with a' = h) 

8, = h.(h - x),/3E,A.(d - x) 

= 1000 X (200 - 48)'1[3 X 200 X IO' X 905 X (154 - 48)] 
= 0.00040 

Strain at surface, allowing for stiffening effect of concrete, 

8 m = 8j - 82 = 0.00162 - 0.00040 = 0.00122 

Distance from surface of bar, where Sb is bar spacing, to 
point on surface midway between bars, is given by: 

a" = Y(sb/2)' + (h - d)2 - </>/2 

= Y(62.5)' + (46)' - 6 = 71.6 mm 

The maximum design crack width is given by: 

_~~~3_a~,~~m~~ __ Wer =-:;-
1 + 2(a" - cmin)/(h - x) 

= 3 X 71.6 X 0.00122/[1 + 2 X (71.6 - 40)1(200 - 48)J 
=0.19mm 

:: 
I 
I 

I 
:1 
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Codes of Practice contain numerous requirements that affect 
the reinforcing details such as minimum and maximum areas, 
tying provisions, anchorage and curtailment 

Bars may be arranged individually, in pairs or in bundles of 
three or four in contact In BS 8110, 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 total cross-sectional 
area as the group, In BS 5400, the forgoing cover requirement 
is increased by 5 mm. Requirements for cover with regard to 
durability and fire-resistance are given in Chapter 23. Gaps 
between bars (or groups of bars) generally should be not less 
than the greater of (hagg + 5 mm), where hagg is the maximum 
size of the coarse aggregate, or the bar size (or the equivalent 
bar size for bars in groups). Details ofreinforcement limits are 
given in Table 3.53 for BS 8110, and Table 3.59 for BS 5400. 

27.1 TIES IN STRUCTURES 

For robustness, the necessary interaction between elements is 
obtained by tying the s!mcture together. Where the strncture is 
divided into structurally independent sections, each section 
should have an appropriate tying system. In the design of ties, 
the reinforcement may be assumed to act at its characteristic 
strength, and only the specified tying forces need to be taken 
into account. Reinforcement provided for other purposes may 
be considered to form part of, or the whole of the ties. Details 
of the tying requirements in BS 8110 are given in Table 3.54. 

27.2 ANCHORAGEANDLAPLENGTHS 

At both sides of any cross section, bars should be provided with 
an appropriate embedment length or other form of end anchorage. 
In BS 5400, it is also necessary to consider 'local bond' where 
large changes of tensile force occur over short lengths of 
reinforcement. Critical sections for local bond are at simply 
supported ends, at points where tension bars stop and at points 
of contra-flexure. However, the last two points need not be 
considered if the anchorage bond stresses in the continuing bars 
do not exceed 0.8 times the ultimate values. 

The radius of any bend in a reinforcing bar should conform 
to the minimum requirements of BS 8666, and should ensure 
that the bearing stress at the mid-point of the curve does not 
exceed the maximum value given in BS 8110 or BS 5400 as 

Chapter 27 

Considerations 
affecting design details 

appropriate. A link 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 
minimum length of eight diameters. Details of anchorage 
lengths, local bond stresses, and bends in bars are given in 
Tables 3.55 and 3.59, for BS 8110 and BS 5400 respectively. 

In BS 8007. for horizontal bars in direct tension, the design 
ultimate anchorage bond stress is taken as 70% of the value 
given in BS 8110. Also, for sections where bars are needed to 
control cracking due to temperature and moisture effects, the 
required anchorage bond length l,b = </>/6 P ,where p;,: Pori, is 
the reinforcement ratio in the surface zone (Table 3.44). This 
value can exceed the anchorage bond length in BS 8110. 

Laps should be located, if possible, away from positions of 
maximum moment and should preferably be staggered. Laps in 
fabric should be layered or nested to keep the lapped wires or 
bars in one plane. BS 8110 requires that, at laps, the sum of all 
the reinforcement sizes in a particular layer should not exceed 
40% of the breadth 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 of size not 
less than one-quarter the size of the smaller bar, and spacing 
not greater then 200 mm, should be provided throughout the lap 
length. Details of lap lengths are given in Tables 3.55 and 3.59 
for BS 8110 and BS 5400 respectively. 

27.3 CURTAILMENT OF REINFORCEMENT 

In flexural members, it is generally advisable to stagger the 
curtailment points of the tension reinforcement as allowed 
by the bending moment envelope. Curtailed bars should 
extend beyond the points where in theory they are no longer 
needed, in accordance with certain conditions. Details of the 
general curtailment requirements in BS 8110 are given in 
Table 3.56. Simplified rules for beams and slabs are also 
shown in Tables 3.57 and 3.58. In BS 5400, the general 
curtailment procedure is the same as that in BS 8110, except for 
the requirement at a simply supported end where condition 0) 
does not apply. 

Example 1. The design ofthe beam shown in thefollowing 
ure is given in example I of Chapters 24 (bending) and 25 \sn.el1l).,{(' 
The design ultimate loads on each span are F m~ = 416 
Fmio = 160 kN. The main reinforcement is as follows: 

BS 8110 Reinforcement limits 3.53 
Minimum areas of grade 500 reinforcement according to condition 

As,min (mm2
) 

Tension reinforcement in sections subjected mainly to pure tension 0.0045A, 
Tension reinforcement in sections subjected to flexure: 

T -beam with flange in tension 
0.0026bwh L-beam with flange in tension 

Flanged beam with web in tension (bw/b < 0.4) 0.0020bwh 

Flanged beam with web in tension (bw/b;o, 0.4) 0.0018bwh 

Rectangular section (in solid slabs, this requirement applies in both directions) 
O.OO13bwh 
O.OO13bh 

Compression reinforcement (where such reinforcement is required for the ultimate limit state) 
General rule 
Simplified rules for particular cases: 0.004A" 

Rectangular column or wall 
0.004A, Flanged beam with flange in compression 

Flanged beam with web in compression 0.004bhf 
~ 0.002bwh '" Rectangular beam 
~ 0.002A, 
'" Transverse reinforcement in beam flanges (near top surface over full effective flange width) 

! 0.0015h f l 
'Anticrack' reinforcement in plain walls (in each direction) 

0.0025A, :§ Note 1. ~e is tot~l area of co~crete, Ace is area of concrete in compression, b is width of section or width of flange as 
~ 

appropnate, b~ IS average WIdth of concrete below flange, h,is thickness of flange, and 1 is length of flange. 
N?te 2. F?r remforced columns, mInImUm number of bars is 4 in rectangular columns and 6 in circular columns 
~~=~~~12~ , 

Note 3. Columns or walls with less than the minimum areas of reinforcement should be desigued as plain concrete. 

Minimum requirements of grade 500 reinforcement in solid slabs 
Thickness Maximum spacing of main or secondary Thickness Maximum spacing of main or secondary 

of slab reinforcement according to bar size (mm) of slab reinforcement according to bar size (mm) 
mm 8 10 12 mm 8 10 12 
100 225 200 200 300 450 125 300 225 175 275 400 
150 250 375 250 150 250 350 175 225 350 450 300 125 200 300 

Note. Values of maximum bar spacing are limited to 3(h - 25), where h is slab thickness. 

~ 
Maximum areas of main reinforcement according to member A,.m~ (mm') 

'" " Beams (tension or compression reinforcement) @ 0.04A, 

! Columns (longitudinal reinforcement) 
Vertically-cast columns 

0.06A, '" Horizontally-cast columns 
'" 0.08A, 
~ At laps in all columns 

O.IOA, 
Walls (vertical reinforcement) 

0.04A, 

" Minimum requirements for containment of compression reinforcement according to member 
.8 Beam or column Links or ties, at least one-quarter the size of the largest compression bar or 6 mm whichever is 00 
00 

~ the greater, at a maximum spacing of 12 times the size of the smallest compression bar. Every S-o corner bar, and each alternate bar (or paIr or bundle) m an outer layer of reinforcement should 
" be supported by a link passing round the bar and having an included angle not greater th~n 135'. .5 
I'; 

Reinforced wall 
For cHcular columns, circular ties passing round the bars or groups provide sufficient support. 

'" Honzontal bars, at least one-quarter the size of the largest compression bar or 6 mm whichever '"" -.. 
IS the greater, providing not less than 0.25% of the concrete area. If the vertical c~mpression 0 

" remforce~ent exceeds 2% of ~he con~rete area, links at least one-quarter the size of the largest " S compressIOn bar or 6 mm, whIchever IS the greater, should be provided through the thickness of 
'E the wall. The lmk spacmg should not exceed twice the wall thickness in either the horizontal or 
" the vertical direction, nor 16 times the bar size in the vertical directio~. All vertical compression 8 

should b~ enclosed by a link, and no bar should be further than 200 mm from a restrained bar, at 
whIch a Imk passes round the bar with an included angle of not more than 90'. 
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oftie 

Peripheral 

Internal 

Horizontal 
to columns 
and waIls 

Vertical 

.. ' 

Column to wall L_I---' 
ties at each column 
(or wall)lfloor 
intersection 

Vertical ties 

Internal ties 

.. ' .. ' 

Peripheral ties 

Requirement 

Wherever possible, a system 
of effectively fully continuous 
horizontal and vertical ties 
should be provided to satisfy 
the requirements given below. 
If appropriate ties cannot be 
provided, some other design 
strategy should be examined, 
as described in section 6.1.1, 
and Part 2 of BS 8110. 

At each floor and roof level, an effectively continuous tie, located within 1.2 m of the outside edges 
of the building, or within a perimeter wall. The tensile force to be resisted is given by: 

Ft = (20 + 4no)'; 60 kN where: no is the number of storeys in the structure 

At each floor and rooflevel, in two directions approximately at right angles, effectively continuous 
ties anchored to the peripheral tie at each end (unless continuing as ties to columns or walls). They 
may, in whole or in part, be spread evenly in slabs, or may be grouped at or in beams, walls or other 
appropriate positions. If grouped, they should be spaced generally at not more than 1.51, where I, is 
the greater distance between the centres of the columns, frames or walls supporting any two adjacent 
spans in the direction of the tie under consideration. In walls they should be within 0.5 m of the top 
or bottom of the floor or roof slab. The tensile force to be resisted is given by: 

Ft•i", = ( g\+5 qk )C; )Ft ? Ft (kN/m width) 

where: (gk + qk) is the sum of the characteristic dead and imposed loading, I, is as defined above. 

When walls occur in plan in one direction only (e.g. cross-wall or spine-wall construction), the value 
of I, used to assess the tie force in the direction parallel to the wall should be taken as the lesser of 
the actual length of the wall, or the length that may be considered lost in the event of an accident. 
This length should be taken as the length between adjacent lateral supports, or the length between a 
lateral support and a free edge, as appropriate. 

Each external column and, if the peripheral tie is not located within the waIl, every metre length of 
external waIl carrying vertical load should be anchored or tied horizontally into the structure at each 
floor and roof leveL The tensile force to be resisted is given by the greater of: 

(a) 2Ft [or (I, 12.5)Ft ifless, where I, is the floor to ceiling height in metres]; or 
(b) 3% of the total design ultimate vertical load carried by the column or wall at that level 

For comer columns, ties able to resist the tensile force should be provided in each of two directions, 
approximately at right angles. When the peripheral tie is located within a wall, only such horizontal 
tying as is required to anchor the internal ties to the peripheral tie needs to be considered. 

Each column and each wall carrying vertical load should be tied continuously from the highest to the 
lowest level. The tensile force to be resisted is the maximum design accidental load received by 
column or wall from anyone storey. For this purpose, )f should be taken as 1.05, and the following 
loads should be taken into account: dead load; one-third of imposed load, except for buildings used 
predominantly for storage or industrial purposes, or where the imposed loads are permanent, when 
full load should be taken; one-third of wind load. 

Horizontal ties, with a minimum capacity of 2Ft in each spanning direction, should be positioned so as to inl<lra,ot 
the vertical structure. For columns, this can generally be achieved by ensuring that two bottom bars in each directioI11 
pass directly through the column. Where top bars are used as ties, they should be restrained by links in the beam/slab. 

In the design of ties, reinforcement may be assumed to act at its characteristic strength, and only the specified 
forces need be taken into account. Reinforcement provided for other purposes may be considered to form part 
the whole of the ties. At re-entrant comers, or at substantial changes in construction, care should be taken to 
that ties are adequately anchored or otherwise made effective. A tie may be considered anchored to another tie 
angles if the bars of the former tie extend: either 12¢, or an equivalent anchorage, beyond all the bars of the _'<.o~i;e"+ 
or, an effective anchorage length (based on the force in the bars) beyond the centre-line of the bars of the 
The anchorage and lap lengths given in Table 3.55, including the multiplier A,.,.,,/A,.p,", may be used for this purpo,se. 
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The required anchorage bond length for a bar, acting at the maximum design stress, is given by: h, = (0.87/y/4ibu)¢ 

ibu 

fJ 

¢ 

is the ultimate anchorage bond stress given bY.lim = fJ~ j,u 

is a coeffi~ient dependent on bar type. For bars in tension, in slabs, or in beams where minimum links have 
b~en prOVIded, fJ = 0.28, 0.4 and 0.5 for plain, type 1 deformed, and type 2 deformed bars respectively. If 
mlmmum hnks are not provided in beams, fJ = 0.28 should be used. For fabric, where the number of welded 
mtersectlOns wlthm the anchorage length is at least four, fJ = 0.65 may be used. Otherwise, a value of fJ 
appropnate to the type of bar should be ~sed. For bars in compression, values of fJmay be increased by 25%. 
IS the bar size. For a group ~fbars curtailed at the same position, ¢ should be taken as the equivalent bar size. 
If bars m a group are curtailed at different positions, with an anchorage bond length or more between each 
posllion, ¢ may be taken as the value for a single bar. . 

The required lap length for a bar, acting at the maximum design stress, is given by: 

ll\ is a coeffici~nt dependent on the conditions. For bars in tension, Q] = 1.0 except: ta) where a lap occurs at the 
top of a sectIOn as cast and the cover is less than 2¢, ll\ = 1.4; (b) where a lap occurs at the corner of a section 
and the cover to either face IS less than 2¢, or the gaps between adjacent laps in the same layer are less than 
6¢? 75 mm, ll\ = 1.4; (c) where conditions (a) and (b) apply, ll\ = 2.0. For bars in compression, ll\ = 1.25. 

Ultimate anchorage bond lengths and lap lengths as a multiple ofhar size (for grade 500, type 2 deformed bars) 

Condition Concrete cube strength lou (N/mm') 

25 30 35 40 50 
Tension anchorage length 

Compression anchorage length 
44 

35 
40 38 35 
32 30 28 

31 

25 
Tension lap length (ll\ = 1.0) 

Tension lap length (ll\ = 1.4) 

Tension lap length (ll\ = 2.0) 

Compression lap length (ll\ = 1.25) 

44 40 38 35 31 

~ 56 ~ ~ « 
88 80 ~ m ~ 

44 40 38 35 3 I 

Note. When the stress in the reinforcement is less than 0.87!" anchorage lengths and lap lengths may be multiplied 
by A,.ceq IA,.p,",. Mmtmum lap lengths: for bars, greater of 15 times bar size or 300 mm; for fabric, 250 mm. 

For a 90' bend,. the effective anchorage length for that portion of the bar between the start of the bend and a point four 
IJmes the bar size beyond the end .of the bend may be taken as the greater of: either, four times the internal radius of 
the bend With a maximum of 12 limes the bar size, or the actual length of bar. For bars bent to the minimum radius 
accordmg to BS 8666, the effective anchorage length of a 90" bend is 8¢ for ¢'; 16, and 12¢for ¢> 16. Any length of 
bar m excess of four limes the bar size beyond the .ond of the bend, and which is within the anchorage region, may also 
be taken mto account. In thiS case, the mtemal radms of the bend should satisfy the foIlowing relationship: 

Fbt (I + 2¢,ab) 
r? 2 r ? rmin (according to BS 8666) where 

J cu¢ 

Fbt 

ab 

r 
¢ 

is the tensile force due to the design ultimate loads in a bar, or group of bars in contact, at the start of a bend 
IS the ce~tre-to-centre dIstance between bent bars (or groups of bars) perpendicular to the plane of bend. If, at 
the pOSitIOn oflhe bend, the bar (or group of bars) is adjacent to the face of the member ab should be taken as 
the cover to the bar plus the bar size. ' 
is the internal radius of the bend 
is the bar size or, for bars in a group, the equivalent bar size 

lou 
N/mm' 

Minimum value of r as a multiple of bar size (with/, = 0.87 x 500 = 435 N/mm') for values of ab I¢ 

2 3 4 5 6 8 10 12 

;~ 13.7 11.4 10.3 9.6 9.1 8.5 8.2 8.0 
35 11.4 9.5 8.5 8.0 7.6 7.1 6.8 6.6 
40 9.8 8.1 7.3 6.8 6.5 6.1 5.9 5.7 
50 85 7.1 6.4 6.0 5.7 5.3 5.1 5.0 

6.8 5.7 5.1 4.8 4.6 4.3 4.1 4.0 

Note. Tab~lated values of r may be multiplied by /,/435, where!, is the stress in the reinforcement at the start of the 
bend. Mlmmum values ofr for bending according to BS 8666 are 2¢for ¢'; 16, and 3.5¢for ¢> 16. 
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spans 2H32 (bottom); at support B, 3H32 (top) and 2H25 
(bottom). The width of each support is 400 mm, and bars are to 
be curtailed according to the requirements of BS 8110. In the 
following calculations, the use of the general cnrtailment 
procedure (Table 3.56) and the simplified curtailment rules 
(Table 3.57) are both examined. 

f" = 40 N/mm',fy = 500 N/mm', d = 450 mm 

ABC 

t I I 
8m 8m 

I- -I-I 

Spans Cross section 

(load case 1) 

Elastic bending moment diagram 

End anchorage. At the bottom of each span, the 2H32 will be 
continued to the supports. At the end support (simple), an 
effective anchorage of 12", is required beyond the centre of 
bearing. This can be obtained by providing a 90' bend with an 
internal radius of 3.5"', provided the bend does not start before 
the centreline of the support. Allowing for 50 mm end cover 
to the bars, the distance from the outside face of the support to 
the start of the bend is 50 + 4.5", = 194 mm. This would be 
satisfactory since the width of the support is 400 mm. If the 
support width were any less, the 2H32 could be stopped at 
the face of the support and lapped with 2H25, in which case it 
would be necessary to reassess the shear design. 

Curtailment points for top bars. The resistance moment 
provided by 2H32 can be determined as follows: 

A,J,lbdf" = 1608 X 500/(300 X 450 X 40) = 0.149 
M/bd'hn = 0.111 (Table 3.14) 
M = 0.111 X 300 X 450' X 40 X 10-' = 270 kNm 

For load case 1, reaction at A (or C) is given by: 

RA = 0.5Fm" - MB/L = 0.5 X 416 - 416/8 = 156 kN 

Distance x from A to point where M = 270 kNm is given by: 

0.5(Fm,,/L) x' - RAx = 0.5 X (416/8)x' - 156x = 270 

Hence 0.5x' - 3x - 5.2 = 0, giving x = 7.4 m. Thus, of the 
3H32 required at B, one bar is no longer needed for flexure at 
a distance of (8.0 - 7.4) = 0.6 m from B. 

The bar to be cnrtailed needs to extend beyond this point for 
a distance not less than d 2': 12", = 450 mm, to a position 
where one of the following conditions is satisfied: 

1. A full tension anchorage length beyond the theoretical point 
of curtailment, that is, 35", = 35 X 32 = 1.1 m 

Considerations affecting design details 

2. A point where the shear force is no more than half the 
design shear resistance at the section. From the shear design 
calculations in Chapter 25, with H8-300 links, Vn = 170 kN. 
For load case 1, distance x from B to the point where shear 
force is 17012 = 85 kN, is given by: 

x = [1 - (85 + 156)/416]L = 0.42 X 8 = 3.36 m 

3. A point where the bending moment is no more than half 
the design resistance moment at the section. As in the 
calculations above, but with M = 27012 = 135 kNm, 
O.5x' - 3x - 2.6 = 0, giving x = 6.8 m, and a distance 
from B of (8.0 - 6.8) = 1.2 m. 

From the foregoing, it can be seen that if the bar were curtailed 
at a distance of 1.2 m from B, this would satisfy condition (3) 
and be more than 450 mm beyond the theoretical curtailment 
point at 0.6 m from B. However, the bar should extend 1.3 m 
from B in order to provide a full tension anchorage of 1.1 m 
beyond the face of the support. It can be seen from the forego­
ing calculations that checking conditions (2) and (3) is a tedious 
process, and complying with condition (I) is a more practical 
approach, even though it would mean curtailing the bar at 
(0.6 + 1.1) = 1.7 m from B in this example. 

Suppose that the remaining 2H32 are continued to the point of 
contra-flexure in span BC for load case 2. 

The reaction at support C is given by 

Rc = 0.5F mi, - MBIL = 0.5 X 160 - 288/8 = 44 kN 

Distance from B to point of contra-flexure is given by: 

x = L(1 - 2Rc/Fmin) = 8 X (I - 2 X 441160) = 3.6 m 

The bars need to extend beyond this point for a distance not less 
than d 2': 12", = 450 mm. Link support bars, say 2H12 with a 
lap of 300 mm, could be used for the rest of the span. 

If the simplified curtailment rules are applied, one bar out of 
three may be cnrtailed at 0.15L 2': 45", = 1.45 m from the face 
of the support, that is, at 1.65 m from B. The other two bars may 
be curtailed at 0.25L = 2.0 m from the face of the support, that 
is, at 2.2 m from B. Beyond this point, bars giving an area not 
less than 20% of the area required at B should be provided, that 
is, 0.2 X 2413 = 483 mm' (2H20 gives 628 mm'). Since the 
bars are in the top of a section as cast, where the cover is less 
than 2", and the gap between adjacent laps is not less than 
6"" "'I = 1.4 (see Table 3.55) and the required lap length is: 

Ibl = 49", (A,."lA,.pm.) = 49 X 20 X 483/628 = 750 mm 

Example 2. A typical floor to an 8-storey building consists 
of a 280 mm thick flat slab, supported by columns arranged 
on a 7.2 m square grid. The slab, for which the characteristiC 
loading is 8.0 kN/m' dead and 4.5 kN/m' imposed, is to 
provided with ties to the requirements of BS 81 
design ultimate load on a panel is 954 kN, and belldillg 
moments are to be determined by the simplified method 
section 13.8). 

f" = 40 N/mm',fy = 500 N/mm', cover to bars = 25 

Allowing for the use of H12 bars in each direction, and 
on the bars in the second layer of reinforcement: 

d = 280 - (25 + 12 + 6) = 235 mm say 

Curtailment of reinforcement 

From Table 2.55, the design ultimate sagging moment for an 
interior panel is given by: 

M = 0.063FI = 0.063 X 954 X 7.2 = 433 kNm 

The total panel moment is to be apportioned between column 
and middle strips, where the width of each strip is 3.6 m. For 
the column strip with 55% of the panel moment, 

M = 0.55 X 433 = 238 kNm 
M/bd'fcn = 238 X 10'/(3600 X 235' X 40) = 0.030 

From Table 3.14, since M/bd'fcn < 0.043, z/d = 0.95. Hence, 

A, = 238 X 10'/(0.87 X 500 X 0.95 X 235) 
= 2504 mm' (24HI2-150 gives 2714 mm') 

For the middle strip with 45% of the panel moment, 

M = 0.45 X 433 = 195 kNm 
Mlbd2hn = 195 X 10'/(3600 X 235' X 40) = 0.025 ( < 0.043) 

A, = 195 X 10'/(0.87 X 500 X 0.95 X 230) 
= 2008 mrn' (18HI2-200 gives 2036 mm') 

For the peripheral tie, the tensile force is given by: 

FI = (20 + 4no):5 60kN = (20 + 4 X 8) = 52kN 

The required area of reinforcement, acting at its characteristic 
strength, is given by: 

A, = F.Jfy = 52 X 103/500 = 104 mm' (!H12) 

For the internal ties, the tensile force is given by: 

(
gl + qk)(I,) 

F,.iot = -u-- "5 FI:2: F, kN/m 

= (8.0
7
+
5

4.5)(75
2) X 52 = 125 kN/m 

If the internal ties are spread evenly in the slab, the required 
area of reinforcement acting at its characteristic strength, 

A, = 125 X 103/500 = 250 mm'/m (H12-400) 

In this case, alternate bars in both column and middle strips 
need to be made effectively continuous. 

If the internal ties are concentrated at the column lines, the total 
area of reinforcement required in each group, 

A, = 250 X 7.2 = 1800 mm' (l6HI2 gives 1810 mm') 

In this case, the bars in the middle two-thirds of each column 
strip need to be made effectively continuous. Since the bars are 
located at the bottom of the slab, and the gap between each set 
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of lapped bars exceeds 6"" "'I = 1.0 and a lap length of 35", is 
sufficient (Table 3.55, for Ion = 40 N/mm'). 

Example 3. The foIIowing figure shows details of the rein­
forcement at the junction between a 300 mm wide beam and a 
300 mm square column. Bars 03 need to develop the maximum 
design stress at the column face, and the required radius of bend 
is to be checked in accordance with the requirements ofBS 8110. 

Ion = 40 N/mm',fy = 500 N/mm' 

03 

I "2H25; 0:; (U ba>"S)B 

020301[[ 

Cover to U bars: end 50, side 75 

The minimum radius of bend of the bars depends on the value of 
ab/¢ , where ab is taken as either centre-to-centre distance between 
bars, or (side cover plus bar size), whichever is less. Hence 
ab = (300 - 75 X 2 - 25) = 125:5 (75 + 25) = 100mm. 

From Table 3.55, for ab/", = 100125 = 4, r min = 6.4",. This 
value can be reduced slightly by considering the stress in the bar 
at the start of the bend. If r = 6"" distance from face of column 
to start of bend = 300 - 50 - 7 X 25 = 75 mm (i.e. 3",). From 
Table 3.55, the required anchorage length is 35"" and r mi, = 

(I - 3",/35", ) X 6.4", = 5.9",. Thus r = 6", is sufficient. 

Example 4. A 700 mm thick solid slab bridge deck is simply 
supported at the end abutments. The design of the slab to the 
requirements of BS 5400 is given in example 2 of Chapter 25 
(shear) and example 3 of Chapter 26 (bending, cracking and 
fatigue). The tension reinforcement at the end of the span is 
H25-200, and the maximum design shear force is 625 kN act­
ing on a 1.5 m wide strip of slab. A local bond check is required. 

Ion = 40 N/mm',fy = 500 N/mm2, d = 620 mm 

Bar perimeter provided by H25-200 in a 1.5 m strip of slab, 

kU, = (1500/200) X 2571" = 589 mm 

The local bond stress is given by the relationship 

fb, = V/ku,d = 625 X 10'/(589 X 620) = 1.71 N/mm' 

From Table 3.59, ultimate local bond stress .libn = 4.0 N/mm'. 



BS 8110 Curtailment requirements 3.56 
In every member, except at end supports, every bar should extend beyond the point at which in theory it is no longer 
needed for flexural resistance, for a distance not less than the greater of the effective depth of the member, or twelve 
times the bar size. In addition, bars that are curtailed in a tension zone should satisfy one ofthe foIIowing conditions: 

(I) The bar extends for an anchorage bond length, appropriate to the maximum design stress 0.87!" beyond the point 
at which in theory it is no longer needed (i.e. the point where the design resistance moment, considering only the 
continuing bars, is equal to the design moment). 
(2) The bar ends at a point where the design shear resistance is at least twice the design shear force at the section. 
(3) The bar ends at a point where the design resistance moment is at least twice the design bending moment at the 
section (i.e. the design bending moment is no more than halfthe value at the theoretical curtailment point). 

The simplest approach is to satisfy condition (I), as shown in the foIIowing example in which a, = d" 12¢, where dis 
the effective depth and ¢ is the bar size, and a] = Ib'" d, where Ib' is the anchorage bond length (see Table 3.55). 

I,b F f ,/<--"'--+- ace 0 support 
a, 

3 bars shown --I 

Bending 
moment 
envelope 

/\ 
v \ 

I 
I I" 

2 bars shown -:1111r-.~'i---4 \ ____ -+ _______ \+-.JI/~__,_.~=j:::j2 bars shown 

:1 1\ 6 bars shown V I 

end cover -it '-... / I 
~ ~ ~ 

1----" / 
Span 

t effective support <l effective support 

End support (continuous) Interior support 

~ 

Example of general curtailment procedure using option (1) for bars curtailed in a tension zone 

At a simply-supported end of a member, each tension bar should satisfy one of the foIIowing conditions: 

(I) The bar extends for an effective anchorage length equivalent to 12l' beyond the centre-line of the support, but no 
bend should begin before the centre-line of the support. 
(2) The bar extends for an effective anchorage length equivalent to 12¢ beyond a point dl2 from the face of 
support, but no bend should begin before a point dl2 from the face of the support. 
(3) For slabs, where the design ultimate shear stress is less than O.5v, (see Table 3.33), the bar extends for a distance 
beyond the centre-line of the support, equal to w/3 " 30 mm where w is the support width. 

For bars bent to the minimum radius according to BS 8666, the minimum support width needed to satisfy condition 
(I) is given by w = (2c + 9¢J for ¢ > 16 mm, where c is the end cover to the bar. For ¢.,; 16 mm, the minimum 
of support is given by w = (2c + 6¢J provided the bar extends eight times the bar size beyond the end of the bend. 

If the end of a beam is monolithicaIIy connected to a column but the beam is designed on the assumption of a <;oml"l, 
support, with some nominal top reinforcement to control cracking, the anchorage of the bottom reinforcement <h{ml<tT' 

satisfy either (I) or (2). Ifthe design resistance ofthe beam in bending and shear is based on the top reinforcement, 
top bars should extend into the span for a distance of at least 3d from the face of the support. 

Where a beam or slab extends beyond the end support to form a cantilever, care should be taken to ensure that the top 
reinforcement in the cantilever extends beyond the point of contra-flexure in the adjacent span. 

BS 8110 Simplified curtailment rules for beams 3.57 
The curtailment of reinforcement shown in the figures below may be used for beams in the foIIowing circumstances: 

(I) The beams are designed for predominantly uniformly distributed loads. 
(2) In the case of continuous beams, the spans are approximately equal. 

The d~tails shown.in the figure~ do ll?t neces~a?ly provide sufficient areas of reinforcement, where bars are required 
to act m compressIon, or to sallsfy tymg provlslOns (see Table 3.54). Dimensions shown thus, 0.1511*' should be not 
less than a tensIOn anchorage length (see Table 3.55), which may be conservatively taken as 45 times the bar size. 

0.25/] 0.2512 

r;lf·l~511* 10.15lz* ~ 0.6As3 

lap to suit +-t IT-A,3 

Ir~O_3Asl 

II LA,] 

F 
lap to suit 1 I. rJ IlL 1.1 lap to suit 

l'~·151] l 0.15/z t 
1 

<t support 
1 

<t support 

Example showing curtailment rules for continuous beam with restraint at end support 

0.251] 

lap to suit 

<t support <t support 

Alternative use of curtailment rules for continuous beam with restraint at end support 

a 

O.5a* 0.5£2* 

r 12¢end anchorage I Link hangers 1+5A
•
2 r A" 1;;'0.5 

~ 

t ;?'0.5As1 minimum lap --+-t ,r;;'0.5A,] 

11 ·LA,] III I I 

T 
0.081, 0.081] 

I] l lz ., 
<t support <t support 

Example showing curtailment rules for simply supported beam with cantilever 

Note. In the figure above, a = (2M,/Gk + d), where Gk is the total characteristic dead load on span II, M, is the design 
ulllmate moment at the centre-hne of the support for cantilever I" and d is the effective depth of the reinforcement. 

. 

[i 

1L 
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BS 8110 Simplified curtailment rules for slabs 3.58 
The curtailment of reinforcement shown in the figures below may be used for slabs in the following circumstances: 

(1) The slabs are designed for predominantly uniformly distributed loads. . ' 
(2) In the case of continuous slabs, design has been carried out for the single load case of maxImum desIgn load on 
all spans, and the spans are approximately equal (see Tables 2.49,2.50 and 2.62). 

The details shown in the figures do not necessarily provide sufficient areas of reinforcement to comply with minimum 
requirements, or to satisfy tying provisions (see Table 3.54). Dimensions shown thus, 0.1511*' should be not less than 
a tension anchorage length (see Table 3.55), which may be conservatively taken as 45 times the bar sIze. 

0.1511* I, 0.151}* 0.15l2* 

"I 1 

r;'O·t l ;'°t2 r-A
'2 

If 
/ " , " 

ILl- ;, O.4A,1 LA'I ;, O.4A'~ ---.J I 
I I 

0.111 0.211 0.212 

I! 12 

tsupport t support 

Example showing curtailment rules for continuous slab with nominal restraint at end support 

Note. In the figure above, the shear resistance at the LH end may be based on the bottom reinforcement, ifthe bars are 
anchored in accordance with the requirements for a simple support. Otherwise, the bars may be stopped at the centre 
of the support, in which case the shear resistance should be based on the top reinforcement. 

For two-way spanning rectangular panels, details of the reinforcement requirements in the middle and edge strips, ~nd 
to provide for torsion at the corners, are given in section 13.2.1. For flat slabs, details ofthe remforcement dlstnbutlOn 
in the column and edge strips are given in section 13.8.3. At a free edge, remforcement for negatIve deSIgn moments 
in the direction perpendicular to the edge (except for the effective moment transfer strips at the outer columns) IS 
needed, only if moments arise from loading on any extension of the slab beyond the column centrelmes. However, 
minimum top reinforcement (A,;>, 0.0012bh forh = 500 N/mm2) should be provided extending 0.15h * into the span. 

a 

L O.5a* 

r- 12 ¢ end anchorage 1 +5A'2 r;'0.5k2 

/ 

V / l vv f---;'0.4A,1 

vv, 
O.ll! 

/1 I, 

tsupport t support 

Example showing curtailment rules for simply supported slab with cantilever 

Note. In the figure above, a = [I, (nI,lgkII) + dj, where n is the design ultimate load per m' on the cantilever, 
characteristic dead load per m' on the span II, and d is the effective depth of the reiuforcement. If the slab adjla""ht 
the cantilever spans in a direction parallel to the beam, a = [I, (nlg.)'·5 + dj. . 

BS 5400 Considerations affecting design details 3.59 
Minimum areas of grade 500 reinforcement according to condition 

Main tension reinforcement in a beam or slab (where b is breadth ofa rectangular section, or 
average breadth excluding the compression flange for a non-rectangular section) 

0.0015bd 

Secondary reinforcement in a solid slab 

Main reinforcement in a column (where NkN is the ultimate axial load) 

Transverse reinforcement in flange of voided slab (where I is length of flange) 

0.0012bd 

O.3N"O.OIA, 

Botlom or predominantly tensile flange (where hfis minimum flange thickness) 
Top or predominantly compressive flange (ditto) 

(O.Olh f " 1.5)1 
(0.007h f " 1)1 

The required anchorage bond length of a bar, acting at the maximum design stress, is given by: Ib, = (0.87hI40;,Ji,ll)¢ 

fbll is the ultimate anchorage bond stress given in the table below. 
0;, is a reduction factor for the effective perimeter of bars in a group. For a single bar, 0;, = 1.0. For 2,3 or 4 bars 

in a group, 0;, = 0.8. 0.6 and 0.4 respectively. 
¢ is the bar size for a single bar, or each bar in a group. 

The local bond stress at any section is given by: 

M is the design ultimate moment at the section considered, where the negative sign applies when the moment 
is increasing numerically in the same direction as the effective depth d of the section. 

V is the design ultimate shear force at the section considered. 
fibll is the ultimate local bond stress given in the table below. 
LU, is the sum of the effective perimeters of the tension reinforcement. For n bars in a group, u, = o;,n(Jt¢). 
Bs is the angle between the compression face of the section and the tension reinforcement. 

Ultimate anchora e bond stress 
Bar type Tension 

20 25 30 ;>, 40 
Plain 1.2 1.4 1.5 1.9 
Deformed: type I 1.7 1.9 2.2 2.6 
Deformed: t e2 2.2 2.5 2.8 3.3 

20 30 
1.5 1.7 1.9 
2.1 2.4 2.7 
2.7 3.1 3.5 

;>,40 
2.3 
3.2 
4.1 

Ultimate local bond stress fibll 
for values ofk, (N/mm') 

20 25 30 ;>, 40 
1.7 2.0 2.2 2.7 
2.1 2.5 2.8 3.4 
2.6 2.9 3.3 4.0 

The required lap length for a bar, acting at the maximum design stress, is given by: 

Qj is a coefficient. If, for lapped bars in the corner ofa section, the cover to both faces is at least 2¢and, for sets 
of lapped bars in the same layer, the gaps between the sets are at least ISO mm, Qj = 1.0; if either or both of 
the previous conditions are not satisfied, Qj = 2.0 for bars at the top of a section as cast; otherwise, Qj = 104. 

Ultimate anchora e bond len 

Condition 
;>,40 
33 
33 
47 
66 

ression for values of en 

20 25 30 
41 35 31 
41 35 31 
57 49 44 
81 70 62 

For a 90' bend, the effective anchorage length for that portion of the bar between the start of the bend and a point four 
times the bar size beyond the end of the bend may be taken as four times the internal radius of the bend" 24¢. For 
bars bent to the minimum radius according to BS 8666, the effective anchorage length of a 90' bend is 8 ¢ for ¢" 16, 
and 14¢ for ¢ > 16. Any length of bar in excess of four times the bar size beyond the end of the bend, and which is 
within the anchorage region, may also be taken into account. In this case, the design bearing stress inside the bend 
should satisfy the following relationship: 

Bearing stress = FbI < 1.5 fOll 
r¢ 1+2(¢lab ) 

where 

Fb, is the tensile force due to the design ultimate loads in a bar, or group ofbars in contact, at the start of a bend 
ab is the centre-to-centre distance between bent bars (or groups of bars) perpendicular to the plane of bend. If, at 

the position of the bend, the bar (or group of bars) is adjacent to the face of the member, ab should be taken as 
the cover to the bar plus the bar size. 

r is the internal radius of the bend 
¢ is the bar size or, for bars in a group, the equivalent bar size 



28.1 LOAD-BEARING WALLS 

In BS 8110, for the purpose of design, a wall is defined as a 
vertical load-bearing member whose length on plan exceeds 
four times its thickness. Otherwise, the member is treated as a 
column. A reinforced wall is one in which not less than the 
recommended rrrinimum amount of vertical reinforcement is 
provided, and taken into account in the design. Otherwise, the 
member is treated as a plain concrete wall, III which case the 
reinforcement is ignored for the purpose of design. Limiting 
reinforcement requirements are given in Table 3.53. Beanng 
stresses under concentrated loads should not exceed 0.610, for 
concrete strength classes :", C20/25. Design requirements for 
reinforced and plain concrete walls are given in Table 3.60. 

28.2 PAD BASES 

Notes on the distribution of pressure under pad foundations are 
given in section 18.1, and values for the structural design of 
separate bases are given in Table 2.82. Cntlcal sectIOns for 
bending are taken at the face a concrete column, or the centre 
of a steel stanchion. The design moment is taken as that due to 
all external loads and reactions to one side of the section. 

Generally, tension reinforcement may be spread uniformly 
across the width of the base, but the followmg requrrement 
should be satisfied where c is the column width, and Ie is the 
distance from the centre of a column to the edge of the pad. If 
Ie > 0.75(c + 3d), two-thirds of the reinforcement should be 
concentrated within a zone that extends on eIther SIde for a 
distance no more than l.5d from the face of the column. For 
bases with more than one column in the direction considered, 
I should be taken as either half the column spacing, or the 
e 

distance to the edge of the pad, whichever is the greater. . 
The pad should be examined for norma! she",: and punching 

shear. Nonnal shear is checked on vertical secllOns extendmg 
across the full width of the base. WIthin any distance a, < 2d 
from the face of the column, the shear strength may be taken as 
(2d1a

y
)v

c
• For a concentric load, the critical position occurs at 

a, = al2 :5 2d, where a is the distance from the column face to 
the edge of the base. For an eccentric load, checks can be made 
at a, = O.5d, d, and so on to find the critical position. 

Punching shear is checked on a perimeter at a distance l.5d 
from the face of the column. The shear force at this position is that 

Chapter 28 

Miscellaneous 
members and details 

due to the effective ground pressure acting on the area outside 
the perimeter. For a concentric load with a > l.5d, the check 
for punching shear is the critical shear condition. If the main 
reinforcement is taken into account in the determination of v co 

the bars should extend a distance d beyond the shear perimeter. 
In this case, the bars need to extend 2.5d beyond the face of the 
column, and will need to be bobbed at the end unless a > 2.5d, 
in which case straight bars would suffice. 

The maximum clear spacing between the bars, ab, should 
satisfy the following requirements, for i y = 500 N/mm2

: 

1000/bd <0.3 0.3 0.4 0.5 0.6 0.75 :",1.0 

Gb (mm) 750 500 375 300 250 200 150 

Example I. A base is reqnired to support a 600 mm square 
column subjected to vertical load only, for which the values 
are 4600 kN (service) and 6800 kN (ultimate). The allowable 
ground bearing value is 300 kN/m2

• 

" = 35 Nlmm' f. = 500 Nlmm', nominal cover = 50 mm 
Jell ' Y 

Allowing 10 kN/m' for ground floor loading and extra over soil 
displaced by concrete, the net allowable bearing pressure can 
be taken as 290 kN/m'. Area of base required 

A
b
,,, = 46001290 = 15.86 m2 Provide base 4.0 m square. 

Distance from face of column to edge of base, a = 1700 mill. 

Take depth of base:'" 0.5a, say k = 850 mm 

Allowing for 25 mm main bars, average effective depth, 

d = 850- (50+ 25) = 775 mm 

Bearing pressure under base due to ultimate load on column, 

Pu = 6800/4' = 425 kN/m2 

Bending moment on base at face of column, 

M = Pu la'l2 = 425 X 4 X 1.7'12 = 2456 kNm 

K = MlbcP i" = 2456 X 106/(4000 X 775' X 35) = 0.0292 

From Table 3.14, since K:5 0.043, AJ!bdieu = 1.21K and , 
A, = 1.21 X 0.0292 X 4000 X 775 X 35/500 = 7670 rnm 

BS 8110 Load-bearing walls 

Reinforced concrete walls (A,,:2 4h mm'lm) 

Effective height: 

I, to be detennined as for columns (see Table 3.21) 

Design procedure: 

Stocky wall (f,lh'; 15, where h is wall thickness) 

Design unit length of wall as a short column bent about 
the minor axis, with em;n = 0.05h'; 20 mm (see section 
24.3.1 and Tables 3.17 and 3.18) 

Alternatively, for a wall supporting an approximately 
symmetrical arrangement of slabs (unifonn load and 
spans differing by no more than 15%): 

Design ultimate axial load per unit length is given by: 

nw'; 0.35fcuh + 0.67A,d:; where 

Ase is area of compression reinforcement per unit length 

Slender wall (IS < 1,lh'; 40 for A" < 10h, 45 otherwise) 

Design unit length of wall as a slender column bent 
about the minor axis (see Table 3.22). If only one layer 
of centrally placed reinforcement is provided, double 
the additional moment due to slenderness. 

Note. For walls with significant in-plane bending, see the 
procedure described under general below. 

Effective height: 

I, to be determined as for columns (see Table 3.21) 

Design procedure: 

Stocky wall (1,lh ,; 10, where h is wall thickness) 

Consider as described above for braced column, except 
that alternative equation does not apply. 

Slender wall (10 < 1,lh ,; 30) 

Consider as described above for braced column. 

Braced aud unbraced walls 

3.60 
Plain concrete walls 

Effective height: 

Iflateral supports resist lateral deflection and rotation: 

I, = 0.75 x clear distance between lateral supports or 
2 x distance oflateral support from free edge 

If lateral supports resist lateral deflection only: 

I, = 1.0 x distance between centres oflatera! supports or 
2.5 x distance oflateral support from free edge 

Design equations: 

Stocky wall (f,lh ,; 15) 

Design ultimate axial load per unit length is given by: 

nw';0.3(l-2exlh)lcuh where 

ex is resultant eccentricity ofload at right-angles to 
plane of wall, with ern;n = O.OSh ,; 20 mm. 

Slender wall (15 < 1,lh ,; 30) 

Design ultimate axial load per unit length is given by 
the lesser of the following: 

nw';0.3(1-2exlh)lc,h or 

nw'; 0.3 (! -1.2ex lh -0.0008 (1,lh)'Jlc,h where 

ex is as defined above for a stocky wall 

Effective height: 

If wall supports at its top a roof or floor slab spanning 
at right angles to the wall, I, = 1.51u where In is height 
of wall above a lateral support. Otherwise, I, = 2 In. 
Slenderness limit: 1,lh'; 30 

Design equations: 
Design ultimate axial load per unit length is given by 

the lesser ofthe following: 

nw'; 0.3 (I - 2ex.l/k)!ru h or 

nw'; 0.3 [I - 2 ex"lh - 0.0008 (f,lh), llouh where 

ex .. is resultant eccentricity ofload at right-angles to 
plane of wall at top of wall 
ex.' is resultant eccentricity ofload at right-angles to 
plane of wall at bottom of wall 

A braced wall is one where the reactions to lateral forces acting on the wall are provided by lateral supports, which are 
able to transmit the lateral forces from the braced wall to the principal strnctural bracing or to the foundations. Lateral 
supports can be horizontal or vertical elements, such as floors or crosswalls. Principal structural bracing will be strong 
points, shear walls, or similar stiff elements providing lateral stability to the structure as a whole. An unbraced wall is 
one providing its own lateral stability, and the overall stability of multi-storey buildings, in any direction, should not 
depend on unbraced walls alone. 

Design procedure for walls with significant in-plane bending (e.g. shear walls) 

Detennine distribution of vertical load along wall due to axial load and in-plane bending by elastic analysis, assuming 
no tension in concrete. Design unit length of wall at critica! positions for appropriate combination of vertical load and 
transverse moment or eccentricity. For the analysis of shear wall structures, see section 4.12 and chapter IS. 

Eccentricity of loads on plain concrete walls 

Design loads from a concrete floor or roof may be assumed to act at one-third of the bearing area from the loaded face. 
It should be noted that loads may be applied to walls at greater than half the thickness of the wall through fittings such 
as joist hangers. For a braced wall at any level, the transverse eccentricity of the resultant load with respect to the axial 
plane of the wall may be calculated on the assumption that, immediately above a lateral support, the eccentricity of all 
the loads above that level is zero. 

Conditions nnder which resistance to rotation of a lateral support may be assumed 

(a) where the lateral support and the braced wall are concrete walls detailed to provide bending restraint; or (b) where 
a concrete floor has a bearing on at least two-thirds of the wall thickness, or the connection provides bending restraint. 

,~~------------~--------------------~------~------~----~ 



324 

From Table 2.20, 

16H25-250 gives 7854 mm', and 

100A/bd = 100 X 7854/(4000 X 775) = 0.25 

Critical perimeter for punching shear occurs at 1.5d from face 
of column, where the length of side of the perimeter 

II = C + 3d = 600 + 3 X 775 = 2925 mm 

Hence, 

V= f(l' -II') = 425 X (42 - 2.9252) = 3164 kN .' 

v = V1411d= 3164 X 103/(4 X 2925 X 775) = 0.35 Nlmm2 

_ (400)1I4( 100A,fo")1I3 
v, - 0.216 d bd 

= 0.216 X (4001775)1/4(0.25 X 35)113 = 0.38 Nlmm'(> v) 

Critical position for shear on vertical section acrOss full width 
of base occurs at distance a, = al2 = 850 mm :5 2d from face 

of column, where 

V= 425 X 4 X 1.7/2 = 1445 kN 

v = Vlbd = 1445 X 103/(4000 X 775) = 0.47 N/mm2 

v,(2dla,) = 0.38 X (2 X 775/850) = 0.69 Nlmm' (> v) 

28.3 PILE-CAPS 

In BS 8110 (and BS 5400), a pile-cap may be designed by either 
bending theory or truss analogy. In the latter case, the truss is 
of a triangulated form with nodes at the centte of the loaded 
area, and at the intersections of the centrelines of the piles with 
the tension reinforcement, as shown for compact groups of two 
to five piles in Table 3.61. Expressions for the tensile forces 
are given, taking into account the dimensions of the column, 
and also simplified expressions when the column dimensions 
are ignored. Bars to resist the tensile forces are to be located 
within zones extending not more than 1.5 times the pile 
diameter either side of the centre of the pile. The bars are to 
be provided with a tension anchorage beyond the centres of the 
piles, and the bearing stress on the concrete inside the bend in 
the bars should be checked (see Table 3.55). 

The design shear stress calculated at the perimeter of the 
column should not exceed the lesser of 0.8'-1f" or 5 Nlmm2 
Critical perimeters for checking shear resistance are shown in 
Table 3.61, where the whole of the shear force from piles with 
centres lying outside the perimeter should be taken into 
account. The shear resistance is normally governed by shear 
along a vertical section extending across the full width of the 
cap, where the design concrete shear stress may be enhanced as 
shown in Table 3.61. If the pile spacing exceeds 3 times the pile 
diameter, punching shear should also be considered. 

In BS 5400, shear enhancement applies to zones of width 
equal to the pile diameter only, and the concrete shear stress is 
taken as the average for the whole section. Also, the check for 
punching shear is made at a distance of 1.5d from the face of 
the column, with no enhancement of the shear strength. 

The following values are recommended for the thickness of 
pile-caps, where hp is the pile diameter: 

For hp :5 550 mm, h = (2hp + 100) mm 

For hp > 550 rom, h = 8(hp - 100)/3 mm 

Miscellaneous members and details 

Example 2. A pile-cap is required for a group of 4 X 450 mm 
diameter piles, arranged at 1350 mm centres on a square grid. 
The pile-cap supports a 450 mm square column subjected to an 
ultimate design load of 4000 kN. 

feo = 35 N/mm2 ,fy = 500 N/mm' 

Allowing for an overhang of 150 mm beyond the face of the pile, 
size of pile-cap = 1350 + 450 + 300 = 2100 mm square. 

Take depth of pile-cap as (2hp + 100) = 1000 mm. 

Assuming tension reinforcement to be 100 mm up from base of 
pile-cap, d = 1000 - 100 = 900 mm. 

Using truss analogy with the apex of the truss at the centre of 
the column, the tensile force between adjacent piles is 

Nt (4000 X 1350) . F, = 8d = 8 X 900 = 750 kN III each zone 

A, = F10.87fy = 750 X IO'/(0.87 X 500) = 1724mm' 

Providing 4H25 gives 1963 mm2
, and since the pile spacing is 

not more than 3 times the pile diameter, bars may be spread 
uniformly across the pile-cap giving a total of 8H25-275 in each 

direction, so that 

100A,Ibh = 100 X 39261(2100 X 1000) = 0.19 (> 0.13 min) 

Critical position for shear on vertical section across full width 
of pile-cap occurs at distance from face of column given by: 

a, = 0.5(1 - c) - O.3hp 

= 0.5 X (1350 - 450) - 0.3 X 450 = 315 mm 

Portion of column load carried by two piles is 2000 kN, thus 

v = Vlbd = 2000 X 103/(2100 X 900) = 1.06 N/mm' 

v = 0216 (400)1I4(100A'feo)I13 
,. d bd 

= 0.216 X (400/900)1/4 (0.19 X 35)113 = 0.33 N/mm' 

v, (2dlaJ = 0.33 X (2 X 900/315) = 1.88 N/mm2 (> v) 

Shear stress calculated at perimeter of column is 

v = Vlud = 4000 X 103/(4 X 450 X 900) = 2.47 Nlmm2 

Maximum shear strength = 0.8'-1f" = 4.73 N/rom2 (> v) 

Taking ab as either centre-to-centre distance between bars, or 
(side cover plus bar size), whichever is less, 

ab = 275 :5 (75 + 25) = 100 mm, a,j<l> = 100125 = 4 

From Table 3.55, minimum radius of bend r mi, = 7<1> say. 

28.4 RETAINING WALLS ON SPREAD BASES 

General notes. on the design of walls to BS 8002 are given in 
section 7.3.2. Design values of earth pressure coefficients 
based on a design soil strength, which is taken as the lower 
either the peak soil strength reduced by a mobilisation factor, 
the critical state strength. Design values of the soil stnmgt1;I"!' 
using effective stress parameters are given by: 

design tan q/ = (tan cp'maJI1.2 ::5: tan if/crit 

design c' = c'/1.2 :5 tan 'P' cot 

BS 8110 Pile-caps 

Forces iu idealized truss system 

Colunm load N 

Thrusts 
Effective depth of . "-

pile-cap = d I Pile", '[ ',_ ........ _ _ 

~ ~ ././ \~ee\\ 
Tensile forces ,./ r.ce 'oe "" t pi.sW i Vi.\es 
between pile-heads Pile ~cS 0 

c'~ 

Plle 

Design of reinforcement 

Bars projecting into cap from 
piles 

,-_______ 'Starter bars for column 

~ ____ Links for starter bars 

Vertical links between bars 
extending from piles 

1~+==~~:tt:ifjttt-HOriZontallinkS around up-H standing end of main bars. 
(Not less than 12mm at 
300 mm centres, say) 

Main bars designed to resist tensile force obtained from the 
table below (4. ~ Ft 10.87f,). Bars to be located within zone 
that extends no more than 1.5 x pile diameter either side of 
centre of pile, with tension anchorage beyond centre of pile. 

Number 
Dimensions of pile-cap 

of piles 

2 

3 

4 

5 

0 
~ 

:; 
~, 

-'TN 
+ 
" NJs-

0 
0 
M 

+ 
~"--

A 1++4--

B 1++4--

DI~ 
.'! 

--W-J.Jc 

I.. ..I 
[.yf2)a + + 300 

a, b are column dimensions, hp is pile diameter, a is 

3.61 

Elevation 

Column perimeter 

;_.-1- "nti," 1 perimeter for 

C.--I--C,itic,al section for 
normal shear 

Shear resistance on a vertical plane: 

For I,e; 3hp' V, ~ v, (2dla,)lx1 

For I> 3hp , V, = L [Vel (2dla,)bldJ + VOl (b -Lbl)d 

where 

b is overall width of pile-cap at critical section 
bv is width of zone containing main bars extruding not 
more than 1.5 x pile diameter each side of centre of pile 
Vel IS deSIgn concrete shear stress appropriate to width b l 

V,2 is design concrete shear stress appropriate to (b-Lb l ) 

Punching shear resistance (V5, ve,max x column perimeter) 

For I,e; 3hp , no check required 

For I> Vc = VC (I .5dla,)(4/-2.4h,)d 

Tensile force F, 

Dimensions of column considered 

N 2 2 
12ld (31 -a ) 

N 
Ft(AB) = Ft(AC) = __ (2/ 2 _b2 ) 

181d 

F'(Bc) ~ ~(4/2 +b2_3a 2) 
361d 

D D N 2 2 
r'(AD) = r'(llC) ~ --(31 -a ) 

24ld 

Ft (AB) = F, (CD) ~ ~(312_b2) 
30ld 

2 and 3 depending on 

Simplified 

NI 
4d 

NI 

9d 

NI 

8d 

Nt 

10d 
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where c', 'PI max and <p' crit are representative (Le. conservative) 
values of effective cohesion, peak effective angle of shearing 
resistance and critical state angle of shearing resistance for the 
soil. In the absence of reliable site investigation and soil test 
data, values may be derived from Table 2.10. 

Design values of friction and adhesion at the soil-structure 
interface (wall or base) are given by: 

design tan Ii (or lib) = 0.75 X design tan q/ 

design Cw (or Cb) = 0.75 X cod = 0.5 Co in which 

cud = cu/l.S, where eu is undrained shear strength 

A minimum surcharge of 10 kNlm' applied to the surface of the 
retained soil, and 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, should be considered. Wall friction should be 
ignored in the determination of KA . 

Suitable dimensions for the base to a cantilever wall can be 
estimated with the aid of the chart given in Table 2.86. For 
sliding, the chart is valid for non-cohesive soils only. Thus, 
for bases founded on clay soils, the long-term condition can be 
investigated by using 'P' erit. with c' = O. For the short-tenn 
condition, the ratio f3 does not enter into the calculations for 
sliding and, taking the contact surface length as the full width 
of the base, a is given by a = KA "IlI2cb' When a has been 
determined from this equation, the curve for al..J K A on the chart 
can be used to check the values of {3 and t; that were obtained 
for the long-term condition. 

Example 3. A cantilever retaining wall on a spread base is 
required to support level ground and a footpath adjacent to a 
road. The existing ground may be excavated as necessary to 
construct the wall, and the excavated gronnd behind the wall is 
to be reinstated by backfilling with a granular material. A 
graded drainage material will be provided behind the Wall, with 
an adequate drainage system at the bottom. 

Height of fill to be retained: 4.0 m above top of base 
Surcharge: 100 mm surfacing plus 5 kN/m2 live load 

(design for minimum value of 10 kN/m') 

Properties of retained soil (well graded sand and gravel): 
unit weight of soil "I = 20 kN/m3 

m' = m' . = 35" design m' = tan- l [(tan 35")/1.2] = 30" 7' max T' cnt , T' 

KA = (I - sin'P')/(l + sin'P') = 0.33 

Properties of sub-base soil (medium sand): 
allowable bearing value P=, = 200 kNlm' 

m' = 35" m' " = 32" design m' = 30" (as fill) Tmax .rcn , T 

design tan lib = 0.75 design tan '1" = 0.43 

Take thickness of both wall (at bottom of stem) and base to be 
equal to (height of fiJl)lI 0 = 400011 0 = 400 mm 

Height of wall to nnderside of base, I = 4.0 + 0.4 = 4.4 m. 

Allowing for surcharge, equivalent height of wall 

I, = I + ql"l = 4.4 + 10120 = 4.9 m 

t; = Pm,,lyl, = 200/(20 X 4.9) = 2.0 

'" = tan liJ..JKA = 0.431..J0.33 = 0.75 

Miscellaneous members and details 

From Table 2.86, al..JKA = 0.8, {3 = 0.18. Hence, 

Width of base = ai, = (0.8..J0.33) X 4.9 = 2.25 m 

Toe projection = {3(al,) = 0.18 X 2.25 = 0.4 m 

Example 4. The sub-base for the wall described in example 3 
is a clay soil with properties as given here. All other values are 
as specified in example 3. 

Properties of sub-base soil (firm clay): 
allowable bearing value Pm~ = 100 kNlm', Co = 50 kNlm' 

Cod = 50/1.5 = 33.3 kNlm', design Cb = 5012 = 25 kNlm' 

'P'erl' = 25" (assumed plasticity index 30%)' 

design tan lib = 0.75 design tan '1" erl, = 0.33 

For the long-term condition: 

t; = Pm,,lyl, = 1001(20 X 4.9) = 1.0 

'" = tan liJ..JKA = 0.331..J0.33 = 0.57 

From Table 2.86, al..JKA = 1.15, {3 = 0.24. Hence, 

Width of base = ai, = (1.15..J0.33) X 4.9 = 3.3 m say 

Toe projection = {3(al,) = 0.24 X 3.3 = 0.8 m 

For the short-tenn condition: 

a = KA "I1I2cb = 0.33 X 20 X 4.9/(2 X 25) = 0.65 

al..JKA = 0.65/..J0.33 = 1.13 « 1.15) 

Since this value is less than that calculated for the long-term 
condition, the base dimensions are satisfactory. 

Example 5. The wall obtained in example 4, a cross section 
through which is shown here, is to be designed to BS 8002. 

lOkNJm2 

I 
20kNJm3 4.0 

1<0. 1 
0.4 

1---3.3 -I T 

The vertical loads and bending moments about the front edge 
of the base are: 

Load (leN) Moment (kNm) 
Surcharge 10 X 2.1 =21.0 X 2.25 = 47.3 
Backfill 20 X 2.1 X 4.0 = 168.0 X 2.25 = 378.0 
Wall stem 24 XO.4X4.0 =38.4 X 1.0 = 38.4 
Wall base 24 X 0.4 X 3.3 = 31.7 X 1.65 = 52.3 

Totals F, = 259.1 516.0 

The horizontal loads and bending moments about the bottom 
the base are: 

Surcharge 0.33 X 10 X 4.4 
Backfill 0.33 X 20 X 4.4'12 

Totals 

Load (kN) Moment 
= 14.5 X 4.4/2 = 
= 63.9 X 4.4/3 = 

Fh = 78.4 

Resultant moment M,,, = 516 - 125.6 = 390.4 kNm 

Recommended details 

Distance from front edge of base to resultant vertical force 

a = M",IF, = 390.41259.1 = 1.50 m 

Eccentricity of vertical force relative to centreline of base 

e = 3.312 - 1.5 = 0.15 m « 3.3/6 = 0.55 m) 

Maximum pressure at front of base 

Pm~ = (259.113.3)(1 + 6 X 0.15/3.3) = 100 kNlm' 

Minimum pressure at back of base 

Pm', = (259.1/3.3)(1 - 6 X 0.15/3.3) = 57 kNlm' 
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Since the "If values used for the horizontal and vertical loads are 
not the same, the bearing pressures must be recalculated. 

F, = 1.4 X 259.1 = 362.7 kN, M, = 1.4 X 516 = 722.4 kNm 

M,,, = 722.4 - 1.2 X 125.6 = 571.7 kNm 

a = 571.7/362.7 = 1.575 m, e = 1.65- 1.575 = 0.075 m 

Pm", = (362.7/3.3)(1 + 6 X 0.07513.3) = 125 kNlm' 

Pmi, = (362.7/3.3)(1_ 6 X 0.D75/3.3) = 95 kN/m2 

For the ultimate bearing condition, a uniform distribution is 
considered oflength Ib = 2a = 2 X 1.5 = 3.0 m. Pressure 

Bearing pressure under base at inside face of wall 

Pw.' = 95 + (125 - 95)(2.113.3) = 95 + 19 = 114 kNlm' 

Bending moment on base at inside face of wall Po = FJlb = 259.113.0 = 86.4 kNlm' 

The ultimate bearing resistance is given by the equation: 

q. = (2 + 71') Cod ie where ie = 0.5[1 + VI - Fh/(codlb)] 

i, = 0.5[1 + VI -78.4/(33.3 X 3.0)] = 0.73 

q. = (2 + 71') X 33.3 X 0.73 = 125 kNlm' (> P. = 86.4) 

Resistance to sliding (long-term) 

= F, tan Ob = 259.1 X 0.33 = 85.5 kN (> Fh = 78.4) 

Resistance to sliding (short-term) 

= (al,) Cb = 3.3 X 25 = 82.5 kN (> Fh = 78.4) 

M= 1.4 X (10 + 20 X4+ 24X 0.4) X 2.12/2 
-(95 X 2.1'12 + 19 X 2.1 2/6) = 84 kNm 

A, = 84 X 10
6
/[(0.87 X 500)(0.95 X 352)] = 578 mm'/m 

Use H16-250 to fit in with vertical bars in wall. 

Shear force on base at inside face of wall 

V = 1.4 X (10 + 20 X 4 + 24 X 0.4) X 2.1 
-(95 X 2.1 + 19 X 2.112) = 73.4 kN 

Vlbd = 73.4 X 10'/(1000 X 352) = 0.21 N/mm' « v
e

) 

For resistance to sliding (short-term), the contact surface has 
been taken as the full width of the base. This is considered 
reasonable, since base adhesion is taken as only 0.75c.d' If the 
contact surface is based on the pressure diagram assumed for 
the ultimate bearing condition, the resistance to sliding is 
reduced to: Ib Cb = 3.0 X 25 = 75 kN. 

For the base, the bending moment and shear force have been 
calculated for a bearing pressure diagram that varies linearly as 
indicated in BS 8110. If the pressure diagram assumed for the 
ultimate bearing condition in example 5 is taken, 

P. = FJ2a = 362.7/(2 X 1.575) = 115.1 kNlm' 

M = 1.4 X (10 + 20 X 4 + 24 X 0.4) X 2.1212 
-115.1 X (3.15 - 1.2)'/2 = 88.6 kNm 

Example 6. The structural design of the wall in example 5 is 
to be in accordance with the requirements of BS 8110. V = 1.4 X (10 + 20 X 4 + 24 X 0.4) X 2.1 

-115.1 X (3.15 -1.2) = 68.4 kN 

.too = 35 N/mm',.f" = 500 N/mm', nominal Cover = 40 mm 

Allowing for H16 bars with 40 mm cover, 

d = 400 - (40 + 8) = 352 mm 

For the ULS, values of "If are taken as 1.2 for the horizontal 
loads, and 1.4 for all the vertical loads. 

The ultimate bending moment at the bottom of the wall stem: 

M = 1.2 X 0.33 X (10 X 4'12 + 20 X 43/6) = 116.2 kNmlm 

Mlbd'-.fc. = 116.2 X 106/(1000 X 3522 X 35) = 0.0268 

From Table 3.14, since K:5 0.043, Z = 0.95d 

A, = 116.2 X 106/[(0.87 X 500)(0.95 X 352)] = 799 mm2/m 

From Table 2.20, H16-250 gives 804 mm'/m 

The ultimate shear force at the bottom of the wall stem: 

V = 1.2 X 0.33 X (10 X 4 + 20 X 4'/2) = 79.2 kNlm 

Vlbd = 79.2 X 10'/(1000 X 352) = 0.23 Nlmm' « v
e

) 

From Table 3.43, the clear distance between bars shonld not 
eXceed (47 000(f;)/(100A/bd) :5 750 mm. Thus, with 

J; = 0.87.f,!"If = 0.87 X 500/1.2 = 362 N/mm2 

ab :5 (47000/362)1[100 X 804/(1000 X 352)] = 568 mm 

28.5 RECOMMENDED DETAILS 

The information given in Tables 3.62 and 3.63 has been taken 
from several sources, inclUding BS 8110, research undertaken 
by the Cement and Concrete Association (C&CA), and reports 
published by the Concrete SOCiety. 

28.5.1 Continuons nibs 

The BS 8110 recommendations are shown in Table 3.62. As a 
result of investigations by the C&CA, various methods of 
reinforCing continuous nibs were put forward. Method (a) is 
efficient but it is difficult to incorporate the bars in shallow nibs, 
if the bends in the bars are to meet the minimum code require­
ments. Method (b) is reasonably efficient and it is a simple 
matter to anchor the bars at the outer face of the nib. The C&CA 
recommendations were based on an assumption of truss action. 
BS 8110 suggests that such nibs should be designed as short 
cantilever slabs, but both methods lead to similar amounts of 
reinforcement. 

28.5.2 Corbels 

The information in Table 3.62 is based on the requirements of 
BS 811 0 and BS 5400, supplemented by recommendations 
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Recommended details: nibs, corbels and halving joints 3.62 

l!l 
.5 
.~ 
bl) 

.5 
;-

'" ::r: 

Adequate anchorage-bond 
length must be provided 

In addition to 
providing shearing 
resistance for beam 
itself. these links 

Line of action of load F: 
1. at outer edge of bearing 
pad (if provided): or 

must be sufficientily 
strong to transfer 

2. at beginning of chamfer 
(if provided): or 

force F to compression 
zone of beam 

3. at outer edge of nib 
(if bearing pad or chamfer is 
not provided, bars must be 
provided to prevent comer 
spalling.) 

(Le. As.add = FIO.87fyv) 

Nib reinforcement of areaAsn 

<t: 0.24% of mild steel or 
0.13% of high-yield steel 

Form horizontal or vertical 
semicircular loops here or 

~
eld nib steel to longitudinal 

bar of equal strength 
<i: Minimum permissible 
cover 

Design procedure in accordance with BS 8110 

I. Determine A," ~ MI0.87hz, where M ~ Fav 

2. Check that fie exceeds F, where 

fie ~ v,(2dla;Y,d 5. fie. mox 

and v, is obtained from Table 3.33. 

3. Determine As,addtD be provided by inner 
legs oflinks in beam, in addition to link 
requirements for shear and torsion. 

Provide minimum clearance of one bar diameteUIt 
between edge of bearing and start of bend 

Crossbar of 
(BS811O) "II . 

< 0.6d (BS 5400) F II II equal diameter 
II II Chamfer or n----n 

F II II S--... rebate 

x cosO 

to crossbar or looped 

I corner 

Provide horizontal stirrups 
giving total area .q:: half area of 
main reinforcement over 
upper two-thirds of d 

where values of kl and k, are given in section 24.1, and k;, ~ FJbdlo, 

13F" 
I r d link A (b th legs) <J:: for links at 45° ncme s: 

'" 
0 --

8f", 

T f', V 
Additional horizontal 
Jinks to resist 
horizontal forces 

do 

L _~L "'-~ -

F, ~ i 
:t>4vcbdo ..--- Main tension bars 

F, 
lsc<t:: ---

I I 
I I 
I I 
I I 
II 
II 
II 
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(a) Vertical links 

Design procedure 

I . Determine depth d based on shear 
considerations, where 

fie ~ v,(2dlav)bd5. V"m" 
and v, is obtained from Table 3.33 
or Table 3.36. 

2. Provide area of main reinforcement 
A, ~ Fva/(d-k,;x)J,d 

where /yd is the design stress in the 
reinforcement, appropriate to the 
value ofxld, where xld is obtained 
from the quadratic equation given 
below the figure opposite. 

3. In BS 8110, A, ~ 0.5F,i.fyd should be 
provided. In BS 5400, A, ~ 0.004bh 
should be provided. 

Note. If the main reinforcement is bent 
or hooked vertically, the inclined links 
should be anchored by bending them 
parallel to the main reinforcement. In 
this case" and if bent-up bars are use~ 
instead of inclined links, the bearing 
stress inside the bends should satisfy 
the relationship given in Table 3.59. 

Recommended details: intersections of members 3.63 

(b) 

(c) 

M 
A=-_ 

, 0.87f.;z 

Thrust in 
column 

Theoretical strut 
(critical plane 
for cracking) 

(This detail is only suitable where 
moments tend to close corner) 

" '-' 

A" =..j(2)fyA..lf,. 

Tension 0.87fy in beam 
reinforcement As 

Compression in beam 

Thrust in column 

Limit--state of seniceability 

~;~{J[I +e,~:)'] -I}~!~ 
Na. thrust in column above beam and 
M d moment in beam, both due to service loads 

... :,-

Link reinforcement A 
.W 

Diagonal reinforcement Asv 

Main tension 

" " " " " " " " " reinforcement r r 
Splay :: 

As (,hflirnins') r' 
a ~r :: 

1 :: 
!~t--'~~C===~"~,, 

M z '\. :: 
~ ±-->// ._- - --:. -:. -:. -:.-:.: --:.: - - -- -- --- - - -::. -:.:.~ 

A,=~ A" "J(2){M -0.6 X 0.87A,fyz) 
0.871,z 0.87f,Aa + z) 

If A, (high-yield steel) > bdjlOO, A = 0.6{ A j' £ 
SLJ ysJyc 

~ I- v_ 

f-- '--

II r T ; I I ..! 
'-

'=" 
Separate u-bars / 

f--

!--

Ultimate limit--state 

p 

A, ~ (3 + 24,) pv,b.d, 
z, 0.87!, 

ratio of ultimate resistance moment in beam at col 
race aft ed' 'b . umn 

. er .r Ist~ ution to that before redistribution 
L'c umt sheanng resIStance for column section corresponding 

to!~ and P=A~/2b,d, 

II q 
d 
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taken from C&CA research reports. For the system of forces 
shown in the figure, the inclined force in the concrete 

F, = FJsinO = kd,ub(x cosO) where tanO = (d - k,x)l", 

In these expressions, kI and k, are properties of the concrete 
stress block as given in section 24.1. From these expressions, a 
quadratic equation in xld (given in the table) can be derived. In 
BS 8110, for values of xld 0;; (1 - 2aidJlk" a minimum value 
of Ft = 0.5Fy is taken for the tensile force. 

In the detail shown in the table, the main bars are bent back 
to form a loop. If the bars are welded to a crossbar, they can be 
curtailed at the outer edge of the corbel. In this case, two addi­
tional small diameter bars are needed to support the horizontal 
stirrups. If the stirrups are required to pass outside the main bars 
in the column, they should be detailed as two lapping U-bars 
for ease of assembly. 

28.5.3 Halving joints 

The recommendations given in BS 5400, as a result of work 
cartied out by the C&CA, are summarised in Table 3.62. The 
inclined links must intersect the line of action of F,. If this 
cannot be ensured (e.g. the inclined links could be displaced), 
or if horizontal forces can occur at the joint, horizontal links 
must also be provided as shown. 

28.5.4 Reinforcement details at frame corners 

Research has shown that when frame comers are subjected to 
bending moments tending to close the comer, the most likely 
cause of premature failure is due to bearing under the bend of 
the tension bars at the outside of the comer. Provided that the 
radius of the bend is gradual and that sufficient anchorage is 
given for the lapping bars, the use of simple details as shown in 
(a) or (b) on Table 3.63 is recommended. 

With 'opening corners', the problems are somewhat 
greater and tests have shown that some details can fail at well 
below their calculated strength. In this case, the detail shown 
in (d) is recommended. If at all possible, a concrete splay 
should be formed within the corner, and the diagonal rein­
forcement A" provided with appropriate cover. If a splay is 
impracticable, the diagonal bars should be included within 
the corner itself. 

Detail (d) is suitablefor reinforcement amounts up to about 1%. 
If more than this is required, transverse links should be included 
as shown in (e). The arrangement shown in (c) could be used, 
but special attention needs to be paid to bending and fixing 
the diagonal links, which must be designed to resist all the force 
in the main tension bars. Care must also be taken to provide 
adequate cover to the bars at the inside of the corner. 

28.5.5 Beam-column intersections 

Research has shown that the forces in a joint between a beam 
and an end column are as shown in the sketch on Table 3.63. 
Diagonal tensile forces occur at right angles to the theoretical 
strut that is shown. To ensure that, as a result, diagonal cracks 
do not form across the corner, a design limit that is related to 
the service condition is shown in the table. To ensure that the 

Miscellaneous members and details 

joint has sufficient ultimate strength, an expression has also 
been developed for a minimum amount of reinforcement that is 
needed to extend from the top of the beam into the column at 
the junction. However, for floor beams, it has been shown that 
the U-bar detail shown in the table is satisfactory. 

While research indicates that, unless it is carefully detailed 
as described, the actual strength of the joint between a beam 
and an end column could be as little as half of the calculated 
moment capacity, it seems that internal beam-column joints 
have considerable reserves of strength. Joints having a beam on 
one side of a column and a short cantilever on the other are 
more prone to loss of strength, and it is desirable in such 
circumstances to detail the joint as for an end column, with 
the beam reinforcement turned down into the column and the 
cantilever reinforcement extending into the beam. 

Example 7. A corbel is required to support a design ultimate 
vertical load of 500 kN at a distance of 200 mm from the face 
of a column. The load is applied through a bearing pad, and 
the 300 mm wide corbel is to be designed to BS 8110. 

!cu = 30 Nlmm',f, = 500 Nlmm', cover = 40 mm 

Minimum reinforcement, based on Ft = 0.5F, and J,d = 0.87!" 

A, = 0.5 X 500 X 103/(0.87 X 500) = 575 mm' 

Calculate shear resistance based on 2H20 (A, = 628 mm') for 
values of d;O: 400 mm, where ay = 200 mm, b = 300 mm, v, is 
obtained from Table 3.33, and V, = v, (2dlay)bd. 

d v, (2dla,)v, V, (X 10-3) 

mm lOOA/bd N/mm2 N/mm2 kN 

500 0.42 0.50 2.50 375 
550 0.38 0.49 2.70 445 
600 0.35 0.47 2.82 508 

Assuming that A, will need to be increased as a result of the 
corbel analysis, with a corresponding increase in Ve• conside~ 

h = 600 mm with d = 550 mm. Hence 

ky = F/bd!cu = 500 X 103/(300 X 550 X 30) = 0.10 

aid = 200/550 = 0.36, kI = 0.40, k, = 0.45 (section 24.1) 

From Table 3.62, in the quadratic equation for xld, 

kl + k~": ( d ) = 0.452 + 0.40 X 0.45 X 0.36/0.1 = 0.85, 

2k, + ~ (d) = 2 X 0.45 + 0.40 X 0.36/0.1 = 2.34, 

I + (d)' = I + 0.36' = 1.13 giving the equation 

0.85(xld)'-2.34(xld) + 1.13 = 0 from whichxld = 

Recommended details 

Hence, x = 0.625 X 550 = 344 mm, and the strain in the bars 

s, = 0.0035(d - x)lx = 0.0035 X 206/344 = 0.0021 

J,d = S, E, = 0.0021 X 200 X 103 = 420 Nlmm' (0;; 0.87!,) 

Since (1 - 2a/dJlk, = (I - 2 X 2001550)10.45 = 0.622 < xld 

F, = Fya/(d - k,x) > FJ2 and A, = Fyai(d - k,x)J,d 

A, = 500 X JO' X 200/[(550-0.45 X 344) X 420] = 603 mm2 

In this case, 2H20 giving 628 mm' is sufficient for the tensile 
force but insufficient for the shear resistance. Changing the 
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reinforcement to 3H20 gives 942 mm' and increases the she . ar 
reSIstance as follows: 

100A/bd = 100 X 942/(300 X 550) = 0.57 

v, = 0.56 Nlmm', V, = v, (2dla,)bd = 508 kN 

Minimum area of horizontal links = 0.5 X 942 = 471 mm', to 
be proVIded by 3HIO links (2 legs per link) which should be 
located in the tension zone (i.e. extending over a depth of about 
200 mm below the main bars). 

Ii 
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In the Eurocodes (ECs), design requirements are set out in 
relation to specified limit-state conditions. Calculations to 
determine the ability of a member (or assembly of members) 
to satisfy a particular limit -state are undertaken using design 
actions (loads or deformations) and design strengths. These 
design values are determined from either characteristic actions 
or representative actions, and from characteristic strengths of 
materials, by the application of partial safety factors. 

29.1 ACTIONS 

Characteristic values of the actions to be used in the design of 
buildings and civil engineering structures are given in several 
parts of EC I: Actions on structures, as follows: 

1991-1-1 
1991-1-2 
1991-1-3 
1991-1-4 
1991-1-5 
1991-1-6 
1991-1-7 
1991·2 
1991-3 
1991-4 

Densities, self-weight and imposed loads 
Actions on structures exposed to tire 
Snow loads 
Wind loads 
Thennal actions 
Actions during execution 
Accidental actions due to impact and explosions 
Traffic loads on bridges 
Actions induced by cranes and machinery 
Actions on silos and tanks 

A variable action (e.g. imposed load, snow load, wind load, 
thermal action) has the following representative values: 

characteristic value Qk 
combination value o/OQk 
frequent value 0/1 Qk 
quasi-permanent value 0/2Qk 

The characteristic and combination values are used for the 
verification of the ultimate and irreversible serviceability limit­
states. The frequent and quasi-permanent values are used 
for the verification of ULSs involving accidental actions, and 
reversible SLSs. The quasi-permanent values are also used for 
the calculation of long-term effects. 

DeSign actions (loads) are given by: 

design action (load) = 1'F X 0/ Fk 

Fk is the specified characteristic value of the action, 
is the value of the partial safety factor for the action (1' A for 
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Design requirements 
and safety factors 

accidental actions, 'YG for permanent actions, )'Q for variable 
actions) and the limit state being considered, and 0/ is either 
1.0,0/0,0/1 or 0/2' Recommended values of 1'F and 0/ are given in 
EC 0: Basis of structural design. 

29.2 MATERIAL PROPERTIES 

The characteristic strength of a material fk means that value 
of either the cylinder strengthhk or the cube strengthhk."b' of 
concrete, or the yield strengthfYk of reinforcement, below which 
not more than 5% of all possible test results are expected to 
fall. In practice the concrete strength is selected from a set of 
strength classes, which in EC 2 are based on the characteristic 
cylinder strength. The application rules in EC 2 are valid 
for reinforcement in accordance with BS EN 10080, whose 
specified yield strength is in the range 400-600 MPa. 

Design strengths are given by: 

design strength = j,j1'M 

wherefk is eitherhk orfYk as appropriate, and 1'M is the value of 
the partial safety factor for the material ( 1'c for concrete, 1's for 
steel reinforcement) and the limit-state being considered, as 
specified in EC 2. 

29.3 BUILDINGS 

Details of the design requirements and partial safety factors are 
given in Table 4.1. Appropriate combinations of design actions 
and values of 0/ are given on page 336. 

29.4 CONTAINMENT STRUCTURES 

For structnres containing liquids or granular solids, the main 
representative value of the variable action resulting from the 
retained material should be taken as the characteristic value for 
all design sitnations. Appropriate characteristic values are given 
in EC I: Part 4: Actions in silos and tanks. 

For the ULS, where the maximum level of a retained liquid 
can be clearly defined and the effective density of the liquid 
(allowing for any suspended solids) will not vary significantly, 
the value of 1'Q applied to the resulting characteristic action 
may be taken as 1.2. Otherwise, and for retained granular 
materials in silos, 1'Q = 1.5 should be used. 
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Limit-state and design consideration* 

Ultimate (persistent and transient actions) 

Ultimate (accidental action) 

Serviceability (function, including damage to structural and 
non-structural elements, e.g. partition walls etc.) 

Serviceability (comfort to user, use of machinery, avoiding 
ponding of water, etc.) 

Serviceability (appearance) 

Combination of design actions 

Il'Gj GkJ + 'YQ,I Qk,l + ~>YQ,i !/IO,i Qk,i 

(Ad + XGkj + (1/11,1 or I{12,1) Qk,1 + XI/I2,1 Qk,l 

XGkj + Qk,l + XI/IO,l Qk,l 

(j21,i>l) 

(j21,i>l) 

(j21,i>l) 

(j 2 I, i > 1) 

(j 2 I, i 2 I) 

Note: In the combination of design actions shown above, Qk,l is the leading variable action and Qk,; are any accompanying variable actions. Where necessary, each 
action in turn should be considered as the leading variable action. .. .. . 
* Serviceability design consideration and associated combination of desIgn actIOns as specIfied III the UK NatlOnal Annex. 

Combinations of design actions on buildings 

Values of ifi for variable actions (* as specified in the UK National Annex) 

Imposed loads (Category and type, see EN 1991-1-1) 
A: domestic, residential area, B: office area 
c: congregation area, D: shopping area 
E: storage area 
F: traffic area (vehicle weight:::::;; 30 kN) 
G: traffic area (30 kN < vehicle weight,; 160 kN) 
H: roof 

Snow loads (see EN 1991-1-3) 
Sites located at altitude> 1000 m above sea level 
Sites located at altitude:::::;; 1000 m above sea level 

Wind loads (see EN 1991-1-4) 

Thermal actions (see EN 1991-1-5) 

Values of", for variable actions on buildings 

1/10 

0.7 
0,7 
1.0 
0.7 
0.7 
0.7 

0.7 
0.5 

0.5* 

0.6 

1/11 1/12 

0.5 0.3 
0.7 0.6 
0.9 0,8 
0.7 0.6 
0.5 0.3 
0 0 

0.5 0.2 
0.2 0 

0.2 0 

0.5 0 

For the SLS of cracking, a classification of liquid-retaining 
structures in relation to the required degree of protection 
against leakage, and the corresponding design requirements 
given in EC 2: Part 3, are detailed here. Silos containing dry 

materials may generally be designed as Class 0, but where the 
stored material is particularly sensitive to moisture, class 1, 2 
or 3 may be appropriate. 

Class 

o 

2 

3 

Leakage requirements 

Leakage acceptable or irrelevant. 

Leakage limited to small amount. 
Some surface staining or damp 
patches acceptable. 

Leakage minimal. Appearance 
not to be impaired by staining. 

No leakage pennitted 

Design provisions 

The provisions in EN 1992-1-1 may be adopted (see Table 4.1) 

The width of any cracks that can be expected to pass through the full thickness 
of the section should be limited to Wkl given by: 

0.05 ,; Wk1 ~ 0.225(1 - hw 145h) ,; 0.2 mm 

where h Ih is the hydraulic gradient (i.e. head of liquid divided by thickness 
of secti;n) at the depth under consideration. Where the full thickness of the 
section is not cracked, the provisions in EN 1992-1 ~ 1 apply (see Table 4.1). 

Cracks that might be expected to pass through the full thickness of the. section 
should be avoided, unless measures such as liners or water bars are mcluded. 

Special measures (e.g. liners or prestress) are required to ensure watertightness. 

Note: In classes 1 and 2, to provide adequate assurance that cracks do not fass through the full width of a section, t?e depth ~f the ~o~presSiO~n~O~at 
at least 0.2h ::::; 50 nun under quasi~pennanent loading for all design conditlOns. The depth should be calculated by lInear elastlc ana YSIS assunll 
in tension is neglected. 

Classification of liquid-retaining structures 

Design requirements and partial safety factors (Ee 2: Part 1) 4.1 
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Limit state 

Structural 
resistance 

Fatigue 

Cracking 

Deflection (due 
to vertical loads ) 

Stress limitation 

Vibration 

Durability 

Fire resistance 

Limit state 

Ultimate (see Note 3) 

Serviceability 

Design requirement 

Structure, whose resistance is based on the design strengths 
of materials, should be able to support without collapse, the 
design effects of specified combinations of design actions. 

Consideration to be given to the effects of imposed actions 
that are predominately cyclical. 

Design surface crack width under quasi-permanent load, or 
due to restrained deformations, ,; 0.3 mm in general. This 
limit may be relaxed for exposure classes XO and XC I, if 
there is no specific requirement with regard to appearance, 
For exposure class XD3, special measures may be needed. 

Final sag relative to supports, under characteristic loads and 
after allowance for any pre-camber, ,; //250, where / is span 
of member, or length of cantilever. Deflection that occurs 
after construction, under characteristic loads, ,; //500. 

For concrete surfaces exposed to chlorides or freeze/thaw, 
compressive stress under characteristic loads to be'; 0.6/ok, 
Non-linear creep to be considered, if compressive stress 
under quasi-permanent loads exceeds 0.45/ok, 
Tensile stress in reinforcement under characteristic loads to 

be'; 0.8.1;" and dne to imposed deformation to be'; 1.0.l;k' 

Avoidance of discomfort or alarm to occupants, structural 
damage, or interference with proper function. 

Structure should perform satisfactorily in the anticipated 
environment for its design working life, with all embedded 
metal adequately protected from corrosion. 

Structural resistance should be adequate for the appropriate 
period of time required by regulations. 

Values of)F for actions (see Note 4) 

Permanent YG (see Note I) Variable }fl (see Note 2) 

Unfavourable Favourable Unfavourable Favourable 

1.35 1.0 1.5 0 

1.0 1.0 1.0 0 

Means of compliance 

By calculation (normally), or 
based on model or prototype 
tests where necessary. 

By calculation, if necessary. 

Minimum reinforcement with 
maximum bar size/spacing, or 
by calculation. 

Limiting span/effective depth 
ratios, or by calculation. 

By calculation, if necessary. 

Consult specialist literature if 
consideration is needed. 

Minimum concrete strength 
class, and minimum cover to 
reinforcement. 

Minimum concrete size and 
cover, or by test or analysis. 

Values of JM for materials 

Concrete Reinforcing 
steel 

}t 7t 

1.5 1.15 

1.0 1.0 

Note I. Permanent actions include self-weight of structural and non-structural components, and direct actions resulting 
from soil (using un-factored soil properties) and water within soil. For the ultimate limit state, a factor of either 1.35 or 
1.0 should be applied to both the unfavourable part and the favourable part of the action, whichever gives the more 
unfavourable effect at the section considered. In cases where the verification of static equilibrium is required, the 
simultaneous application of 1.35 to the unfavourable part and 1.15 to the favourable part of the action should also be 
considered. Indirect actions caused by concrete shrinkage and uneven settlement should generally be considered for 
serviceability limit states, but need not be considered for ultimate limit states provided the elements have sufficient 
ductility and rotation capacity. If concrete shrinkage is considered for ultimate limit states, 7tH ~ 1.0 should be used. 

Note 2. Variable actions include imposed loads, snow loads, wind loads and thermal actions. Representative values of 
the variable actions, incorporating !f/factors appropriate to the design situation, are obtained as given in section 31.3. 

Note 3. For accidental design situations, YA (unfavourable) ~ 1.0, }t~ 1.2 and 7t ~ 1.0. 

Note 4. Other sets of)F values are possible, as specified in the National Annexe for the partiCUlar member state. 

Note 5. In the geotechnical design of foundations and earth-retaining structures, where partial safety factors are applied 
to the soil properties: for ultimate limit states,}6 (unfavourable) ~ 1.0 and YQ (unfavourable) ~ 1.3. 



30.1 CONCRETE 

30.1.1 Strength and elastic properties 

The characteristic strength of concrete is defined as that level of 
compressive strength below which 5% of all valid test results is 
expected to fall. Strength classes are specified in terms of both 
cylinder strength and equivalent cube strength. Recommended 
strength classes with indicative values for the secant modulus 
of elasticity at 28 days are given in Table 4.2. The values given 
for nannal-weight concrete are appropriate for concretes 
made with quartzite aggregates. For limestone and sandstone 
aggregates, these values should be reduced by 10% and 30% 
respectively. For basalt aggregates the values shonld be increased 

by 20%. 
Variation of the secant modulus of elasticity with time can be 

estimated by the expression: 

E,m(t) = [f,m(I)I!",Jo.3 E,m 

where E,m(t) and!cm(t) are values at age I days, and E,m and!,m 
are values determined at age 28 days. 

30.1.2 Creep and shrinkage 

The creep strain in concrete may be assumed to be directly 
proportional to the applied stress for stresses not exceeding 
0.45!ck(tO), where 10 is age of concrete at the time of loading. 
Values of the final creep coefficient, 'P( =, 10), and the creep 
development coefficient, (3,(I, 10), according to the time under 
load, can be obtained from Table 4.3. The procedure used to 
determine the final creep coefficient is as follows: 

1. Determine point corresponding to age of loading 10 on the 
appropriate curve (N for normally hardening cement, R for 
rapidly hardening cement, S for slowly hardening cement). 

2. Construct secant line from origin of curve to the point 
corresponding to to' 

3. Determine point corresponding to the notional size of 
the member ho on the appropriate curve for the concrete 

strength class. 

4. Cross horizontally from the point determined in 3, to intersect 
the secant line determined in 2. 

5. Drop vertically from the intersection point determined in 4, 
to obtain the required creep coefficient 'P(=, IJ. 

Chapter 30 

Properties of materials 

When the applied stress exceeds 0.45!ck(tO) at time of loading, 
creep non-linearity should be considered and 'P(=, 10) should 
be increased as indicated in Table 4.2. 

The total shrinkage strain is composed of two components: 
autogenous shrinkage strain and drying shrinkage strain. 
The autogenous shrinkage strain develops during hardening of 
the concrete: a major part therefore develops in the early days 
after casting. It should be considered specifically when new 
concrete is cast against hardened concrete. Drying shrinkage 
strain develops slowly, as it is a function of the migration of 
the water through the hardened concrete. Final values of each 
component of shrinkage strain, and development coefficients 
with time, are given in Table 4.2. 

30.1.3 Thermal properties 

Values of the coefficient of thermal expansion of concrete for 
normal design purposes are given in Table 4.2. 

30.1.4 Stress-strain curves 

Idealised stress-strain curves for concrete in compression are 
given in Table 4.4. Curve A is part parabolic and part line~, and 
curve B is bi-linear. A simplified rectangular dIagram IS also 

given as a further option. 

30.2 REINFORCEMENT 

30.2.1 Strength and elastic properties 

The characteristic yield strength of reinforcement according 
EN 10080 is required to be in the range 400-600 . . 
characteristic yield strength of reinforcement complymg . 
BS 4449 is 500 MPa. For further information on types, 
ties and preferred sizes of reinforcement, reference 
made to section 10.3 and Tables 2.19 and 2.20. 

30.2.2 Stress-strain curves 

Idealised bi-linear stress-strain curves for reinf(lTc,omen.t. 
tension or compression are shown in Table 4.4. Curve ~: 
inclined top branch up to a specified strain limit, and 
has a horizontal top branch with no need to check 
limit. For design purposes, the modulus of 
reinforcement is taken as 200 GPa. 

Concrete (EC 2): strength and deformation characteristics - 1 4.2 
Normal-weight concrete Lightweight aggregate concrete 

Concrete 
strength 

Class 

Characteristic 
cylinder strength 

at 28 days 
10k (MPa) 

C20/25 20 
C25/30 25 
C30/37 30 
C35/45 35 
C40150 40 
C45/55 45 
C50/60 50 
C55/67 55 
C60175 60 
C70/85 70 
C80/95 80 
C90/105 90 

Secant modulus of elasticity 
(ao ~ 0 to 0.4 10m) at 28 days 

Poisson's ratio 

Characteristic Modulus of Concrete Characteristic Characteristi c 
strength cylinder strength cube strength 

class at 28 days at 28 days 

25 30 LC20/22 20 22 
30 31 LC25/28 25 28 
37 33 LC30/33 30 33 
45 34 LC35/38 35 38 
50 35 LC40/44 40 44 
55 36 LC45150 45 50 
60 37 LC50155 50 55 
67 38 LC55/60 55 60 
75 39 LC60/66 60 66 
85 41 LC70177 70 77 
95 42 LC80/88 80 88 

105 44 

E,m ~ 22(f;mll 0)0.3 E',m ~ E,m(P 12200)' 
where !con ~ !ck + 8 (MPa) where p is oven-dry density of concrete (kg/m3

) 

May normally be taken as 0.2 for un-cracked concrete and 0 for cracked concrete. 

Creep strain in concrete at time I, for a constant stress ao,; 0.45Iok(tO) applied at time 10, can be predicted from: 

()' 

8o,(t, to) ~ ---"- rp (=, 10) ;1(1, 10) 
E 

c 
where E, is the tangent modulus which may be taken as 1.05Eom, rp (=, to) is the final creep coefficient and /3,(1, to) is a 
creep development coefficient, values of which for inside (RR ~ 50%) and outside (RR ~ 80%) conditions, can be 
estimated from Table 4.3. For cases where ao> 0.45Iok(lo), creep non-linearity should be considered and rp(=, to) 
should be multiplied by exp{ 1.5 [ ao/fcm(tO) - 0.45]), where Iom(to) is the mean compressive strength at time 10. For 
lightweight aggregate concrete, the values given for rp (=, to) should be mnltiplied by (p'2200)'. 

Concrete Basic strains Time after homm 100 200 300 ~500 
strength 

80,(=) 
start of 

kh 1.0 0.85 0.75 0.70 
class 

(x 10-6) 
shrinkage 

RH~50% RR=80% j3.,(t) /k,(I) for values of ho 

C20125 25 560 310 I month 0.67 0.43 0.21 0.13 0.06 
C30/37 50 500 280 3 months 0.85 0.69 0.44 0.30 0,17 
C40/50 75 450 250 6 months 0.93 0.82 0.62 0.46 0.29 
C50/60 100 400 230 I year 0.98 0.90 0.76 0.63 0.45 
C901I05 200 260 150 = 1.0 1.0 1.0 1.0 1.0 it ~ ______ ~ ______ ~ ______ ~L-______ -L __________ L-________ L-____ -L ______ l-____ ~ ______ ~ 

c:i Total shrinkage strain in concrete, at time t after shrinkage starts can be predicted from: 

80,(1) ~ 80,(= )fJ,,(I) + kh 8o~0 /3dlt) 

where 80,(=) is autogenous shrinkage, kh 8o~0 is drying shrinkage, /3,,(1) and /3d,(I) are development coefficients. The 
notional size of the member ho ~ 2AJu, where A, is cross-sectional area and u is length of perimeter exposed to drying. 

The values given for 8od.O apply to normal-weight concrete and cement class N. These should be increased by 30% for 
cement class R, and may be reduced by 20% for cement class S. For lightweight aggregate concrete, the values given 
for 8od.O should be mUltiplied by 1.2. The values given for 80,(=) apply where no supply of water from the aggregate to 
the drying microstructure is possible. In other conditions, the values of c;,,(=) will be considerably reduced. 

For normal-weight concrete, the linear coefficient of thermal expansion may be taken as IOxIO-OloK, in the absence of 
more accurate information. For lightweight aggregate concrete, depending on the type of aggregate, the coefficient can 
vary over a wide range between about 4xlO-6 and 14xl0-6/"K. For design purposes, in cases where the calculation is of 
minor significance, a value of 8xlO-6f'K may be taken. 
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Concrete (EC 2): strength and deformation characteristics - 2 4.3 Stress-strain curves (EC 2): concrete and reinforcement 4.4 
"e 

"e 

~ fed ----------- - fed r-----------, 
Note: I , , 

Q) ~~ _ intersection point between lines 4 and 5 can also I , 
r---.. I , 

be above point 1 I , 

~ 
- for to > 100 it is sufficiently accurate to assume 

I , 
(£ 

I , 
® to= 100 (and use the tangent line) I , 

I , 
I , 
I , 
I , 
I , 

to (days) 
I , 
I , , 

1 I , , 

2~ ~ ~ 
I , , 

I" [ , , , 

3 ~ "" "" 
0:: ~ sa So, Be Se2 Ba. Be 

~~ 
~ ---::::: " DESIGN STRESS-STRAIN CURVE A C20ns ~ DESIGN STRESS-STRAIN CURVE B 5 " ""-~ 

C25/30 I.l 

;;? 
C30/37 § 

10 -- C35J4s U Note 1. In the alternative stress-strain curves above, the maximum design stress fcd = accfcllrc, where values of the 

~ 
C40J50 

strains f02, "'3 and 'OJ are given in the table below. In the UK National Annex, u,,= 0.85 for compression in flexure 

====-

C45/55 
C50/60 C55/67 and axial load, but may be taken as 1.0 for other phenomena (e.g. struts in truss model assumed for shear resistance). 20 '\ t--= C60ns C70/85 

30 

\ 
C80/95 C90flO5 

Note 2. A simplified rectangular stress distribution may also be assumed with the stress taken as l)fed for a depth from 

50 \ 
the extreme compression fibre equal to A. times the depth of the compression zone, where values of 1] and A are given 
in the table below according to the value offck. If the width of the compression zone decreases in the direction of the 

100 extreme compression fibre, the value of 1)fcd should be reduced by 10%. 
"i' 7.0 6.0 5.0 4.0 3,0 2,0 1,0 0 100 300 500 700 900 1100 [300 1500 

'" ~(=,triJ 
ho(mm) 

fek (MPa) :>50 55 60 70 80 90 

"'" 
inside conditions - RH=50% 

-tl 
0.0020 0.0022 0.0023 0.0024 0.0025 0.0026 ~ to(days) i'c2 

0 
i'c3 0.00175 0.0018 0.0019 0.0020 0.0022 0.0023 00 1 

OJ "IZ ~ " 2f:?- i'cu 0.0035 0.0031 0.0029 0.0027 0.0026 0.0026 
" 00 
~ '" '""'"' "-

l.0 0.975 0.95 0.90 0.85 0.80 00 
3 1) 

" ~ ~ ~ " A 0.8 0.7875 0.775 0.75 0.725 0.70 <J 5 e20i2S 0::: 

~ ::::- C25/30 "-' [\ " C30/37 0 

" 10 C35/45 ", 
'" ~ f:::- C40/50 C45/55 Curve A - ~ Kfyd 

" f,d f-
, 

" C5Of60 eSSl67 ~ C60ns , , 
U 20 

\. C70/85 CurveB , , 
C80/95 e90/10S , , 

30 

\ 
I 

, , 
, , , 

50 \ 
, , , 

100 , 
6,0 5,0 4,0 3,0 2,0 1,0 0100 300 500 700 900 1100 1300 1500 , 

ho(mm) 
, 

~(=,to) 
, 

outside conditions - RH =SOo/ll , 
..... , 

" Es=200 GPa 
, 

..... E 
, 

Final creep coefficient qJ (00, to) for normal-weight concrete .' " 1\ , 
s 

·i 
,. 

" f,JE, Eud Ow< Os 
~ i; <2 

Creep development coefficient (3,(I, (0) for relative humidity (RH) and notional size ofmember* (mm) •• " DESIGN STRESS-STRAIN CURVES '" ;. <>: 
Time under Inside conditions (RR = 50%) Outside conditions (RR = 80%) Note 1. In the alternative stress-strain curves shown above, the top branch of the curve is taken as follows: 

load .' Curve A: an inclined top branch with a strain limit of 'Ud and a maximum stress of kfyd at 'Uk. 
(t - (0) 100 200 300 ;0: 500 100 200 300 ;0:500 

Curve B: a horizontal top branch with no need to check the strain limit. 

1 month 0.46 0.42 0.39 0.35 0.44 0.39 0.36 0.32 Note 2. The design stress fyd = fywy., the limiting strain CUd = 0.9,<", and values of k, '<k and 'Ud are given in the table 

3 months 0.62 0.57 0.53 0.48 0.59 0.53 0.49 below according to the ductility class of the reinforcement (see Table 2.27). 

6 months 0.72 0.67 0.63 0.58 0.69 0.63 0.59 
Ductility class k ,<k CUd 

1 year 0.82 0.77 0.73 0.68 0.79 0.73 0.69 I: 
1.0 1.0 1.0 l.0 1.0 1.0 1.0 1 A 1.05 0.025 0.0225 

00 

B 1.08 0.050 0.0450 
* Notional size of member ho=' 2Ac1u, where Ac is cross-sectional area and u is length of perimeter exposed to -, 

C 1.15 0.075 0.0675 .. 



Chapter 31 

Durability and 
fire-resistance 

In the following, the concrete cover to the first layer of bars, 
as shown on the drawings, is described as the nominal cover. 
It is defined as a minimum cover plus an allowance in design 
for deviation. A minimum cover is required to ensure the safe 
transmission of bond forces, the protection of steel against 
corrosion, and an adequate fire-resistance. In order to tran~mit 
bond forces safely and ensure adequate concrete compactIOn, 
the minimum cover should be not less thau the bar diarueter or, 
for bundled bars, the equivalent diameter of a notional bar 
having the sarue cross-sectional area as the bundle, 

3Ll DURABILITY 

31, L 1 Exposure classes 

Details of the classification system used in BS EN 206-1 and 
BS 8500-1, with informative exaruples applicable in the United 
Kingdom are given in Table 4,5, Often, the concrete cau be 
exposed to more than one of the actions described in the table, 
in which case a combination of the exposure classes will apply, 

31,1,2 Concrete strength classes and covers 

Concrete durability is dependent mainly on its constituents, aud 
limitations on the maximum free water/cement ratio and the 
minimum cement content are specified for each exposure class. 
These limitations result in minimum concrete strength classes 
for particular cements. For reinforced concrete, the protec~on 
of the steel against corrosion depends on the cover. The requITed 
thickness of coyer is related to the exposure class, the concrete 
quality and the intended working life of the structure, Details of 
the recommendations in BS 8500 are given in Table 4,6, 

The values given for the minimum cover apply for ordinary 
carbon steel in concrete without special protection, and for 
structures with au intended working life of at least 50 years, The 
values given for the nominal cover include au allowauce for 
tolerance of 10 mm, which is recommended for buildings and 
is normally also sufficient for other types of structures, 

For uneven concrete surfaces (e,g, ribbed finish or exposed 
aggregate), the cover should be increased by at least 5 mm, If 
in-situ concrete is placed against another concrete element 
(precast or in-situ), the minimum cover to the reinforcement at 
the interface need be no more than that recommended for 
adequate bond, provided the following conditions are met: 
the concrete strength class is at least C25/30, the exposure I1me 

of the concrete surface to an outdoor environment is no more than 

28 days, and the interface has been roughened, , , 
Where concrete is cast against prepared ground (Illcludlllg 

blinding), the nominal cover should be at least 5~ mm, For 
concrete cast directly against the earth, the nommal coyer 

should be at least 75 mm, 

31.2 FIRE-RESISTANCE 

3L2,1 Buildingregulations 

The minimum period of fire-resistance required for elements of 
the structure, according to the purpose group of a building 
aud its height or, for basements, depth relative to the ground are 
given in Table 3,]2, Building insurers may require longer fire 

periods for storage facilities, 

31,2,2 Design procedures 

BS EN 1992-1-2 contains prescriptive rules, in the form of 
both tabulated data aud calculation models, for standard fire 
exposure, A procedure for a performance-based method using 
fire-development models is also provided,; 

The tabulated data tables give minimum dimensions for the 
size of a member and the axis distance of the reinforcemenf~ 
The axis distauce is the nominal distance from the centre ~f 
the main reinforcement to the concrete surface, as shown III ~e 
following figure, 

0 • • h?b 

••• ~ a 

l 

Tabulated data is given for bearus, slabs aud bf'LcelJ C'Y'·'" 

for which provision is made for the load level to be 
account. In many cases, for fire periods up to aboutn~,",+n"r 
the cover required for other purposes will control, 
information on all the design procedures, reference 

made to BS EN 1992-1-2, 

Exposure classification (BS 8500) 4.5 
Exposure classes related to environmental actions in accordance with BS EN 206-1 aud BS 8500-1 (see Note I) 

Class Description 

I. No risk of corrosion or attack 

XO Concrete without reinforcement or embedded 
metal: all exposures except where there is 
freeze/thaw, abrasion or chemical attack 

Concrete with reinforcement: very 

2. Corrosion induced by carbonatiou (see Note 2) 

XCI Dry or permanently wet 

XC2 Wet, rarely dry 

XC3 Moderate humidity 
and or 

XC4 Cyclic wet and dry 

3, Corrosion induced by chlorides other than from 

XDI Moderate humidity 

XD2 Wet, rarely dry 

XD3 Cyclic wet and dry 

Informative examples applicable in the UK 

Un-reinforced concrete surfaces inside structures, Un-reinforced 
concrete completely buried in non-aggressive soil, or permanently 
submerged in non-aggressive water, or subject to cyclic wet and 
dry conditions but not to abrasion, freezing or chemical attack, 

Reinforced concrete in conditions. 

Reinforced concrete surfaces inside structures except areas of high 
humidity, or permanently submerged in non-aggressive water. 

Reinforced coucrete completely buried in non-aggressive soiL 

External reinforced concrete surfaces sheltered from, or exposed 
to, direct rain. Reinforced concrete surfaces inside structures in 
areas of high humidity (e,g. bathrooms aud kitchens), Reinforced 
concrete surfaces exposed to alternate wetting and drying. 

Note 

Reinforced concrete surfaces exposed to airborne chlorides, or to 
occasional or slight chloride conditions, including parts of bridges 
away from direct spray containing de-icing agents. 

Reinforced concrete surfaces totally immersed in water containing 
chlorides (see Note 3). 

Reinforced concrete surfaces directly affected by de-icing salts or 
spray containing de-icing salts (e.g, parts of structures within 10m 
of the carriageway, edge beams and buried structures less 
thau 1 m below level, and car 

Corrosion induced by chlorides from seawater (see Note 2) 

XSI Exposed to airborne salt but not in direct 
contact with seawater 

XS2 Wet, rarely dry 

XS3 Tidal, splash and spray zones 

5, Freeze/thaw attack concrete is 

External reinforced concrete surfaces in coastal areas. 

Reinforced concrete below mid-tide level (see Note 3). 

Reinforced concrete in the upper tidal, splash and spray zones. 

attack from freeze/thaw whilst 

XFI Moderate water saturation, no de-icing agent Vertical concrete surfaces (e.g. facades and columns) exposed to 
rain and freezing. Non-vertical but not highly saturated concrete 
surfaces, which are exposed to rain or water and to freezing, 

XF2 Moderate water saturation, with de-icing agent Elements (e,g, parts of bridges), otherwise classified as XFI, that 
are exposed to de-icing salts directly, or as spray or run-off 

XF3 High water saturation, no de-icing agent Horizontal concrete surfaces (e,g. parts of buildings) where water 
accumulates, or elements that are subjected to frequent splashing 
with water, and exposed to freezing, 

High water saturation, with de-icing agent or 
seawater (see Note 4) 

Horizontal concrete surfaces (e,g, roads and pavements) that are 
exposed to de-icing salts directly, or as spray or ruu-off, and to 
freezing, Elements subjected to frequent splashing with water 
containing de-icing agents, and exposed to freezing, 

Note 1. The classification, which relates to the conditions existing in the place of use of the concrete, does not exclude consideration of measures such as 
using stainless steel, or other corrosion-resistant metals, and applying protective coatings to the concrete or reinforcement. For exposure to chemical attack 

. (class XA), where the approach in BS EN 206-1 varies significantly from current UK practice, reference should be made to BS 8500-1. 

The moisture condition relates to that in the concrete cover to reinforcement or other embedded metal. In many cases, the condition in the concrete 
can be taken as that of the surrounding environment. This may not be appropriate when there is a barrier between the concrete and its environment. 

Where one surface is immersed in water containing chlorides and another is exposed to air, the condition is potentiaIIy more severe, especially jf 
surface is at a higher ambient temperature. Specialist advice should generally be sought to develop a specification appropriate to the conditions. 

For structures located in the UK, it is not nonnally necessary to include, Dm1S that are in contact with the sea in the XF4 class. 



Concrete quality and cover requirements for durability (BS 8500) 4.6 
Recommended limiting values for concrete quality (see Note I) and cover to all reinforcement (including links) 

Exposure Maximum Minimum Minimum strength class (Table 4.2) Minimum Nominal 
class waterl cement for cement type (see Note 2) cover cover 

(Table 4.5) cement content (see Note 3) (see Note 4) 
ratio kg/mJ Group 4 Group 5 Group 6 mm mm 

XCI 0.70 240 C20/25 C20/25 C20/25 15 25 

XC2 0.65 260 C25/30 C25/30 C25/30 25 35 

XC3/XC4 0.65 260 C25/30 C25/30 C25/30 35 45 
(cement type 0.60 280 C28/35 C28/35 C28/35 30 40 
IVB invalid) 0.55 300 C32/40 C32/40 C32/40 25 35 

0.45 340 C40150 C40/50 C40/50 20 30 

XDl 0.60 300 C28/35 C28/35 C28/35 35 45 
0.55 320 C32/40 C32/40 C32/40 30 40 
0.45 360 C40150 C40150 C40150 25 35 32.1 DESIGN ASSUMPTIONS 

XD2 0.55 320 C28/35 C25/30 C20125 40 50 Bas~c assumptions regarding the design of cracked concrete 
0.50 340 C32/40 C28/35 C25/30 35 45 sectIOns at the ULS are outlined in section 5.2. The tensile 
0040 380 C40/50 C35/45 C32/40 30 40 strength of the concrete is neglected and strains are evaluated 

XD3 0045 360 C35/45 50 60 on the assumption that plane sections before bending remain 
0040 380 C40150 45 55 plane after bending. Reinforcement stresses are then derived 
0.35 380 C45155 40 50 from these strains on the basis of the design stress-strain curves 

0.50 340 C28/35 C25/30 50 60 
shown on Table 4.4. Two alternatives are given in which the top 

0045 360 C32/40 C28/35 45 55 branch of the curve IS taken as eIther horizontal with no need 

0.40 380 C35/45 C32/40 40 50 to check the strain limit. or inclined up to a specified strain 
lImIt. Fo~ the concrete stresses, three alternative assumptions 

XSI 0.50 340 C35/45 C32/40 40 50 are permitted as shown on Table 4.4. The design stress-strain 

0045 360 C40/50 C35/45 35 45 CUrves give stress distributions that are a combination of either 

0.35 380 C50/60 C45155 30 40 a parab?la and a rectangle, or a triangle and a rectangle. 

0.55 320 C20/25 40 50 
AlternatIvely,. a rectangular concrete stress distribution may be 
assumed. Whichever alternative is used, the proportions of the 

0.50 340 C25/30 35 45 stress-block and the maximum strain are constant for 
0040 380 C32/40 30 40 Ie, " 50 MPa, but vary as the concrete strength changes for 

XS2 0.55 320 C28/35 C25/30 C20125 40 50 lek> 50 MPa. 

0.50 340 C32/40 C28/35 C25/30 35 45 For a rectangular area of width b and depth x, the total COm-

0040 380 C40/50 C35/45 C32/40 30 40 pressive force is given by kJokbx and the distance of the force 

XS3 0040 380 C40/50 50 60 from the compression face is given by k"x, where values of kJ 

0.35 380 C45155 45 55 (mcludmg for the term a,oiYc) and kz according to the shape of 
the stress block are given in the table opposite. 

0.50 340 C28/35 C25/30 50 60 
0045 360 C32/40 C28/35 45 55 

.32.2 BEAMS AND SLABS 0.40 380 C35/45 C32/40 40 50 

Note I. The concrete quality recommendations apply for a maximum aggregate size of 20 mm, and an intended working life 
~oeam~ and slabs are generally subjected to bending only but, 
. mehmes, are also reqmred to reSIst an axial force, for example 

for the structure of at least 50 years. For concrete subject to freeze/thaw action and concrete in aggressive ground conditions 
III a portal frame, or in·a floor acting as a prop between basement 

reference should be made to Annex A of BS 8500-1. walls. Axial thrusts not greater than 0.12lek times the area of the 
Note 2. The cement (or combination) types are those listed in Table A.I 7 ofBS 8500-1 (see also Table 2.17), as follows: c~oss section may be ignored in the analysis of the section 

Group 4 Portland cement, Portland-slag cement, Sulfate-resisting Portland cement Slll~e the effect of the axial force is to increase the moment of 
reSIstance. 

Group 5 Portland-fly ash cement, Blastfurnace cement (36-65% ggbs) 
In cases where, as a result of moment redistribution Group 6 Blastfumace cement (66-80% ggbs), Pozzolanic cement 

allowed in the analysis of the member, the design moment is 
Note 3. The minimum cover values apply for ordinary carbon steel in concrete without special protection, and an l~ss than the maximum elastic moment at the section the nec-
working life for the structure of at least 50 years. essary d T . ' 

"f uch Ity may be assumed WIthout explicit verification 
Note 4. The allowance for tolerance of 10 mm is generally acceptable for buildings, and is normally also sufficient for 1 the ~eutral axis depth satisfies the limits given in the table 
types of structures. In certain situations, this allowance may be reduced (e.g. where fabrication is subjected to a OPPOSIte. 

assurance system, in which the monitoring includes measurements of the concrete cover; or where, for precast Where plastic analysis is used, the necessary ductility may be 
can be assured that a very sensitive measuremeut device is used for monitoring and non-conforming members are . Without explicit verification if the neutral axis depth at 

sectIOn satisfies the fOllowing requirement: 

Chapter 32 

Bending and axial 
force 

10k Shape of 
k j k, MPa stress-block 

,.;50 Parabola-rectangle 0.459 0.416 

S," 

Triangle-rectangle 0.425 0.389 0.0035 
Rectangular 0.453 0.400 

55 Parabola-rectangle 0.433 0.400 
Triangle-rectangle 0.402 0.375 0.0031 
Rectangular 0.435 0.394 

60 Parabola-rectangle 0.417 0.392 
Triangle-rectangle 0.381 0.363 0.0029 
Rectangular 0.417 0.388 

70 Parabola-rectangle 0.399 0.383 
Triangle-rectangle 0.357 0.351 0.0027 
Rectangular 0.382 0.375 

80 Parabola-rectangle 0.385 0.378 
Triangle-rectangle 0.327 0.340 0.0026 
Rectangular 0.349 0.363 

90 Parabola-rectangle 0.378 0.375 
Triangle-rectangle 0.316 0.337 0.0026 
Rectangular 0.317 0.350 

Propemes of concrete stress-blocks for rectangular area 

10k 
MPa 

,.;50 

55 
60 
70 

'='80 

Maximum value of x/d* at section where 
moment redistribution is required 

(8 - 0.4) 

0.95 (8 - 004) 
0.92 (8 - 004) 
0.90 (8 - 004) 
0.88 (8 - 004) 

In the above expressions, 8 is the ratio of the design moment to the 
maximum elastic moment for values of: 

1.0 > 8 =:: 0.7 where class B and C reinforcement is used. 
1.0 > 8 =:: 0.8 where class A reinforcement is used. 

*Based On values given in the UK National Annex. 

Limits of xld for moment redistribution 

xld" 0.25 for concrete strength classes" C50/60 
xld,.; 0.15 for concrete strength classes> C50/60 

The following analyses and resnlting design charts and tables 
are applicable to concrete strength classes "C50/60. 

, II 
i !J 

;11; 

Ii ' 
i:i 
! 
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32.2.1 Singly reinforced rectangular sections 

f-- b -1 0.0035 1 
O.85fck1rc 

T 1 k2x 

X T L kJickbx 

d 

1 • As • 
£, Asfs 

Section Strains Forces 

The lever ann between the forces shown in the figure here is 
given by z = (d - k,x), from which x = (d - z)lk,. 

Taking moments for the compressive force about the line of 
action of the tensile force gives 

The solution of the resulting quadratic equation in z gives 

zld = 0.5 + YO.25 - (k, - kj)JL where JL = Mlbd'kk 

Taking moments for the tensile force about the line of action of 

the compressive force gives 

M = Ad, z, from which A, = MIt, z 

The strain in the reinforcement 8, = 0.0035(1 - xld)/(x/d) and 
from the design stress-strain cnrves, the stress is given by: 

t, = 8,E, = 700(1 - x/d)/(x/d) :5 kJyk 11.15 

If the top branch of the design stress-strain curve is taken as 
horizontal (cnrve B), k, = 1.0 andt, = Iyk /1.15 for values of 

x/d:5 805/(805 + Iyk) = 0.617 forIyk = 500 MPa 

A design chart for Iyk = 500 MPa, derived on the basis of the 
parabolic-rectangular stress-block for the concrete and curve B 
for the reinforcement, is given in Table 4.7. 

If the top branch of the design stress-strain curve is taken as 
inclined (curve A), the value of k, depends on the strain and the 
ductility class of the reinforcement. The use of curve A is 
advantageous in reducing the reinforcement requirement. The 
maximum reduction, for a lightly reinforced section, is close to 
5%, 8% and 15% for reinforcement ductility classes A, B and 
C respectively. For more heavily reinforced sections, the reduc­
tions are less and the particular ductility class makes very little 
difference to the values obtained. 

A design table, based on the rectangular stress-block for the 
concrete and design curve A for the reinforcement, is given in 
Table 4.8. The table uses non-dimensional parameters, and is 
valid for values of kk :5 50 MPa. Values of k" determined for 
Iyk = 500 MPa, were based on the most critical ductility class 
in each case, namely class A for Mlbd'-l,k:5 0.046 and class B 
for M/bd'-kk > 0.046. This can be seen from the following 
table, which gives values of AJyk/bdkk for each ductility class 
in the range up to Mlbd'-I eX = 0.048. 

Bending and axialforce 

Mlbd'!ck 
AJyklbd!ck for ductility class 

A B C 

0.010 0.0111 0.0108 0.0102 

0.012 0.0134 0.0130 0.0123 

0.014 0.0156 0.0152 0.0144 

0.016 0.0179 0.0174 0.0165 

0.018 0.0202 0.0197 0.0186 

0.020 0.0224 0.0219 0.0207 

0.022 0.0247 0.0241 0.0228 

0.024 0.0270 0.0264 0.0252 

0.026 0.0293 0.0286 0.0276 

0.028 0.0317 0.0309 0.0300 

0.030 0.0340 0.0331 0.0324 

0.032 0.0363 0.0354 0.0349 

0.034 0.0387 0.0379 0.0373 

0.036 0.0410 0.0403 0.0398 

0.038 0.0434 0.0428 0.0423 

0.040 0.0457 0.0453 0.0448 

0.042 0.0481 0.0478 0.0473 

0.044 0.0505 0.0503 0.0498 

0.046 0.0529 0.0528 0.0523 

0.048 0.0553 0.0554 0.0549 

32.2.2 Doubly reinforced rectangular sections 

I-- b ---l 

-n 
0.0035 

1 
O.85fcklYc 

T e' 
A'sf~ 

• A: • " 
k,x 

X T 
1 

kdekbx 

d 

• As • ~ 
8, Asfs 

Section Strains Forces 

The forces provided by the concrete and the reinforcement, 
are shown in the figure here. Taking moments for the two 
compressive forces about the line of action of the tens!l~ 
force gives 

M = k'kkbx(d - k,x) + A'J;(d-d') 

The strain in the reinforcement 8; = 0.0035(1 - d'tx) and 
design stress-strain curve B, the stress is given by: 

I; = 8;E, = 700(1-d~x) :5j"k/1.l5 

Thus,f; = Iyk 11.15 for values of 

xld~ [805/(805 - Iyk)l(d~d) = 2.64(d?d) for/yk = 500 

Equating the tensile and compressive forces gives 

A,t, = k,kkbx + AY; 

where the stress in the tension reinforcement is give~ 
expression derived in section 32.2.1. 

EC 2 Design chart for singly reinforced rectangular beams 
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Ee 2 Design table for singly reinforced rectangular beams 4.8 
M Asf'k X Z 

- -
bd2fek bdfek d d 

0.010 0.011 0.022 991 
0.012 0.014 0.027 0.989 
0.014 0.016 0.031 0.987 
0.016 0.Ql8 0.036 0.986 
0.Ql8 0.020 0.040 0.984 

0.020 0.023 0.045 0.982 
0.022 0.025 0.050 0.980 
0.024 0.027 0.054 0.978 
0.026 0.030 0.059 0.977 
0.028 0.032 0.063 0.975 

0.030 0.034 0.068 0.973 
0.032 0.037 0.073 0.971 
0.034 0.039 0.077 0.969 
0.036 0.041 0.082 0.967 
0.038 0.044 0.087 0.965 

0.040 0.046 0.092 0.963 
0.042 0.048 0.096 0.961 
0.044 0.051 0.101 0.960 
0.046 0.053 0.106 0.958 
0.048 0.056 0.111 0.956 

0.050 0.058 0.116 0.954 
0.052 0.061 0.121 0.952 
0.054 0.063 0.125 0.950 
0.056 0.066 0.130 0.948 
0.058 0.069 0.135 0.946 

0.060 0.071 0.140 0.944 
0.062 0.074 0.145 0.942 
0.064 0.076 0.150 0.940 
0.066 0.079 0.155 0.938 
0.068 0.082 0.160 0.936 

0.070 0.084 0.165 0.934 
0.072 0.087 0.170 0.932 
0.074 0.090 0.176 0.930 
0.076 0.092 0.181 0.928 
0.078 0.095 0.186 0.926 

Moment 

Redisttibution ratio 

% 0 
x 
d 

O' 1.00 0.60 
5 0.95 0.55 
10 0.90 0.50 
IS 0.85 0.45 
20 0.80 0.40 
25 0.75 0.35 

M A,f,k X Z 
- -

bd2fek bdfek d d 

0.080 0.098 0.191 0.924 
0.082 0.100 0.196 0.921 
0.084 0.103 0.202 0.919 
0.086 0.106 0.207 0.917 
0.088 0.109 0.212 0.915 

0.090 0.112 0.217 0.913 
0.092 0.115 0.223 0.911 
0.094 0.117 0.228 0.909 
0.096 0.120 0.234 0.907 
0.098 0.123 0.239 0.904 

0.100 0.126 0.245 0.902 
0.102 0.129 0.250 0.900 
0.104 0.132 0.256 0.898 
0.106 0.135 0.261 0.896 
0.108 0.138 0.267 0.893 

0.110 0.141 0.272 0.891 
0.112 0.144 0.278 0.889 
0.114 0.147 0.284 0.887 
0.116 0.150 0.289 0.884 
0.118 0.153 0.295 0.882 

0.120 0.156 0.301 0.880 
0.122 0.159 0.307 0.877 
0.124 0.162 0.313 0.875 
0.126 0.165 0.319 0.873 
0.128 0.168 0.324 0.870 

0.130 0.171 0.330 0.868 
0.132 0.174 0.336 0.865 
0.134 0.178 0.343 0.863 
0.136 0.181 0.349 0.861 
0.138 0.184 0.355 0.858 

0.140 0.187 0.361 0.856 
0.142 0.190 0.367 0.853 
0.144 0.194 0.373 0.851 
0.146 0.197 0.380 0.848 
0.148 0.200 0.386 0.846 

Limiting values 

M Asf'k ---
bd2fek bdfek 

0.207 0.313 
0.194 0.286 
0.181 0.260 
0.167 0.234 
0.152 0.207 

M Asf'k X Z 
- -

bd2fek bdfek d d 

0.150 0.204 0.393 0.843 
0.152 0.207 0.399 0.840 
0.154 0.211 0.405 0.838 
0.156 0.214 0.412 0.835 
0.158 0.218 0.419 0.833 

0.160 0.221 0.425 0.830 
0.162 0.225 0.432 0.827 
0.164 0.228 0.439 0.824 
0.166 0.232 0.446 0.822 
0.168 0.235 0.452 0.819 

0.170 0.239 0.459 0.816 
0.172 0.243 0.466 0.814 
0.174 0.247 0.473 0.811 
0.176 0.250 0.480 0.808 
0.178 0.254 0.488 0.805 

0.180 0.258 0.495 0.802 
0.182 0.262 0.502 0.799 
0.184 0.266 0.510 0.796 
0.186 0.270 0.517 0.793 
0.188 0.274 0.525 0.790 

0.190 0.278 0.532 0.787 
0.192 0.282 0.540 0.784 
0.194 0.286 0.548 0.781 
0.196 0.290 0.556 0.778 
0.198 0.294 0.564 0.775 

0.200 0.298 0.572 0.771 
0.202 0.303 0.580 0.768 
0.204 0.307 0.588 0.765 
0.206 0.311 0.597 0.761 
0.208 0.316 0.605 0.758 

0.210 0.320 0.614 0.754 

Fonnulae used in table above 

x I-zld 
-~--

d 0.4 

M 
whereli=­

bd 2f . 
ek 

0.136 0.181 
Fonnnlae are valid for values of fok " 50 MPa. v.aJLUO"<!·'A 30 0.70 0.30 

f-----''''-----L.-=-''--'----''='--'--==-"----'''=''--i of k, were detennined using stress-strain curve 
Fonnulae used to detennine limiting values: Table 4.4, for f'k = 500 MPa, in each case 

xld=(o-O.4) Ii = 0.453 (xld) (1- 0.4 xld) 

• Value included for purposes of interpolation. Limiting values do 
not apply in cases where 0'2 1.0. 

lowest value for ductility class A, B or C. For LUIW'·· • .1 

infonnation regarding values for a particular dw,tiliity .. 
class, and cases where fek > 50 MPa, reference sh()nl(!~ 
be made to section 32.2.1. 

Beams and slabs 

Design charts, based on the rectangular stress-block for the 
con~rete, design curve B for the reinforcement, and for values 
of did = 0.1 and 0.15 respectively, are given in Tables 4.9 and 
4.10. The charts, which use non-dimensional parameters, were 
determmed for Iyk = 500 MPa, but may be safely used for 
Iyk :5 500 MPa. In determining the forces in the concrete no 
reduction has been made for the area of concrete displaced by 
the compression reinforcement. 

32.2.3 Design formnlae for rectangular sections 

No design formulae are given in the code but the following are 
valid for values of 10k :5 50 MPa and Iyk :5 500 MPa. The 
formulae are based on the rectangular stress-block for the 
concrete, and stresses of O.87f, k in tension and compression . f y 
rem orcement. The compression reinforcement requirement 
depends on the value of I-' = Mlbd'lok compared to 1-" where: 

1-" = 0.210 for 8 2: 1.0 
1-" = 0.453(8 - 0.4) - 0.181(8 - 0.4)2 for 8 < 1.0 

8 is the ratio, design moment to maximum elastic moment 
where 8 2: 0.7 for class B and C reinforcement, and" 2: 0.8 fa; 
class A reinforcement 

For J.1. > JL
I

, compression reinforcement is not required and 

A, = MIO.87Iykz where 

z = d{0.5 + \10.25 - 0.8821-') and x = (d - z)/0.4 

For f.L > f.1.,!, compression reinforcement is required and 

A; = (1-'- 1-")bd'lok/0.87IYk(d-d') 

A, = A; + l-"bd'lok/0.87/YkZ where 

z = d{ 0.5 + \10.25 - 0.882JL' ) and x = (d - z)/O.4 

For d';x > 0.375 (forly = 500 MPa), A; should be replaced by 
1.6(1 - dyx)A; in the equations for A; and A,. 

32.2.4 Flanged sections 

In monolithic beam and slab construction, where the web of the 
beam projects below the slab, the beam is considered as a 
flanged section for sagging moments. The effective width of the 
flange, over which unifonn conditions of stress can be assumed 
may be taken as beff = bw + b l

, where ' 

b' = O.I(aw + 10) :5 0.210:5 0.5aw for L beams 
b' = 0.2(aw + 10) :5 0.4/0 :5 1.0aw for T beams 

In the aforesaid expressions, bw is the web width, a" is the clear 
dIstance between the webs of adjacent beams, and 10 is the dis­
;ance between points of zero bending moment for the beam. If 
.'ff IS the effective span, 10 may be taken as 0.851,ff when there 
~s continuity at one end of the span only, and O.71,ff when there is 
OntrnllIty at both ends of the span. For up-stand beams when d . . , 

. eSIgmng for hogging moments, 10 may be taken as O.3/,ff at 
IDtemal supports and 0.151'ff at end supports. 

In most sections, where the flange is in compression, the depth 
of the neutral axis will be no greater than the thickness of the 

. flange. In this case, the section can be considered to be rectangular 
WIth b taken as the flange width. The condition regarding the 
neutral axis depth can be confirmed initially by showing that 

:5 kIlo.jJhr (d - k,hr), where hr is the thickness of the flange. 

349 

A1t~matively, the section can be considered to be rectangular 
mItrally, and the neutral axis depth can be checked subsequently. 

1 • b -I k2hf 

T IT }t k1kk(b - bw)hf 
x 

1 k1kkbw>: d k,x 

-As - 1 
A,(0.87f,k) 

I-bw--1 
Section Forces 

The figure here shows a flanged section where the neutral axis 
depth is greater than the flange thickness. The concrete force 
can be divided into two components and the required area of 
tension reinforcement is then given by: 

A, = A,I + kllok (b - bw)h,/0.87/yk where 
As! = area of reinforcement required to resist a moment M 

applied to a rectangular section, of width b
w

, and I 

MI = M - kUck (b - bw)hr (d - k,h,) :5 1-" bd'lok 

Using the rectangular concrete stress-block in the forgoing 
equatIOns, gIves kI = 0.45 and k2 = 0.4. This approach gives 
SolutIOns that are 'correct' when x = hr, but become slightly 
more conservative as (x - hr) increases. 

32.2.5 General analysis of sections 

The analysis of a section of any shape, with any arrangement of 
remforcement, involves a trial-and-error process. An initial 
value is assumed for the neutral axis depth, from which the 
concrete strains at the positions of the reinforcement can be 
calculated. The corresponding stresses in the reinforcement are 
detennined, 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 the forces 
about the neutral axis, or any convenient point, is calculated. 

Example I 

ABC 

t t 
8m 8m 

Spans 

(load case 1) 

~ ,--+150 

LJ 1 350 

1
300

1 

Cross section 

-396kNm 

Elastic bending moment diagram 
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The beam shown in the figure here is part of a monolithic beam 
and slab floor, in which the beams are spaced at 5 m centres. 
The maximum and minimum design loads on each span are as 
follows, where Gk = 160 kN and Qk = 120 kN: 

Fm~ = 1.35Gk + 1.5Qk = 396 kN, Fmin = 1.35 Gk = 216 kN 

The section design is to be based on the following values: 

fek = 32 MPa,j,k = 500 MPa, cover to links = 35mm. 

For sagging moments, b' and b,ff are given by: 

b' = 0.2(aw + 10) :5 0.4 10 :5 aw 

= 0.2(4700 + 0.85 X 8000) = 2300 mm 
boff = bw + b' = 300 + 2300 = 2600 mm 

Allowing for 8 mm links and 32 mm main bars, 

d = 500 - (35 + 8 + 16) = 440mm say. 

In the calculations that follow, solutions are obtained using 
charts and equations, to demonstrate the use of each method. 

Maximum sagging moment. For section to be designed as rec­
tangular with b taken as the flange width, bending moment 
should satisfy the condition: 

M:5 kd'kbhf (d - k,h,) 
= 0.45 X 32 X 2600 X 150 X (440 - 0.4 X 150) X 10-6 

= 2134 kNm (>258 kNm) 

M/bd 2 = 258 X 106/ (2600 X 440') = 0.51 MPa 

From chart in Table 4.7, 100A/bd = 0.12, 

A, = 0.0012 X 2600 X 440 = 1373 mm' 

Alternatively, by calculation or from Table 4.8, 

I" = M/bd'fek = 0.51/32 = 0.016 

zld = 0.5 + VO.25 - 0.882 X 0.016 = 0.985 

Hence A, = MIO.87!,kz gives 

A, = 258 X 1061 (0.87 X 500 X 0.985 X 440) = 1369 mm' 

Using 3H25 gives 1473 mm' 

The above solutions are based on design stress-strain curve B 
for the reinforcement. Solutions based on curve A also can be 
obtained from the table in section 32.2.1, as follows: 

Mlbd'/ok 
AsiYk1bd!ck for ductility class 

A B C 

0.016 0.0179 0.0174 0.0165 
A, (mm') 1310 1274 1208 

Maximum hogging moment 

I" = Mlbd'fek = 396 X 106/ (300 X 440' X 32) = 0.213 

From Table 4.8, this appears to be just beyond the range for a 
singly reinforced section. From the chart in Table 4.9, a value 
of A,!,,jbdfek = 0.34 can be obtained. Although this is a valid 
solution, it should be possible to reduce the area of tension 
reinforcement to a more suitable value, by allowing for some 
compression reinforcement. Consider the use of 2H25, which 
gives d' = 55 mm (d';d = 55/440 = 0.125). 

Bending and axial force 

A~f,,jbdfek = 982 X 500/(300 X 440 X 32) = 0.116 

Interpolating from charts in Tables 4.9 and 4.10, with 

A;f,klbdfek = 0.1, A,!,klbdfek = 0.285 (for d';d = 0.125) 
A, = 0.285 X 300 X 440 X 32/500 = 2408 mm' 

Using 3H32 gives 2413 mm' 

A solution can also be obtained using the design equations, as 
follows: f; = 0.87f, is valid for x/d;O: (d';d)/0.375 = 0.333. 

With xld = 0.333 and zld = (1 - O.4xld) = 0.867, 

1'" = 0.453(xld)(zld) = 0.453 X 0.333 X 0.867 = 0.131 

A; = (I" - 1"') bd'fek 1 0.87f,k (d - d') 
= (0.213 - 0.131) X 300 X 440' X 321 

(0.87 X 500 X 385) 
= 910 mm' (2H25 gives 982 mm') 

A, = A; + 1'" bd'fek 10.87!,k Z 

= 910 + 0.131 X 300 X 440' X 32/ 
(0.87 X 500 X 0.867 X 440) 

= 2377 mm' (3H32 gives 2413 mm') 

Example 2. Suppose that in the previous example the maxi­
mum hogging moment at B is reduced by 20% to 317 kNm. 
This is valid for reinforcement of all ductility classes. 

I" = Mlbd'fek = 317 X 1061 (300 X 440' X 32) = 0.171 
8 = 3171396 = 0.80, xld:5 (8 - 0.4) = 0.4 

From chart in Table 4.10, keeping to left of line for xld = 0.4, 

A;/yklbdfek = 0.05, AJytfbdfek = 0.23 
A; = 0.05 X 300 X 440 X 32/500 = 423 mm' 

Using 2H20 gives 628 mm' (instead of 2H25 in example I) 

A, = 0.23 X 300 X 440 X 32/500 = 1943 mm2 

Using 4H25 gives 1963 mm' (instead of 3H32 in example 1) 

A solution can also be obtained by using the design equations 
as in example I, with xld = 0.333, zld = 0.867, 1'" = 0.131: 

A; = (I" -I"')bd'fek 1 0.87/,k (d - d') 
= 0.04 X 300 X 4402 X 32 I (0.87 X 500 X 385) 
= 444mm2 

A, = A; + 1'" bd'fek 1O.87/,kZ 
= 444 + 0.131 X 300 X 440' X 321 

(0.87 X 500 X 0.867 X 440) 

= 1912 mm2 

Since the reduced hogging moment for load case I is 
greater than the elastic hogging moment for load case 2, 
design sagging moment remains the same as in example 1. 

In the foregoing examples, at the bottom of the beam, 
bars would run the full length of each span, with 2H25 or 
splice bars at support B. Other bars would be curtailed to 
the bending moment requirements and detailing rules. 

32.3 COLUMNS 

In the Code of Practice, a column is taken to be a co,np'·esS. 
member whose greater overall cross sectional di'r ner,sic>ll 
more than four times its smaller dimension. An effective 
and a slenderness ratio are determined in relation to its 

Columns 

and minor axes of bending. The effective length is a function of 
the clear height and depends upon the restraint conditions at the 
ends of the column. A slenderness ratio is defined as the effec­
tive length divided by the radius of gyration of the uncracked 
concrete section. Columns should generally be designed for both 
first order and second order effects, but second order effects may 
be ignored provided the slenderness ratio does not exceed a par­
ticular limiting value. This can vary considerably and has to be 
determined from an equation involving several factors. These 
generally need to be calculated but default values are also given. 

Columns are subjected to combinations of bending moment 
and axial force, and the cross section may need to be checked 
for more than one combination of values. Several methods of 
analysis, of varying complexity, are available for detennining 
second order effects. Many columns can be treated as isolated 
members, and a simplified method of design using equations 
based on an estimation of curvature is commonly used. The 
equations contain a modification factor Kp the use of which 
results in an iteration process with K, taken as 1.0 initially. The 
design procedures are shown in Tables 4.15 and 4.16. 

In the code, for sections subjected to pure axial load, the concrete 
strain is limited to 0.002 for values of fek :5 50 MPa. In this 
case, the design stress in the reinforcement should be limited to 
400 MPa. However, in other parts of the code, the design stress 
in this condition is shown as Iyd = Iyk/y, = 0.87fyk' In the 
derivation of the charts in this chapter, which apply for all 
values of fek :5 50 MPa and !,k :5 500 MPa, the maximum 
compressive stress in the reinforcement was taken as O.87f y

k­

The charts contain sets of K, lines to aid the design process. 

32.3.1 Rectangular columns 

Section Forces 

The foregoing figure shows a rectangular section in which the 
reinforcement is disposed equally on two opposite sides of a 
horizontal axis through the mid-depth. By resolving forces and 
taking moments about the mid-depth of the section, the follow­
ing equations are obtained for 0 < xlh :5 1.0. 

Nlbhfek = k,(xlh) + 0.5(AJ,,jbhfck)(k,, - k.,J 

Mlbh'fok = k,(xlh){0.5 - k,,(xlh)} 

+ 0.5(A,!"Jbhfe0(k" + k,2J(d/h - 0.5) 

The stress factors, k'l and 1<,2' are given by: 

k" = 1.4(xlh + dlh - 1)/(xlh) :5 0.87 
k'2 = 1.4(d/h - xlh)l(xlh) :5 0.87 

maximum axial force Nu is given by the equation 

N,ibhfek = 0.567 + 0.87(AJyk/bhfck) 
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Design charts, based on the rectangular stress-block for the 
concrete, and for values of dlh = 0.8 and 0.85, are given in 
Tables 4.11 and 4.12 respectively. On each curve, a straight line 
has been taken between the point where xlh = 1.0 and the point 
where N = No. The charts, which were detennined for!,k = 500 
MPa, may be safely used for Iy :5 500 MPa. In detennining the 
forces in the concrete, no reduction has been made for the area 
of concrete displaced by the compression reinforcement. In the 
design of slender columns, the K, factor is used to modify the 
deflection corresponding to a load Nbru at which the moment is a 
maximum. A line corresponding to Nbru passes through a cusp on 
each curve. For N::; Nbah the Kr value is taken as 1.0. For 
N > Nboio K, can be determined from the lines on the chart. 

32.3.2 Circular columns 

The following figure shows a circular section with six bars 
spaced equally around the circumference. Solutions based on six 
bars will be slightly conservative if more bars are used. The 
arrangement of the bars relative to the axis of bending affects the 
resistance of the section, and the arrangement shown in the fig­
ure is not the most critical in every case. For some combinations 
of bending moment and axial force, if the arrangement shown is 
rotated through 30", a slightly more critical condition results, but 
the differences are small and may be reasonably ignored. 

Section Forces 

The following analysis is based on a uniform stress-block for 
the concrete, of depth Ax and width hsina at the base (as shown 
in figure). Negative axial forces are included in order to cater 
for members such as tension piles. By resolving forces and 
taking moments about the mid-depth of the section, the following 
equations are obtained, where a = cos-' (I - 2 Axlh) for 
o < X :5 1.0, and h, is the diameter of a circle through the 
centres of the bars: 

Nlh'fok = k, (2a - sin2a )/8 

+ (1TI12)(A,!,,jA,fek)(k,1 - k" - k,3) 
Mlh3fek= k, (3sina - sin3a)l72 

+ ( 1T 127.7)(A'!,kIAJc0(h/h)(k" + k,3) 

Because the width of the compression zone decreases in the 
direction of the extreme compression fibre, the design stress 
in the concrete has to be reduced by 10%. Thus, in the above 
equations: k, = 0.9 X 0.567 = 0.51 and A = 0.8. 

The stress factors, kSl> ks2 and ks3, are given by: 

-0.87 :5 k'l = 1.4(0.433h/h - 0.5 + xlh)/(xlh) :5 0.87 

-0.87 :5 k" = 1.4(0.5 - x/h)l(xlh) :5 0.87 

-0.87 :5 k,3 = 1.4(0.5 + 0.433h/h - xlh)l(x/h) :5 0.87 
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To avoid irregularities in the charts, the reduced design stress in 
the concrete is used to determine the maximum axial force Nu• 

which is given by the equation: 

N,Ih'kk = (7T 14){0.51 + 0.87(AJyJA,kk)) 

The minimum axial force N rrUn is given by the equation: 

Nrniih'kk = -0.87( 7T 14)(A/yJAJck) 

Design charts for values of h,lh = 0.6 and 0.7, are given in 
Tables 4.13 and 4.14 respectively. The statements in section 
32.3.1 on the derivation and use of the charts for rectangular 
sections apply also to those for circular sections. 

32.3.3 General analysis of colnron sections 

Any given cross section can be analysed by a trial-and-error 
process. For a section bent about one axis, an initial value is 
assumed for the neutral axis depth, from which the concrete 
strains at the positions of the reinforcement can be calculated. 
The resulting stresses in the reinforcement are detennined, and 
the forces in the reinforcement and concrete 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 resultant moment of all the 
forces about the mid-depth of the section is then the moment of 
resistance appropriate to N. This approach is used to analyse a 
rectangular section in example 6. 

Example 3, A 300 mm square braced column designed for 
the following requirements: 

I = 5.0 m, k = 0.675 at both joints in both directions 
M02 = 40 kNm, MOl = -20 kNm about x-x axis 
Mo = negligible about y-y axis, N = 1720 kN 
10k = 32 MPa,i,k = 500 MPa, cover to links = 35 mm 

Allowing for 8 mm links and 32 mm main bars, 

d = 300 - (35 + 8 + 16) = 240mmsay 

From Table 4.15, effective length for a braced column, where 
the joint stiffness is the same at both ends, is given by 

10 = [0.5(0.45 + 2k)/(0.45 + k)] X I = 0.8 X 5.0 = 4.0 m 

Slenderness ratio A = loli = 4000/(3001-112) = 46.2 

From Table 4.15, with MOl = -0.5M02' C = 2.2 and 

Aurn = 34/YN/AJ,k = 34/YI720 X 103;(300' X 32) = 44 

Since A > Allin. second order moments need to be considered. 

Minimum design moment, with eo = hl30 = 300/30 2': 20 mm, 

Mrni, = Neo = 1720 X 0.02 = 34 kNm 

Additional first order moment resulting from imperfections, 
with 0.67 :5 "'h = 2/-11 = 2/-1(5.0) = 0.9 :5 1.0: 

Mi = N( "'hl0l400) = 1720 X (0.9 X 4.0/400) = 16 kNm 

Total first order moment for section at end 2 of the column, 

M, = Mo, + Mi = 40 + 16 = 56 kNm (>Mrni,) 

Mlbh'j,k = 56 X 10'/(300 X 300' X 32) = 0.065 

Nlbhkk = 1720 X 10'/(300 X 300 X 32) = 0.600 

Bending and axial force 

From the design chart for dlh = 240/300 = 0.8, 

A,!,Jbhkk = 0.25 (Table 4.11) 
A, = 0.25 X 300 X 300 X 32/500 = 1440 mm' 

Using 4H25 gives 1963 mm2 

The section where the second order moment is greatest may be 
designed by first assuming the reinforcement (4H25 say): 

A,!yJbhkk = 1963 X 500/(300 X 300 X 32) = 0.34 
N,Ibhkk = 0.86 (Table 4.11) and, for Nlbhkk = 0.6, 
M,Ibh2fck = 0.09, K, = 0.4 (Table 4.11) 
M" = M" = 0.09 X 300 X 3002 X 32 X 10-' = 78 kNm 

Second order moment resulting from deflection, with K, = 0.4 
and, for 10k = 32 MPa and A = 46, K. = 1.3 (Table 4.16): 

M, = N(K,KJ,o'Id)12000 
= 1720 X (0.4 X 1.3 X 4.0'10.24)/2000 = 30 kNm 

Equivalent first order moment (near mid-height of column): 

Mo, = 0.6M02 + O.4MOl :=: 0.4M02 = 0.4 X 40 = 16 kNm 

Total desigu moments (near mid-height of column) 

Mx = MOo + Mi + M2 = 16 + 16 + 30 = 62 kNm (>MrnloJ 
M, = M2 = 30 kNm 

Design for biaxial bending may be ignored if the following two 
conditions are satisfied: (a) O.5A, :5 A, :5 2A, and (b) for a 
square column, Mx is either:::; O.2My or;::: 5My- In this case, 
since Mx'" 2M" condition (b) is not satisfied and a further 
check is necessary, as follows: 

For NIN, = 0.60/0.86 < 0.7 

"', = 0.92 + 0.83(NIN,) = 1.50 

Hence 

[
MxJ"" + [My]"" = [62J1.5 + [30J1.5 = 0.95 
M" M" 78 78 

Since this value is less than 1.0, 4H25 is sufficient. 

Example 4. A 350 mm circular braced column designed for 
the same requirements as example 3. Thus 10 = 4.0 m as before. 

Slenderness ratio A = Ioli = 4000/(350/4) = 45.7 

Cross-sectional area A, = (7TI4) X 3502 = 96.2 X 103 mm
2 

A
lim 

= 34/YN/A,kk = 34/YI720/(96.2 X 32) = 45.5 

Since A == Alim, second order moments need not be considered. 
Allowing for 8 mm links and 20 mm main bars, 

h, = 350 - 2 X (35 + 8 + 10) = 244 mm 

For the section at end 2 of the column, 

Mlh'/,k = 56 X 10'/(3503 X 32) = 0.041 
Nlh'kk = 1720 X 103/(350' X 32) = 0.44 

From the design chart for h,lh = 244/350 = 0.7 

AdyJAJck = 0.26 (Table 4.14) . . .. 
A, = 0.26 X 96.2 X 103 X 32/500 = 1600 nun' •. 

Using 6H20 gives 1885 mm2 

EC 2 Design chart for circular columns - 1 4.13 
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Note 2. Columns, which in analysis and design are assumed not to contribute to the overall horizontal stability of a 
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~ ,:\ "- .- -- ,-- I'- ""- I-~ f - -' 1'\ "" structure in a given plane, are defmed as braced in that plane (examples a, c, d, f). Otherwise, they are considered as 
I\-"f\ '\- .\' t-,\ I"- ,,\ .\. . -- J>.-- ' I~ unbraced (examples b, e, g) . 

~'- - -- 1- -\- f --, . - ' 

1\ '\ '\ K '\ Note 3. For columns in regular frames, the effective length may be calculated from the following equations: 

/ 1- -: 17- .: -I-j- f --; , - t/-- =; 1--) , - - 11-- f '7' .-- b- -- f) K, • = 1.0 
Braced: 10 ~ O.5I~(1 +a,)(1 +a,) where a, ~ k,/(0,45 + k,), a, ~ k,/(0,45 + k,) V / V / ,.../ -:/ / V / / / 
Unbraced: 10 ~ 1 ~(l + p,)(l + P2) where p, ~ krl(l + k,), f3, ~ k,/(I + k,) or ---7 V V / V / / V / V / 

0.4 

0.2 

------ L V ./ / V / V / 10 ~ 1 ~(l + 10 P3 ) where f3, ~ k, k,/(k, + k,), whichever is greater 

--- V .--/ V /. / V / / 
In the above equations, k, and k,are the relative flexibilities of rotational restraint at nodes I and 2 respectively. If the V ~ 

--- .../ --- ---..- .;-V / / / stiffness of adjacent columns does not vary significantly (say, difference not exceeding 15% of the higher value), the 
V V ,/ V V ./ L/ / 1/ relative flexibility may be taken as the stiffness of the column under consideration divided by the sum of the stiffness 

V V ..- V V V / Ii of the beams (or, for an end column, the stiffness of the beam) attached to the column in the appropriate plane of ,/ / ~ 

~~;:J 
bending. Otherwise, the effective column stiffness should be taken as the sum of the stiffuess of the columns above -- /' V V .--/ .../ V 

,/ 
,-

and below the node. The stiffness of a member is 4EJIl for members fixed at the remote end, and 3E[11 for members !.---- .../ V 
,/ V 

/' V / V pinned at the remote end, where [ is the second moment of area of the cross·section allowing for the effect of 
V k---"" V --- ./' V ;. cracking (for beams, 50% of the value for the uncracked section could be used), and 1 is the length of the member. In 

flat slabs, the beam stiffness should be based on the dimensions of the column strip. At nodes where the beams are ./' V --r- V V • h, • ii considered as nominally simply-supported, and at bases not designed to resist column moments, k should be taken as V V --- ./' I-" • ..i • 10. At bases designed to resist column moments, kmay be taken as 1.0 . V V ~V ..... 
. "../ ./' ; 

V --- . i The slenderness ratio A, = Io/i, where i is the radius of gyration of the uncracked concrete section (i ~ hl4 for circular . 

'" /' 
Ac == nh2/4 sections, and hl,f12 for rectangular sections, h being the depth of the section in the plane of bending). Second order 

; ;;:-- ;. effects may be ignored if A, OS; A,;m, where A,;m = 20 (A x B x C) I ~ NIA,j,k and C ~ (1.7 - MoIIMo,), where MOl and 
As = to~al area of 

Mo, are the first order end moments with I M021 <! 1 Mo, I . Values of A ~ 0.7 and B ~ L1 may be used in the absence remforcement 
0 

of specific data (see Eurocode 2), from which the following values of A,;m are obtained for partiCUlar cases. ';:J 8 
. ··0.2 \:l 

~ Case Design condition C ~NIAcj'k A,;m 
0.Q4 0,08 0.12 0.16 ~ ° " M/h'fok 5 I Braced column with Mo, ~ - M02 (i.e. equal and opposite moments) 2.7 41.6 "" il 2 Braced column with Mo, ~ 0 (i.e. pinned at one end) 1.7 26.2 ircular columns ifyk =500 MPa, hslh=0.7) til 3 Braced column with Mo, ~ Mo, (eg. moments predominately due to imperfections 0.7 10.8 

or transverse loading) and unbraced columns in general 

-0.2 

-0.4 

-0.6 

-0. 

c 

In cases of biaxial bending, the slenderness criterion should be checked separately for each direction. Depending on 
the outcome of the check, second order effects (a) may be ignored in both directions, (b) should be taken into account 
in one direction, or (c) should be taken into account in both directions . 

. 
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EC 2 Design procedure for columns - 2 4.16 
Column sections should be designed for the design axial load N and, in each direction, design moments as follows: 

M= (Mo + Mi) + M2 ~Neo 
where 
eo = hl30 ~ 20 mm 

Mo is the first order moment obtained by elastic analysis of the structure 
M. is an additional first order moment resulting from imperfections 
M2 is a nominal second order moment resulting from deflection 

Note. In the Eurocode, Mo is used to represent the total first order moment including the effect of imperfections. The 
approach adopted here is more sensible when using the following equation for Mo,. 

In braced columns, differing first order end moments MOl and M02 may be replaced by an equivalent moment: 

Mo, = 0.6Mo2 + OAMol ~ OAMo2 But M should be taken not less than (M02 + Mi) or (MOl + Mi) + 0.5M2 

In the above equation, Mo, is the larger first order end moment, and MOl and Mo, should have opposite numerical 
signs if the column is bent in double curvature. In unbraced columns, Mo = M02. 

The additional first order moment resulting from imperfections is given by: 

Mi = N(Qj,10I400) 0.67:£ Qj, = 21..JI:£ 1.0 where I is the length of the column 

The nominal second order moment resulting from deflection is given approximately by: 

Hence M2 =N(K,K.l0
2Id)/2000 forfyk = 500 MPa andE, = 200 Gpa 

In the above equation, 10 is the effective length of the column (see Table 4.15) and d is the distance from the more 
highly compressed face to the reinforcement at the opposite face. If the reinforcement is not all concentrated On 
opposite faces, but part is distributed parallel to the plane of bending, d = hl2 + i, where i, is the radius of gyration of 
the total reinforcement area. If the first order moment is constant, consideration should be given to increasing the 
value of M, given by the above equation. Increasing the value by 25% (i.e. in the denominator, replacing 2000 by 
1600) would be appropriate for constant curvature (i.e. constant total moment). 

K, is a correction factor derived from K, = (Nu - N)I( Nu - Nbd) :£ 1.0, where Nu = 0.567ic,A, + 0.87fykA" and 
Nb,l is the axial load at the maximum resistance moment, which may be taken as 0.225ickA,. The appropriate 
value of K, may be found iteratively. Alternatively, it will always be conservative to use K, = 1.0. 

K. is a creep effect factor derived from K. = (I + /3rp,,) ~ 1.0, in which /3= (0.35 + ick/200 - All 50), and rp" is the 
effective creep ratio given by rp" = r;i.. =, to) x (Mo""IMo) where Mo", is the first order moment in quasi-permanent 
load combination (SLS), and values of r;i..=, to) can be determined from Table 4.3. 

For inside conditions (RH = 50%), age of concrete at time of loading to ~ 30 days, and notional size ho = 150 mm: 
valnes of r;i..=, to) vary between 3.0 for ick = 20 MPa and 1.5 forick = 50 MPa. Taking rp" = (2/3)r;i..=, to) gives 
values for the creep effect factor K. as shown in the following table: 

ic, rp" K. for values of ;t 
MPa 15 30 45 60 75 90 

20 2.0 1.7 1.5 1.3 l.l 1.0 1.0 
50 1.0 1.5 104 1.3 1.2 l.l 1.0 

As a first step, a separate design in each principal direction may be made, ignoring biaxial bending. Imperfections 
need be considered only in the direction where they have the more unfavourable effect. No further check is needed 
if the following two conditions are satisfied: (a) 0.5ily:£ Ax:£ 2ily, (b) Mjh is either:£ 0.2Mylb or ~ 5Mylb. In the 
foregoing, Ax and ily are slenderness ratios, M, and My are design moments including necessary second order 
moments, h and b are section depths, in respect of the x-x and y-y axes respectively. 

If the foregoing conditions are not satisfied, the section should be designed for biaxial bending. A symmetrically 
reinforced rectangnlar section may be designed as being bent separately about each axis in turn, providing 
following criterion is satisfied. 

[M lan [M Jan M~ + M:y ::; 1.0 
For NlNu < 0.7: 

For NINu ~ 0.7: 

an = 0.92 + 0.83 (NINu) ~ 1.0 

an = 0.33 + 1.67 (NINu):£ 2.0 

M, , My are applied moments about the x-x and y-y axes respectively, including necessary second order moments. 
Mux, Muy are resistance moments about the x-x and y-y axes respectively, corresponding to the axial load capactlty 
of the section ignoring all bending, given by Nu = 0.567ickA, + 0.87fykA, 

For circular sections, an = 2, or the section can be designed for the resultant uniaxial moment: M = ~(M; + M; 1 

Columns 
361 

Example 5. A 400 mm circular unbraced column designed 
for the same requirements as example 3. Thus, k = 0.675 as 
before. 

From Table 4.15, effective length for an unbraced column 
where the joint stiffness is the sarne at both ends, is given by , 

/0 = [(1 + 2k)l(1 + k)] X / = 1.4 X 5.0 = 7.0m 

Slenderness ratio" = loli = 7000/(40014) = 70 

Cross-sectional area A, = (1T14) X 4002 = 125.7 X 103mm2 

"lim = 1O.8/YNIAJck = 1O.8/YI720/(125.7 X 32) = 16.5 

Since A > A1im, second order moments need to be considered 
Allowing for 8 mm links and 32 mm main bars, . 

h, = 400 - 2 X (35 + 8 + 16) = 280 mm say 

Additional first order moment resulting from imperfections, 

Mi = N( "hl0l400) = 1720 X (0.9 X 7.0/400) = 27 kNm 

Second order moment resulting from deflection, with K, = 1.0 
(max), K. = l.l forkk = 32 MPa and" = 70 (Table 4.16), and 
d = hl2 + 0.35h, = 298 mm: 

M2 = N(KI'./02/d)12000 

= 1720 X (1.0 X 1.1 X 7.02/0.298)12000 = 155 kNm 

Total design moments at end 2 of column 

M, = M02 + Mi + M2 = 40 + 27 + 155 = 222 kNm (>M
miu

) 

My = M2 = 155 kNm 

Resultant uniaxial moment at end 2 of column 

M = V(A£; + M~) = V(2222 + 1552) = 270 kNm 

Mlh%k = 270 X 106/(4003 X 32) = 0.13 
Nlh2

kk = 1720 X 103/(4002 X 32) = 0.34 

From the design chart for h/h = 280/400 = 0.7 

AdyJAJck = 0.84 (Table 4.14) 
A, = 0.84 X 125.7 X 103 X 32/500 = 6758 mm2 

It can be seen from the chart that K, < 1.0. Using 8H32, gives 

AdYklA,kk = 6434 X 5001(125.7 X 103 X 32) = 0.80 
For Nlh'fok = 0.34, Mlh%k = 0.125 and K, = 0.75 

Hence, M, = 0.125 X 4003 X 32 X 10-6 = 256 kNm 

With K, = 0.75, modified M, = 0.75 X ISS = 116 kNm 

Total design moments at end 2 of column 

Mx = Moo + Mi + M, = 40 + 27 + 116 = 183 kNm 
My = M, = 116 kNm 

ReSultant uniaxial moment at end 2 of column 

M = Y(183' + 116') = 217 kNm 

Since M < Mu, 8H32 is sufficient. 

6: The column section in the following figure is 
c[einfc'rcE,d WIth 8H32 arranged as shown. The moment of resis­

about the major axis is to be obtained for the following 

N ~ 2300 kN, kk = 32 MPa, !yk = 500 MPa 

Section Forces 

Consider the bars in each half of the section to be replaced' by 
an eqUIvalent paIr of bars. Depth to the centroid of the bars in 
one half ofthe section = 60 + 240/4 = 120 mm. The section is 
now considered to be reinforced with four equivalent bars, 
where d = 600 - 120 = 480 mm. 

A,f,klbhfck = 6434 X 5001(300 X 600 X 32) = 0.56 
Nlbhfc, = 2300 X 103/(300 X 600 X 32) = 0.40 

From the design chart for dlh = 480/600 = 0.8, 

Mulbh'fok = 0.18 (Table 4.11) 
Mu = 0.18 X 300 X 6002 X 32 X 10-6 = 622kNm 

The solution can be checked, using a trial-and-error process to 
analyse the original section, as follows: 

The axial load on the section is given by: 

N = kJokbx + (A,jk'l - A,zk'2 - A'3kdfyk 

where dlh = 540/600 = 0.9, and k,,, k" and k,3' are given by: 

k'l = 1.4(xlh + dlh - 1)/(xlh) :5 0.87 
k" = 1.4(0.5 - xlh)/(xlh) :5 0.87 
k,3 = 1.4(dlh - xlh)/(xlh) :5 0.87 

With x = 300 mm, xlh = 0.5, k,j = 0.87, k" = 0 and k,3 = 0.87 

N = 0.45 X 32 X 300 X 300 X 10-3 = 1296 kN «2300) 

With x = 360 mm,xlh = 0.6, k,2 = -0.233, k'3 = 0.7 

N = 0.45 X 32 X 300 X 360 X 10-3 + (2413 X 0.87 
+ 1608 X 0.233 - 2413 X 0.7) X 500 X 10-3 

= 1555 + 392 = 1947 kN «2300) 

With x = 390 mm, xlh = 0.65, k,2 = -0.323, k,3 = 0.538 

N = 0045 X 32 X 300 X 390 X 10-3 + (2413 X 0.87 
+ 1608 X 0.323 - 2413 X 0.538) X 500 X 10-3 

= 1685 + 660 = 2345 kN (>2300) 

With x = 387 mm, xlh = 0.645, k" = -0.315, k,3 = 0.553 

N = 0045 X 32 X 300 X 387 X 10-3 + (2413 X 0.87 
+ 1608 X 0.315 - 2413 X 0.553) X 500 X 10-3 

= 1672 + 636 = 2308 kN 

Sin.ce the internal and external forces are now sensibly equal, 
taking moments about the mid-depth of the section gives: 

Mu = k jkkbx(0.5h - k,x) + (A,jk,l + A'3k,3)(d - 0.5h)!y 
= 0.45 X 32 X 300 X 387 X (300 - 0.4 X 387) X 10-6 

+(2413 X 0.87 + 2413 X 0.553)(540 - 300) 
X 500 X 10-6 

= 243 + 412 = 655 kNm (>622 obtained before) 



Chapter 33 

Shear and torsion 

33.1 SHEAR RESISTANCE 

33.1.1 Members withont shear reinforcement 

The design shear resistance at any cross section of a member 
not requiring shear reinforcement can be calculated as: 

VRd,c = VRd.cbwd 

where 
b

w 
is the minimum width of section in the tension zone 

d is the effective depth to the tension reinforcement 
v d is the design concrete shear stress 

R " 

The design concrete shear stress is a function of the concrete 
strength, the effective depth and the reinforcement percentage 
at the section considered. To be effective, thIS remforcement 
should extend a distance;': (lbd + d) beyond the section, where 

I is the design anchorage length. At a simple support, for a 
bd . thl member carrying predominantly umform load, the leng bd 

may be taken from the face of the support. The design shear 
resistance of members with and without axial load can be 
determined from the data given in Table 4.17. 

In the UK National Annex, it is recommended that the she~ 
strength of concrete strength classes higher than C50160 IS 
determined by tests, unless there is evidence of satIsfactory 
past performance of the particular concrete nux mcluding the 
aggregates used. Alternatively, the shear strength should be 
limited to that given for concrete strength class C50160. 

33.1.2 Members with shear reinforcement 

The design of members with shear reinforcement is based on 
a truss model, in which the compression and tension chords 

A B 

C 

are spaced apart by a system of inclined concrete struts and 
vertical or inclined shear reinforcement. Angle a between the 
reinforcement and the axis of the member should be;': 45°. 

Angle e between the struts and the axis of the member may 
be selected by the designer within the limits 1.0 :0; cote :0; 2.5 
generally. However, for elements in which shear co-eXIsts WIth 
externally applied tension, cote should be taken as 1.0. The 
web forces are Vsec8 in the struts and Vseca In the shear 
reinforcement over a panel length I = z (cola + cote), where 
z may normally be taken as 0.9d. The width of each strut 
is equal to Z (cota + cote) sine and the design value of the 
maximum shear force VRd,max is limited to the compreSSIve 
resistance provided by the struts, which includes a strength 
reduction factor for concrete cracked in shear. The least shear 
reinforcement is required when cote is such that V = VRd,max' 

The truss model results in a force t:.F"' in the tension chord that 
is additional to the force Mlz due to bending, but the su~ 
t:.F + Mlz need not be taken greater than Mm.Jz, whereMm~ IS 

ct . . ' 
the maximum moment in the relevant hoggmg or saggmg regI~n. 
The additional force ilF UI can be taken into account by shiftrng 
the bending moment curve each side of any point of maXImum 
moment by an amount at = 0.5z(co18 - cota). For members 
without shear reinforcement, at = d should be used. The cur: 
tailment of the longitudinal reinforcement can then be based on 
the modified bending moment diagram. A design procedll\"e .to 
determine the required area of shear reinforcement, and detaIls 
of the particular requirements for beams and slabs, are gIven '~ 

Table 4.18. ; 
For most beams a minimum amount of shear reinforceme~. 

, . d of 
in the form of links is required, irrespective of the magmtu e;, 
the shear force. Thus, there is no need to detennine V Rd,c'· '" 

F 
od rv(co,e-co,.) 
~z ~M 
.~__ V 

FUI 

A _ compression chord, B _ concrete strut, C - tension chord, D - shear reinforcement 

EC 2 Shear resistance - 1 4.17 
The design shear resistance of a flexural member without shear reinforcement is given by VRd" = VRd"bwd, where: 

VRd" = (0.18k Y 100A,t/,k )113 2 vmi, = 0.035J?1'J;ktl2 with k = I + ~200 ,; 2.0, (IOOA,t ),; 2.0 and Yo = 1.5 
~ A ~d d ~d 

A,t is area of longitudinal tension reinforcement that extends a distance 2 (/bd + d) beyond section considered 
bw is minimum width of section within tension zone (i.e. between neutral axis and level of tension reinforcement) 
d is effective depth of tension reinforcement 
Ibd is design anchorage length of longitudinal tension reinforcement 

For members carrying predominantly uniform load, VRd" need not be checked at sections less than d from the face of a 
support, provided V,; VRd,m~ = 0.2 (I -1o;/250)lokbwd at the support. For members with load applied on the upper face 
at distance av ,; 2d from the edge of a support (or centre of bearing, where flexible bearings are used), the conttibution 
to the resulting shear force may be reduced by multiplying this load by f3 = ai2d 2 0.25. The tension reinforcement 
should be fully anchored at the support, and the shear force calculated without using f3 should not exceed VRd,=,. 
For a flexural member subjected also to axial load N (positive compression, negative tension), VRd" may be replaced 
by VM, + 0.15NIA,'; where A, is the area of the concrete section. 

10k 100A,] Design concrete shear stress VRd" (MPa) for values of d (nun) 
MPa bwd 

20 ,; 0.15 0.44 0.40 0.38 0.35 0.32 0.30 0.27 0.25 0.23 
0.40 0.48 0.45 0.43 0.41 0.39 0.37 0.35 0.33 0.31 
0.60 0.55 0.52 0.50 0.47 0.45 0.42 0.40 0.37 0.36 
0.80 0.60 0.57 0.55 0.51 0.49 0.46 0.44 0.41 0.40 
1.0 0.65 0.61 0.59 0.55 0.53 0.50 0.47 0.44 0.43 
1.5 0.74 0.70 0.67 0.63 0.61 0.57 0.54 0.51 0.49 

0.59 0.56 0.54 
25 ';0.15 0.49 0.45 0.42 0.39 0.36 0.33 0.30 0.28 0.26 

0.40 0.52 0.49 0.47 0.44 0.42 0.39 0.37 0.35 0.34 
0.60 0.59 0.56 0.54 0.50 0.48 0.45 0.43 0.40 0.39 
0.80 0.65 0.62 0.59 0.55 0.53 0.50 0.47 0.44 0.43 
1.0 0.70 0.66 0.63 0.60 0,57 0.54 0.51 0.48 0.46 
1.5 0.80 0.76 0.73 0.68 0.65 0.61 0.58 0.55 0.53 

0.64 0.60 0.58 

28 ,; 0.20 0.52 0.48 0.45 0.41 0.38 0.35 0.32 0.29 0.28 
0.40 0.54 0.51 0.49 0.46 0.44 0.41 0.39 0.36 0.35 
0.60 0.61 0.58 0.56 0.52 0.50 0.47 0.44 0.42 0.40 
0.80 0.67 0.64 0.61 0.58 0.55 0.52 0.49 0.46 0.44 
1.0 0,73 0.69 0.66 0.62 0.59 0.56 0.53 0.50 0.48 
1.5 0.83 0.79 0.76 0.71 0.68 0.64 0.60 0.57 0.55 

0.70 0.66 0.62 0.60 

32 ,; 0.20 0.56 0.51 0.48 0.44 0.41 0.37 0.34 0,31 0.30 
0.40 0.56 0.53 0.51 0.48 0.46 0.43 0.40 0.38 0.37 
0.60 0.64 0.61 0.58 0.55 0.52 0.49 0.46 0.44 0.42 
0.80 0.71 0.67 0.64 0.60 0.58 0.54 0.51 0.48 0.46 
1.0 0.76 0.72 0.69 0.65 0.62 0.58 0.55 0.52 0.50 
1.5 0.87 0.82 0.79 0.74 0.71 0.67 0.63 0.59 0.57 

2 I 0.87 0.82 0.78 0.73 0.69 0.65 0.63 

40 ,; 0.20 0.62 0.57 0.54 0.49 0.46 0.42 0.38 0.35 0.33 
0.40 0.62 0.57 0.55 0.51 0.49 0.46 0.44 0.41 0.40 
0.60 0.69 0.65 0.63 0.59 0.56 0.53 0.50 0.47 0.45 
0.80 0.76 0.72 0.69 0.65 0.62 0.58 0.55 0.52 0.50 
1.0 0.82 0.78 0.74 0.70 0.67 0.63 0.59 0.56 0.54 
1.5 0.94 0.89 0.85 0.80 0.76 0.72 0.68 0.64 0.62 

22.0 1.03 0.98 0.94 0.88 0.84 0.79 0.75 0.70 0.68 
50 ,; 0.25 OJO 0.51 0.47 0.43 0.39 0.37 

0.50 0.70 0.57 0.54 0.51 0.48 0.46 
0.75 0.80 0.65 0.61 0.58 0.55 0.53 
1.0 0.88 0.72 0.68 0.64 0.60 0.58 
1.5 1.01 0.82 0.77 0.73 0.69 0.66 

!.II 0.91 0.85 0.80 0.76 0.73 
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The design shear resistance of a flexural member with inclined shear reinforcement is given by: 

VRd" ~ (A,w/s)fywd Isina ,;; VRd,,,,", ~ 0.4 (I - /oJ2S0)/ok bw Isin' 8 with M'd ~ O.S V( cot8- cota) 

Asw is total cross-sectional area of shear reinforcement at section considered 
M'd is additional force in longitudinal tension reinforcement, but Mid + Mlz need not be taken greater than Mm,.jz 

where M and V are co-existent values of bending moment and shear force, and Mmax is the maximum moment 
within the hogging or sagging region that contains the section considered 

bw is minimum width of section between tension and compression chords 
/ywd is design yield strength of shear reinforcement ifywd';; 0.87/Y0 

is length increment given by I ~ z (cota + cot8). In regions where there is no discontinuity of V, the required 
shear reinforcement for any length I may be determined using the smallest value of V in the increment. 

s is spacing of shear reinforcement along longitudinal axis of member 
z is inner lever arm, corresponding to Mm" (for a member of constant depth), For a member without axial force 

the approximate value z ~ 0,9d may normally be used. 
a is angle (4S' ,;; a,;; 90') between shear reinforcement and longitudinal axis of member 
8 is angle (1.0 ,;; cot8 ,;; 2.5) between concrete compression strut and longitudinal axis of member 

For members with upright (a~ 90') shear reinforcement, I ~ zcot8 and the design shear resistance is given by: 

VRd" ~ (A~/s)fywdzcot8 ,;; VR~m~ ~ 0.4 (1-/okl2S0)/okbwzsin'8cot8 with M'd ~ 0.5Vcot8 

The smallest value of A,wls (and largest value of M'd) is obtained, when V ~ VMm" is solved to find cotO ,;; 2.5. 
Values of cot8can be determined from the table below, according to the value of Vw ~ VI (I - /oJ2S0)/okbwz';; vw.mox. 

If desired, the value of Mid may be reduced (and A,vls increased) by using smaller values of cot8 ~ 1.0, 

a cot8 2.S 2.2 2.0 1.8 1.6 1.4 1.2 1.0 

,;; 0,138 O.ISO 0,160 0.170 0.180 0.189 0.197 0.200 

4S' vw,mm< ~ 0.4 sin'8(l + cot8) ,;; 0.193 0.219 0.240 0.264 0.292 0.324 0.360 0.400 

Note. For members with upright links combined with bent-up bars, values of vw,m" should be interpolated pro rata, 

Example. Suppose V 1(1 - /ok/2SO)/ok bw z ~ 0.16. Then, for upright links (a = 90'), the smallest value of A,vls is 
obtained with cot8 ~ 2.0 and Mtd ~ 0,SVcot8 = 1.0V, Any value ofcot8 between 2.0 and 1.0 would also be valid, For 
60% upright links and 40% bars bent-up at 4S', the smallest values of A,wls are obtained with cotO ~ 2.5, for which 
vw,m~ ~ 0,6 x 0.138 + 0.4 x 0.193 ~ 0,16, andM,d ~ 0,SV(cot8- O.4cota) ~ 0,S(2.S - 0.4 x 1.0)V~ 1.0SV, 

Value of V 

-VRd,c < V:S; VRd,ma/3 

Form of shear reinforcement 

Solid slabs 

None required 

Beams 

Minimum links with s,;; 0.7Sd(l + cota), and 
transverse spacing of legs s,';; 0,75d';; 600 mm. 
However, links may be omitted in members snch 
as lintels with span ,;; 2 m, which contribute little 
to the overall stability of a structure, 

In slabs ~ 200 mm deep, links with Links, or links combined with bent-up bars at a 
s ,;; 0.75d(l + cota) and s, ,;; l.5d, or longitudinal spacing Sb ,;; 0.6d(1 + cota), but not 
bent-up bars with Sb ,;; d. more than SO% of shear reinforcement in form 

f-V;-Rd-,m-,-x/-3-<-V-';;-V;-Rd-,_--+-A-S -ab-o-"v-e-bu-t-n-o-t-m-=-o-re-t-h-an-S-O-o/c-o-o-f-~ of bent-up bars, 

shear reinforcement as bent -up bars. 

A Vlsina (cota+ cot8) b' 
Required area of shear reinforcement: ---E!.. = ':":':=:::"':==':":':==-"-> Pwmin wsma 

s fywdZ ' 
pw,min ~ (0.08..JtciJ/[yk 

( ~ 90') A,w = Vlcot8 . b a ;:::Pw,mm w 
s fywdZ 

(a~ 4S') A,w = V -fi/(l +cot8) ~ (Pw,nrin /..j2)bw 
s fywdZ . 

For members with load applied on the upper face at a distance av ,;; 2d from the edge of a support (or centre 
where flexible bearings are used), the contribution to the resulting shear force may be reduced by multiplying ttus;Jc,., 
by fJ~ a/2d ~ 0,2S. The shear force calculated in this way should satisfy the condition V';; A,w/ywd sina; where 
is the resistance of the shear reinforcement provided within the middle three-quarters of av . The reduction is valj', l!oJ~: 
if the longitudinal tension reinforcement is fully anchored at the support. 

Design for torsion 

In members with inclined chords, the shear components of 
the design forces in the chords may be added to the design shear 
reSIstance proVIded by the reinforcement. In checking that the 
design shear force does not exceed VRd,max. the same shear 
components may be deducted from the shear force resulting 
from the design loads. 

33.1.3 Shear uuder concentrated loads 

In slabs and column bases, the maximum shear stress at the 
perimeter of a concentrated load should not exceed v 
Shear in solid slabs under concentrated loads can res~~';~ 
punching failures on the inclined faces of truncated cones 
or pyramids. For design purposes, a control perimeter 
forming the shortest boundary that nowhere comes closer to 
the perimeter of the loaded area than a specified distance 
should be considered, The basic control perimeter may 
generally be taken at a distance 2d from the perimeter of 
the loaded area. 

If the maximum shear stress here is no greater than v no 
h ,£. Rd,c' 

S ear rem ~rcement 18 required. Otherwise, the position of the 
control penmeter at which the maximum shear stress is equal 
to VRd,c should be determined, and shear reinforcement provided 
III the zone between this control perimeter and the perimeter of 
the loaded area. 

For flat slabs with enlarged column heads (or drop panels), 
where dH IS the effective depth at the face of the column and the 
column head (or drop) extends a distance IH > 2d

H 
beyond the 

face of the column, a basic control perimeter at a distance 2d
H 

from the column face should be considered, In addition a basic 
control perimeter at a distance 2d from the column head (or 
drop) should be considered, 

Control perimeters (in part or as a whole) at distances less 
than 2d should also be considered where a concentrated load 
is applied close to a supported edge, or is opposed by a high 
pressure (e.g. soil pressure on bases). In such cases, values of 
VRd,c may be multiplied by 2dla, where a is the distance from 
the edge of the load to the control perimeter. For column bases 
the favourable action of the soil pressure may be taken int~ 
account when determining the shear force acting at the control 
penmeter. 

Details of design procedures for shear under concentrated 
loads are given in Table 4,19, 

33.1.4 Bottom loaded beams 

Where load is applied near the bottom of a section, sufficient 
vertical remforcement to transmit the load to the top of the 
section should be provided in addition to any reinforcement 
~equIred to resist shear. 

DESIGN FOR TORSION 
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The torsional resistance may be calculated on the basis of 
a thin-walled closed section, in which equilibrium is satisfied 
by a plastic shear flow. A solid section may be modelled as 
an ~quivalent thin-walled section. Complex shapes may be 
dIVIded mto a series of sub-sections, each of which is mod­
elled 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 reinforcement. Such reinforcement 
is additional to the requirements for shear and bending. 
DetaIls of a SUItable deSIgn procedure for torsion are given 
in Table 4.20. 

Example 1, The beam shown in the follOWing fignre, which 
was deSIgned for bending in example I of Chapter 32, is to be 
deSIgned for shear. The maximum design load is 49.5 IeN/m and 
the design is based on the following values: 

10k ~ 32 MPa,/Ywk = 500 MPa, d ~ 440 mm 

ABC 

t t t 
8m 8m 

-=,'.)1'--1 

Spans 

A 

1-01·------- 8.0 
160kN 

128kN 

(load case 2) 

---10.641---

~ r--+ 150 

LJ 1350 

: ~oo'l 
Cross section 

B 

1-0--2.14_ 

-/0.64_ 

(load case 1) 

142 kN 

216kN 
248kN 

;'-<·-----T8-300 ----~.-jI·-T8-200-1 

Shear force diagram 

Since the load is uniformly distributed, the critical section 
for shear may be taken at distance d from the face of the sup­
port. Based on a support width of 400 mm, distance from 
centre of support to critical section ~ 200 + 440 ~ 640 mm. 
At end B, 

V = 248 - 0.64 X 49.5 = 216 leN 
Vw = VI[bw z (1 - Iok1250)Io'] 

~ 216 X 103/[300 X 0.9 X 440 X (1 - 32/250) X 32] 
~ 0.065 

ntormal beam-and-slab or framed construction, calculations 
orSIOn are ~ot ~sua11y necessary, adequate control of any 

·f·UI:SlO'n"1 cracking III beams being provided by the required 
she~ remforcement. When it is judged necessary 

JOinc,lu,ie to~sIOnal stiffness in the analysis of a structure, or 
reSIstance is vital for static equilibrium members 

From Table 4,18, since Vw < 0,l38, cote ~ 2.5 may be used. 
Hence, area of links required is given by: 

b d ' ' e eSIgned for the resulting torsional moment. 

A,,js = V/fYWd z cote 
= 216 X JO'/(0.87 X 500 X 0.9 X 440 X 2.5) 
~ 0.50 mm'/mm 

From Table 4,20, H8-200 provides 0,50 mm2/mm 
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For design purposes, a control perimeter is taken as the shortest boundary that nowhere comes closer to the perimeter 
of a loaded area than a specified distaoce. The basic control perimeter may generally be taken at a distaoce 2d from 
the perimeter of the loaded area, where d is taken as the mean of the effective depths of the reinforcement in two 
orthogonal directions (for flat slabs with enlarged column heads, or drop panels, see section 33.1.3). If the maximum 
shear stress at the basic control perimeter is no greater than vRd., (see Table 4.17), no shear reinforcement is required. 
In evaluating 11<"" the reinforcement ratio A"lbd should be taken as ...J<Px . jJy) " 0.02, where Px and jJy are the 
reinforcement ratios (averaged over a width equal to the colunm width plus 3d each side) in two orthogonal directions. 

In column bases, checks should also be made on control perimeters at distances < 2d, in which case the value of VRd., 
may be multiplied by 2dla, where a is the distance from the edge of the loaded area to the control perimeter. In 
determining the shear force, allowance may be made for the favourable action of the soil pressure within the control 
perimeter. If the depth of the base reduces towards the edge, d may be taken as the value at the loaded area. 

If v exceeds VR", at a control perimeter, shear reinforcement in the form of links, bent-down bars or other products 
may be provided in slabs", 200 mm thick. The position of the control perimeter at which the maximum shear stress is 
equal to 11<", should be determined, and shear reinforcement provided in the zone between this control perimeter and 
the loaded area. Adjacent to the load, the maximum shear stress should not exceed VRd.mu ~ 0.2 (I -IoJ250)j,k' 

Where a load or reaction is eccentric with regard to a control perimeter (e.g. at the edge of a slab, and in cases of 
moment transfer between a slab and a colunm), the maximum shear stress is given by v ~ {3V1Ui d, where V is the 
design value of the load or reaction, 13 is a coefficient (see below), and Ui is the length of the control perimeter being 
considered, reduced where necessary at the edge of a slab or for the effect of openings (see Table 3.37). 

For flat slab s!mctures, values of 13 for internal rectangular columns can be determined precisely from equations given 
in Eurocode 2, but the following values are adequate for most purposes, where M is the moment transmitted to the 
column, and CI and C2 are column dimensions respectively parallel to and perpendicular to the plane of the moment: 

I.8(MIV) 1.5(MIV) 
(for c,,, CI)' f3~ I + 4d (for c, '" 2CI), f3~ I + 4d (for CI < C2 < 2CI), f3by interpolation 

C2 + c2 + 

For internal circular columns f3~ I + 0.6Jr(MIV) where D is the diameter of the column 
D+4d 

For colunm bases, the above 13 expressions apply, except that 4d should be replaced by 2a where a " 2d is the distance 
from the edge of the loaded area to the control perimeter considered. For concentric loading, 13= 1.0. 

For edge and corner rectangular colunms in flat slab structures, where the eccentricity is towards the interior of the 
slab, 13 ~ ul/ul.d where UI is the basic control perimeter, and u,.,r is a reduced basic control perimeter. Thus, the 
maximum shear stress is given by v ~ {3Vlul d = Vlul.,rrd, where UI and UI.,rr are given by the following expressions: 

(edge) UI = 2al + C2 + 2m:! UI.,r= CI + C2 + 2m:!" C2 + (2Jr+ 3)d 
(comer) UI = al + a, + m:! UI."= 0.5(cI + C2) + m:!" O.5CI + (Jr+ 1.5)d " 0.5C2 + (Jr+ 1.5)d 

(In the above expressions, at and a2 are dimensions from the edges of the slab to the interior edges of the column) 

For columns in flat slab stmctures whose lateral stability is not dependent on frame action, and where the adjacent 
spans do not differ in length by more than 25%, the following approximate values of 13 may be used: 

(internal) f3~ 1.15 (edge) 13= 1.4 (comer) f3~ 1.5 

Adjacent to a loaded area, the maximum shear stress is given by v = {3V1uo d, where Uo is the perimeter of the load 
reduced where necessary for the effect of openings. For columns in flat slab s!mctures, the following values apply: 

(internal) Uo = 2cI + 2C2 (edge) Uo ~ 2cI + C2" C2 + 3d (comer) Uo = CI + C2 " CI + I.Sd" C2 + 1.5d 

Where shear reinforcement is needed in slabs", 200 mm deep, the following requirements apply: 

A,w = (v - 0.75vR"') UI s, 1(1.5/ywd.,rsina) '" Pw.minUI s,/(1.5sina+ cosa) where pW.mill = (0.08-J.j;0ihk 

A,w is total cross-sectional area of one perimeter of shear reinforcement around loaded area 
/ywd"r is effective design strength of shear reinforcement given by /ywd,of = 250 + 0.25d "/ywd (MPa with d in mm) 
Sr is radial spacing of perimeters of shear reinforcement 
a is angle between shear reinforcement and plane of slab 

Link reinforcement should be provided on at least two perimeters, with the first perimeter at a distance 
loaded area between 0.3d and 0.5d. The last perimeter should be at a distance", 1.5d from the loaded area, and "".O~.jj 
inside the control perimeter where reinforcement is no longer required. Links should be arranged snch that s, " 
with the spacing of the legs of the links around a perimeter St " 1.5d within the first control perimeter, and" . 
parts of perimeters outside the first control perimeter that are assumed to contribute to the shear resistance. . 

EC 2 Design for torsion 4.20 

~ 

-" 
E 
0tJ 

" c 
'" '-< 
0 
~ 

'" ~ 

~:~ ~:s:~~~l~:~i~::~:i~~~:;~~~~:~~ ~~c~~~~~la~:dm~~e~:h:~~: :: ~;n;::~l~~r:~o~:d sec?on. Solid sections 

:~J~e:a~~t~~:e:~~;l;~: ~~d~~i~~~;v:i:~e~~~n-~~~le~::~~~f' an~ ~~e total~orsional resistanceat~~~:::;h~u~~:c~~o:;:~ 
should be in proportion to their un-cracked ;orsional stiffue~~ :alue:. ~~~s: ~~~s~~n~! ~s~~~~~so::/~: ~~~i~:~t::~~ 
component rectangles, and the mdlVldual elements designed for torsional moments equal to T [h 3 . h 1 'Lh 3 . h 1 
where hmax and hmin are the maximum and minimum dimensions of the particular rectangles. nun max nun max , 

FOfrfjapproXfimhately rectangular solid sections, minimum shear reinforcement as required for beams (see Table 4 18) i 
su IClent I t e condll!on TIT: + V/V, < I 0 . . fi d . '. . s 
and VRd., is the design shear r~~'stance (s':e Tabl~s4s;~ ;~r ;h:h;~r~~~' ~s th~. des~ torSIOnal resist~nce (see below) 
cross-section subjected to torsion and shear is given by: e sec IOn. e maXImum reSIstance of a sohd 

TI2Ak t".i + Vlbwz = 0.34 (I -!ckI250)!cksin2ecote 
where 1.0" COW" 2.5 

The design torsional resistance of an uncracked equivalent thin-walled closed section is given by: 

T Rd,c = 2Ak tef,Jcld 

A ~s overall area of cross-sect~on within outer circumference, including inner hollow areas 
Ak IS are~ enclosed by centre-hnes of connecting walls, including inner hollow areas 

where 

!ctd IS deSign tenSIle strength of concrete, taken as 0.1410.'13 forlok" 50 MPa 

t,r,] ~u~!~~~;:a:~I;~~~C=~, :~~~h~~~~s; ;:i~:~:~:~~~ ~~:,~uter circumference to centre of longitudinal bars, 

U IS outer CIrcumference of cross-section 

Torsion reinforcement should consist of rectangular closed links at 90' to the longitud' 1 . f h b 
with longitudinal reinforcement. The areas of reinforcement required for torsion and s~::r~~~~~l; b: ~:~ t~:!ogether 

A,] > Tcote A Tlcote 

SI - 2Ak/Yd -:- '" -:-2A---'-f=- A,w '" V/cote 

ASl is area of one longitudinal torsion bar 
Ast is area of one leg of a torsion link 
A,w is area of vertical legs of shear links 

k ywd S /ywd z 

/Yd and/":"d are design yield strengths of reinforcement (" 0.87/Yk) 
S IS spac~ng of link reinforcement along longitudinal axis of member 
SIIS spacing oflongitudinal bars around inner periphery of links 

For closed links with 2 vertical legs, total area required for torsion and shear is given by: 

~",(~+ V)(IICOWJ 
S Ak Z /ywd 

h 
TI2Ak t,r; + Vlb Z 

were Vw = ' w < - 0 4 . 2e 
(1- /,k1250)/'k - vw,m" - . sm cote 

Values of cotB, depending on the value of VW , may be selected from the data given in Table 4.18. 

rhe 10~gitu~inal SP~Ci~g of th~ links. in a section Or a component rectangle should not exceed the least of ul8 0 75d or 

r;;~d~h:r~nn;; ~:~p~e~s:; t~~~~:~IO~f the ~ross-fsehctiobn. Longitudinal reinforcement should be distribut~d 'evenly 
h . s. e spacmg 0 tears should not exceed 350 mm and at least four bars one in 

~a~h corner of the Imks
b
, should be used. In regions where reinforcement is needed for bending and torsion tho' sum of 

o reqUIrements can e proVIded by usmg larger bars than those re uired r. b di '. 
the reinforcement should be detailed so that the link cages interlock ~d f ~~ en ng alone. In T-, L- or I-sectIOns, 
properties oflink cages, according to size and spacing, are shown below. Ie e component rectangles together. Area 

Values of A,Js for 2 legs oflink reinforcement (mm'/mm) 
Spacing Size of bar (mm) Spacing Size of bar (mm) s(mm) 

8 s(mm) 10 12 16 8 10 12 16 
75 1.34 2.09 3.01 5.36 200 
100 1.00 

0.50 0.78 1.13 2.01 1.57 2.26 4.02 225 0.44 0.70 1.00 125 0.80 1.25 1.81 3.21 
1.79 

250 0.40 0.63 0.90 1.61 150 0.67 1.04 1.51 2.68 275 0.36 175 0.57 0.90 1.29 
0.57 0.82 1.46 

2.30 300 0.33 0.52 0.75 1.34 
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Minimum requirements for vertical links are given by: 

A,w/s = (0.08')j,k) bw I jyk = (0.08')32) X 300/500 
= 0.27 mm2/mm 

s :5 0.75d = 0.75 X 440 = 330 mm 

From Table 4.20, H8-300 provides 0.33 mm2/mm 

V Rd, = (A,wl s) jywd Z coW 
. = 0.33 X 0.87 X 500 X 0.9 X 440 X 2.5 X 10-' 

= 142kN 

At end A, V = 160 - 0.64 X 49.5 = 128 kN « VRd, = 142kN) 

Example 2. A 250 mm thick flat slab is supported by 400 mm 
square columns arranged on a 7.2 m square grid. The slab con­
tains as tension reinforcement in the top of the slab at an lllte­
rior support, within a 1.8 m wide strip central with the column, 
H16-150 in each direction. Lateral stability of the structure 
does not depend on frame action, and the design shear force 
resulting from the maximum design load applied to all panels 
adjacent to the column is V = 854 kN. 

10k = 40 MPa,jywk = 500 MPa, d = 210 mm (average) 

Since the lateral stability of the structure does not depend on 
frame action, f3 may be taken as 1.15 (Table 4.19). 

Maximum shear stress adjacent to the column face, 

f3 Vluod = 1.15 X 854 X 10'/(4 X 400 X 210) = 2.93 MPa 
VRdrn~ = 0.2 (I - 1o,)250)1ok 

, = 0.2 X (I - 40/250) X 40 = 6.72 MPa (>2.93) 

Based on H16-150 as effective tension reinforcement, 

100A,lbwd = 100 X 201/(150 X 210) = 0.64 
VRd" = 0.70 MPa (Table 4,17, for d = 210 and10k = 40) 

The length of the first control perimeter at 2d from the face 
of the column is 4 X 400 + 4 7T d = 4239 mm, Thus, the 
maximum shear stress at the first control perimeter, 

f3Vlu j d = 1.15 X 854 X 10'/(4239 X 210) = 1.10 MPa 

Since v > VRd,c' shear reinforcement is needed, where effective 
design strength jywd,,, = 250 + 0.25d = 300 MPa. The area 
needed in one perimeter of vertical shear reinforceme~t 
at maximum radial spacing s, = 0.75d = 150 mm say, IS 

given by: 

Asw = (v - O.75vRd,c) Ul sr/1.5jywd,ef 
= (1.10 - 0.75 X 0.70) X 4239 X 150/(1.5 X 300) 
= 813 mm2 

;;,: Pwmi" Ul s, 11.5 = (0.08,)1ok) Uj s,/1.5jyk 
= (0:08,)40) X 4239 X 150/(1.5 X 500) = 429 mm2 

Using 12HIO gives 942 mm2 

Length of control perimeter at wltich v = VRd., is given by: 

u = f3 Vld VRd" = 1.15 X 854 X 10'/(210 X 0,70) = 6681 mm 

Distance of this control perimeter from face of column is: 

a = (6681 - 4 X 400)l27T = 809 mm 

The distance of the final perimeter of reinforcement from the 
control perimeter where v = VRd" should be :5 1.5d = 315mm. 

Shear and torsion 

Thus, 4 perimeters of reinforcement with s, = 150 mm, and the 
first perimeter at 100 mm from the face of the column, would 
be suitable. The reinforcement layout is shown in the followmg 
figure, where + indicates the link positions, and the links can 
be anchored round the tension bars. 

+ 
+ + 

+ 

13H16 - 150 

+ + 
+ 

+ + 

+ 
+ 

+ 

+ 
+ + 

+ 
+ + +++ + + 

+ ++ ++ + + +0+ + 

+ + + + 
+ + +++ + + 

+ 
+ + + 

+ + + 
+ + + 
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Example 3. The following figure shows a channel s~ction 
edge beam, on the bottom flange of which bear8 m long Simply 
supported contiguous floor units. The beam IS co~tmuous III 

14 m spans and is prevented from lateral rotatIOn at the 
supports. The centroid and the shear centre of the sectIOn 
are shown. 

I • 
300 250 

~ I I 

2 ool[ ! 

Weight of 
edge beam 

Centroid L-p 

Load from 
floor .Units 

i400 

i 

Characteristic loads: 

I 

1500 

Shear 
centre 

floor units: dead 3.5 kN/m2, imposed 2.5 kN/m2 

edge beam: dead 12 kN/m 

Design ultimate loads: 

floor units (1.35 X 3.5 + 1.5 X 2.5) X 8/2 = 33.8 
edge beam 1.35 X 12 = 

Design for torsion 

10k = 32 MPa,jyk = 500 MPa, d = 1440 mm 

Bending moment, shear force and torsional moment (about 
shear centre of section) at interior support (other than first): 

M = -0.09 X 50 X 14' = -882 kNm (Table 2.29) 
V = 0.5 X 50 X 14 = 350 kN 

T = 0.5 X (33.8 X 0.400 + 16.2 X 0.192) X 14 = 117 kNm 

(Note: In calculating V and T, a coefficient of 0,5 rather than 
0,55 has been used since the dead load is dominant and the 
critical section may be taken at the face of the support.) 

ConSidering beam as one large rectangle of size 250 X 1500 
and two small rectangles of size 200 X 300, 

2,hmi,'hm~ = 2503 X 1500 + 2 X 200' X 300 
= (23.4 + 2 X 2.4) X 109 = 28.2 X 109 

Torsional moment to be considered on large rectangle: 

TI = 117 X 23.4128,2 = 97 kNm 

Torsional moment to be considered on each small rectangle: 

T2 = 117 X 2.4128.2 = 10 kNm 

Reinforcement required in large rectangle 

Shear and torsion (see Table 4.20). Assuming 30 mm cover to 
HIO links, distance from surface of concrete to centre of HI2 
longitudinal bars = 46 mm. 

t,r" = Alu = 250 X 1500/[2 X (250 + 1500)] 
= 107 mm ( 2': 2 X 46 = 92 mm) 

Ak = (250 - 107) X (1500 - 107) = 199.2 X 103 mm2 

For values of (1 - 1o,)250llok = (1 - 32/250) X 32 = 27,9MPa 
and z = 1440 - 100 = 1340 mm (to centre of flange) 

Vw = [T/2Ak ter,; + Vlbw z]/(1 - 1ok/250)1ok 
= [97/(2 X 199.2 X 107) + 350/(250 X 1340)] X 10'/27.9 
= 0.119 

Since Vw < 0.138, cote = 2,5 may be used (Table 4.18). 
For a system of closed links, total area required in two legs for 
torsion and shear is given by: 

AJs = (T/Ak + VI Z)/fywd cotO 
= (971199.2 + 35011340) X 10'/(0.87 X 500 X 2.5) 
= 0.69 mm2/mm 

The inner legs of the links are also subjected to a vertical tensile 
force resulting from the load of 33.8 kN/m applied by the floor 
units, Additional area required in inner legs: 

AJs = 33.8/(0,87 X 500) = 0.08 mm2/mm 

Total area required in two legs for torsion, shear and the 
' . vertical tensile force: 

AJs = 0,69 + 2 X 0.08 = 0,85 mm'lmm 

area of longitudinal reinforcement required for torsion is 
by: 

A,l Sl = Tcote 12AJ'yd 

= 97 X 10' X 2.5 1(2 X 199.2 X 0.87 X 500) 
= 1.40 mm2/mm 
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Different combinations of links and longitudinal bars can be 
obtained by changing the value of cot 0 as follows: 

Bars Links Longitudinal 

A/s Size and Agj/s] Size and 
cot (1 rnm2/mm spacing mrn2/mm spacing 

2.5 0,85 HlO-l75 1.40 Hl2-150 
2.0 1.02 HIO-150 1.12 H12-200 
1.6 1.24 HIO-125 0,90 H12-250 

s :5 least of ul8 = 3500/8 = 437.5 mm, 0.75d = 1080 mm 
or hmin = 250 mm, Sl :5 350 mm 

Bending (see Table 4.8) 

I-' = Mlbd'j,k = 882 X 106/(550 X 14402 X 32) = 0.024 
Aly,)bd1o, = 0.027 and xld = 0,054 (i.e. x = 78 < 200 mm) 

A, = 0,027 X 550 X 1440 X 32/500 = 1369 mm2 

Total area of longitudinal bars required at top of beam for 
bending and torsion (equivalent to 2HI2 say) 

= 1369 + 226 = 1595 mm2 

From Table 2.28, 2H32 provides 1608 mm2 

Reinforcement reqnired in small rectangles 

Torsion. Assuming 30 mm cover to H8 links, distance from 
surface of concrete to centre of HI210ngitudinal bars = 44 mm. 

I,r" = Alu = 200 X 300/[2 X (200 + 300)] 
= 60 (2': 2 X 44 = 88 mm) 

Ak = (200 - 88) X (300 - 88) = 23.7 X 10' mm2 

Vw = (T,I2Ak l,r,;)/(1 - 10,1250)10, 
= 10 X 10'/(2 X 23,7 X 88 X 27.9) = 0.086 

Since vw :5 0.138, cot 0 = 2.5 may be used. For a system of 
closed links, area required in two legs is given by: 

A,,Is = T,IAkjywd cotO 
= 10 X 10'/(23.7 X 0.87 X 500 X 2.5) 
= 0.39 mm2/mm 

The lower rectangle is also subjected to bending resulting from 
the load of 33.8 kN/m applied by the floor uuits, The distance 
of the load from the centre of the inner leg of the links in the 
large rectangle is 150 + 35 = 185 mm. 

M = 33,8 X 0.185 = 6.25 kNm 

Taking the lever arm for the small rectangle as the distance 
between the centres of the top and bottom arms of the links, 
Z = 132 mm. Additional area required in top arms of links: 

AJs = Mlf,d Z = 6.25 X 10'/(0.87 X 500 X 132) 
= 0.11 mm'lmm 

Total area required in two arms for torsion and bending: 

AJs = 0.39 + 2 X 0,11 = 0.61 mm2/mm 

The area of longitudinal reinforcement required for torsion is 
given by: 

A,lsl = TcotOI2A,Jyd 

= 10 X 103 X 2.51(2 X 23.7 X 0.87 X 500) 
= 1.21 mm2/mm 
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Different combinations of links and longitudinal bars can be 
obtained by changing the value of cotO as follows: 

Bars Links Longitudinal 

AJs Size and AslsJ Size and 
cottl mm2/mm spacing mm2/mm spacing 

2.5 0,61 HIO-150 1.21 H12-175 
1.8 0.76 HIO-125 0,88 H12-250 

s :0; lesser of u/8 = 1000/8 = 125 mm or hmi' = 200 mm 

The lower rectangle is also subjected to shear in the vertical 
longitudinal plane, for which 

V/bw d = 33,8 X 103/(1000 X 166) = 0,21 MPa 

From Table 4,17, Vmi, = 0,56 MPa <!ok = 32, d:o; 200) 

From the foregoing calculations, the reinforcement ~hown. in 
the figure opposite provides a practical arrangement, 1ll whIch 
the links comprise HIO-125 for the large rectangle and 
H8-125 for the small rectangles, The longitudinal bars are all 

Shear and torsion 

HI2-250, apart from the 2H32 bars at the top of the large 
rectangle, 

H32 

r -.. 

~ H12 

~ 

- HIO - 125 

~ 

~ 

H12 

H8 - 125 -f( --.-
34.1 DEFLECTION 

Deflections of members under service load should not impair 
the function or appearance of a structure, For buildings, the 
design requirements, and associated combinations of design 
actions, to be considered are given in section 293, The final 
deflection of members below the level of the supports under 
characteristic loading, after allowance for any pre-camber, is 
generally limited to span/250, A further limit of span/500 
applies to the increase in deflection that occurs after the 
construction stage, in order to minimise any damage to both 
structural and non-structural elements, The requirements may 
be met by complying with the limits on span/effective depth 
ratio given in Table 4.21, 

In special circumstances, when the calculation of deflection 
is considered necessary, an adequate prediction can be made 
using the methods given in Table 4,22, Careful consideration 
is needed in the case of cantilevers, where the usual formulae 
assume that the cantilever is rigidly fixed and remains hori­
zontal at the root. Where the cantilever forms the end of a 
continuous beam, the deflection at the end of the cantilever is 
likely to be either increased or decreased by an amount 10, 
where I is the length of the cantilever measured to the centre 
of the support, and 0 is the rotation at the support, Where a 
cantilever is connected to a substantially rigid structure, some 
root rotation will still occur, and the effective length should 
be taken as the length to the face of the support plus half the 
effective depth, 

34,2 CRACKING 

34,2.1 BUilding structures 

Chapter 34 

Deflection and 
cracking 

Where minimum reinforcement is provided, the crack width 
requirements may be met by direct calculation, or by limiting 
either the bar size or the bar spacing, as given in Table 4.24, 
For the calculation of crack widths due to restrained imposed 
deformation, no guidance is given in Part I of the code but the 
following equation is given in PD 6687 (see preface), 

where R is a restraint factor (see section 26,2,1) and el
mp 

is the 
free strain due to temperature fall or drying shrinkage, 

34.2.2 Liquid-retaiuing structures 

For structures containing liquids, design requirements related to 
leakage considerations are given in section 29.4, Where a small 
amount of leakage with related surface staining or damp 
patches is acceptable, for cracks that can be expected to pass 
through the full thickness of the section, the calculated crack 
width is limited to a value that 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 :0; 5, reducing 
unifonnly to 0,05 mm for hydraulic gradients", 35, Thus, the 
limits for a 300 mm thick wall to a 7,5 m deep tank would be: 
0.2 mm at 1.5 m below the top, 0,15 mm at 4.5 m below the top, 
and 0,1 mm at 7,5 m below the top, The limits apply under the 
quasi-permanent loading combination, where the full charac­
teristic value is taken for hydrostatic loading, For members in 
axial tension, where at least the minimum reinforcement is 
provided, the crack width requirements may be met by direct 
calculation, or by limiting either the bar size or the bar spacing, 
as given in Table 4.25, 

Cracks in members under service load should not impair the 
appearance or durability of the structure, For buildings, the 
design requirements are given in Table 4,1. The calculated 
crack width under quasi-permanent loading, or as a result of 
~estrained deformations, is generally limited to 0.3 mm, For dry 
surfaces inside buildings, where crack width has no effect on 
purability, a limit of 0.4 mm is recommended where there is 

need to ensure an acceptable appearance. However, in the 
National Annex, a limit of 0,3 mm is required in this situa­
. In the regions of concrete members where tension is 

a calculated minimum amount of reinforcement is 
in order to control cracking, as given in Table 4,23, 

In cases of bending, with or without axial force, where the 
full thickness of the section is not cracked, and not less than 0,2 
times the section thickness::::; 50 mm is in compression, the 
crack width limit is 0,3 mm and Table 4.24 applies, 

For cracking due to restraint of imposed defonnations such 
as shrinkage and early thermal movements, two distinct types 
of restraint are considered. For a concrete element restrained at 
its ends (e,g, an infill bay with construction joints between the 
new section of concrete and the pre-existing sections), the crack 
formation is similar to that caused by external loading, An 
appropriate expression for the tensile strain contribUting to the 
crack width is given in Table 4.25 and, for specified values of 
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In the absence of specific deflection calculations, the span/effective depth ratios of beams and slabs should satisfy the 
following requirement: 

lid" basic ratio x a, x /3, where the basic ratio = 20K, and values of K, a, and /3, are given below. 

Structural system K Basic ratio 
Simply-supported member (beam, one-way spanning slab, or two-way spanning slab) 1.0 20 
End span of continuous member (beam, one-way spanning slab, or two-way spanning slab 1.3 26 
continuous over one long side) 
Interior span of continuous member (beam, one-way spanning slab, or two-way spanning slab) 1.5 30 
Slab supported on columns without beams (flat slab) 1.2 24 
Cantilever OA 8 
Note I. For flanged sections with b/bw <: 3, the basic ratios for rectangular sections should be multiplied by 0.8. For 
values of b/bw < 3, the basic ratios for rectangular sections should be multiplied by (II - b/bw)/IO. 
Note 2. The ratio should be based on the shorter span for two-way spanning slabs, and the longer span for flat slabs. 
Note 3. For beams and slabs, other than flat slabs, with spans exceeding 7 m, which support partitions liable to be 
damaged by excessive deflections, the basic ratio should be multiplied by 7/span. For flat slabs, where one or both 
spans exceeds 8.5 m, which support partitions liable to be damaged by excessive deflections, the basic ratio should 
be multiplied by 8.5/span. 

en Modification factor a" which depends on the concrete strength/ok and reinforcement percentages, is given by: 0 

',& 
For 100A/bd < 0.I/oko.5 a, = 0.55+0.0075/oJ(100A/bd) + 0.005/ok°.5[f;k°.5/(lOOA,/bd) - 10]15 

-;S 
fr< For 100AJbd <: O.l/ok°.5 a, = 0.55 + 0.0075/ok/[100(A, - ~)/bdJ + 0.0 13/okO 25(100 A;/bd)°.5 

"'" " a, = 0.55 + 0.0075/oJ(100A/bd) when singly reinforced .:G 
" a, (singlv reinforced section) for values of 100A/bd III /ok MPa """' " 0.25 0.3 0.4 0.5 0.6 0.75 1.0 1.25 1.5 2.0 , 
ia 20 1.65 1.29 0.95 0.85 0.80 0.75 0.70 0.67 0.65 0.63 "" (/] 25 2.09 1.61 1.12 0.93 0.86 0.80 0.74 0.70 0.67 0.64 

28 2.38 1.81 1.23 0.98 0.90 0.83 0.76 0.72 0.69 0.65 
32 2.78 2.10 1.39 1.07 0.95 0.87 0.79 0.74 0.71 0.67 
40 3.64 2.72 1.74 1.29 1.05 0.95 0.85 0.79 0.75 0.70 
50 4.81 3.57 2.24 1.60 1.18 1.05 0.93 0.85 0.80 0.74 

Modification factor /3, = 310/0;, where 0; is the stress in the tension reinforcement under the characteristic loading. It 
will normally be conservative to assume /3, = (500if"k)(A,.proiA,."q) for values of A,.proiA,."q " 1.5. 

As is area of tension reinforcement required to resist the design ultimate moment (maximum moment in span Of, for 
a cantilever, at the support). As,provlAs,req is the ratio, area reinforcement provided to area reinforcement required. 

A; is area of compression reinforcement required to resist the design ultimate moment (as for A, above) 

The recommendations were derived for uniformly loaded members of constant depth. For a cantilever of overall depth 
h at the support reducing linearly to h, at the free end, the basic ratio should be multiplied by the following factors: 

Load distribution on cantilever 
Modification factor for values of hJh 

1.0 0.9 0.8 0.7 0.6 0.5 OA 0.3 
Uniform load 1.00 0.94 0.88 0.81 0.75 0.68 0.61 0.54 
Triangular load (zero at free end) 1.25 1.19 1.12 1.06 0.99 0.92 0.85 0.78 
Concentrated load at free end 0.75 0.69 0.63 0.58 0.52 0.46 OAO 0.33 

In special circumstances, when the calculation of deflection is considered necessary, the method given in Table 4.22 
can be used. For permanent loads, characteristic values should generally be used. For variable load, the characteristic 
value should be used in limit state calculations, and the expected value in best estimate calculations. The proportio~ ~r, ...... 
variable load considered as quasi-permanent should be taken as 1f/2Q" where values of If/2 are given in section 29.3; .. ,.' en 

" For structural analysis where a single value of stiffness is used for a member, the stiffness of the uncracked 0 
'.g section should be used. If a more sophisticated method of analysis is used, in which variations in section y -r "' •• '.' ). 

""§ 0'" ., '00,. "., ~m"" = ~,- ;, roo, b, - o"ro,mo' " •• ,b, ."',,. of ., ~Ii 
'" transformed section at highly stressed sections. In deflection calculations, several factors that are often ..hl,' U 

assess can have a considerable effect on the reliability of the result. These include the assumptions made regar~i~l~l:: 
restraints provided by supports, the age of members when load is first applied, the stages at which subsequent 
applied, and the effects of finishes and rigid partitions. A reasonable approach may be to assess maximum an~ •.• 
minimum values for the influence of these effects and take the average. ..£;;' .' 

! 
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EC 2 Deflection - 2 4.22 
Members, which are not expected to be loaded above a level h . 
exceeded anywhere within the member should b . d dt at would Cause the tensrIe strength of the concrete to be 
may not be fully cracked, will behave i~ a mann e c~nsl e~e asbuncracked. Members, which are expected to crack but 

. er m erme late etween the uncracked and fully cracked conditions. 

The curvature I/rb of a sectIOn subjected to pure bending can be determined from the following relationships: 

For an uncracked section: J... = M For a cracked se f . 1 M [r ( ) I J 
rb EI CIOn. -=--, + 1-( -' 

, ~ ~ ~ 
where 

E is the modulus. of elasticity of the concrete. Use E,m for short-term loadin _ 
long-term loadmg where rA=,lo) is a creep coefficient. For values of E g, and:,.'ff - E,m/[I + rA=,lo)] for 
IS the second moment of area of the cracked tr D d' ,m and rA ,10), see Tables 4.2 and 4.3. 
is the second moment of area of the gross con:r~~e o:~o~e~~~nT;b~: ~a:jeD 3.42 for section properties. 
IS the mom~nt due to the characteristic loading at the secti~n considered or sectIOn propertIeS. 

M" IS the crackmg moment given by M = r Tel(h ) S . h . h "J,tm', - x. ee Table 3.42 for sectIOn properties 
'1m IS t e mean value of the axial tensile strength of concrete iven b .. _ 0 ,r (2/3) • 

( IS a distribution coefficient allowing for tension su''''' . g. YbJOIm 
- .3J ,k for values of /ok" 50 MPa. 

uenmg, gIVen y: 

(= 1-/3(M" )2 /3is a coefficient that takes account of the influence of the duration of the loadin , 
M or ~frepeated lo~dmg on the average strain. /3 = 1.0 for single short-term loadin~. 

/3 - 0.5 for sustamed loads or many cycles of repeated loading 

The shrinkage curvature 1Ir" of a section can be determined from the following relationships: . 

Foran uncrackedsection: _1_= ccsEsSo 
For a cracked section: _1_= 8"E,S, [( +(1- () I,S,] 

S, 

res Ec,eff1o 
res Ec,effic JoSe 

is the modulus of elasticity of the reinforcement taken as 200 GPa 

~ ~~ fi(l;t mo)men~ of area, of the reinforcement about the centroid of the cracked section given by: 
.' ,-x, - A,(x, -d) where x, IS the neutral axis depth 

~ ~~fi(I~~ mo)~e~t, o( f area,of the reinf~rcement about the centroid of the uncracked section given by: 
. 0 s Xo s Xo - d ) where Xo IS the neutral aXIS depth 
IS the free shrinkage strain (see Table 4.2) 

where 

Deflections can be determined from the relationshi 1Ir = d2a/dx2. . 
at x, by calculating curvatures at successive secti! i . where lJrx ,IS the curvat.ure ~nd a IS the deflection 
Alternatively, the deflection at the mid-span of a bea~ a o~; a ~e~ber and I usmg a numencal mtegration technique. 

,or e en 0 a cantt ever, 18 gIven approximately by: 
a = EKi'(1Irb) + Ki'(lIr,,) 
K . where 

(~:ef~~~~ t~~2~~;~r~~~!:~eo;~~~~~~~, ~oi~s~~~~;~~'t~er~~~~d to the shape of~he bending moment diagram 
applicable to the maximum sagging moment (e.g. K= 0 125 fo mg mo;enl coe IClent for umform dead load 

I IS the effective span of the member. . r pmne en s) or, for a cannlever, K = 0.5. 

1Irb is the curvature due to loading (at the position of maximum sa . . 
I/r" IS the curvature due to concrete shrinkage ggmg moment or, for a cannlever, the support). 

The maximum long-term deflection should be taken as the sum f hi' 
quasi-permanent load and concrete shrinkage and the sh rt t 0 d tfle ong-term deflectIOns due to permanent load, 
arrangements, the value of l/rb due to the total load 0 - erm e ecnon due to transi~nt load. For complex load 
the total load should be used. ' and a K value appropnate to the bendmg moment diagram due to 
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EC 2 Cracking - 1 4.23 
A minimum amount of bonded reinforcement is required to control cracking in regions where tension is expected. The 
amount may be estimated from equilibrium between the tensile force in concrete just before cracking and the tensile 
force in reinforcement at yielding, or at a lower stress if necessary to limit the crack width. A procedure for calculating 
crack widths, and a simplified alternative approach by limiting either bar size or bar spacing, are given in Table 4.24. 

The minimum area of reinforcement required in the tension zone of a section subjected to pure bending or tension, is 
given by the following relationship: 

where 

A" is the area of concrete within the tensile zone, taken as that part of the section calculated to be in tension just 
before formation of the first crack. For boxes and flanged sections, the individual parts of the section should 
be treated separately. Ifthe effect of the reinforcement on the properties of the uncracked section is ignored, 
the depth of the tensile zone, for a rectangular section, is h for tension, and 0.5h for pure bending. 

Iot.,ff is the mean value of the tensile strength of the concrete effective at a time when the cracks are first expected 
to appear. For general design purposeS,lot.of' = 101m, where 101m = 0.3Iok('f3) for values of 10k ,; 50 MPa. For 
conditions where cracking is expected to occur at a time t earlier than 28 days (e.g. early thennal cracking), 
Iot.,ff= rJ'",,(t)I(Iok + 8)11otm wherelorn(t) is the mean concrete compressive strength at an age oft days . 

k is a coefficient that allows for the effect of non-uniform self-equilibrating stresses, leading to corresponding 
reductions of restraint forces. For webs with h ,; 300 mm, or flanges with b ,; 300 mm, k = 1.0. For webs 
with h ;0, 800 mm, or flanges with b;o, 800 mm, k = 0.65. Intermediate values may be interpolated. 

k, is a coefficient that takes account of the stress distribution within the section immediately prior to cracking, 
and of the change of lever arm. For pure tension, k, = 1.0. For pure bending, in rectangular sections and for 
the webs of boxes and flanged sections, k, = 0.4. For bending combined with axial force, and the flanges of 
boxes and flanged sections, see the equations given below. 

0; is the maximum stress pennitted in the reinforcement immediately after formation of the first crack, which 
may be taken as ./'yk' However, a lower stress may be necessary to satisfy the design crack width limit under 
the relevant combination ofloads (see section 34.2 and Table 4.24). 

For bending combined with axial force, in rectangular sections and for the webs of boxes and flanged sections, values 
of k, are given by the following relationships: 

Bending and compression: For h,; 1 m, k, = 0.4(1 - 0;/1.51o,of') 
Bending and tension: 

For the flanges of box sections and flanged sections in all conditions: 

For h > 1 m, k, = 0.4(1- 0;/1.5h.fot"ff) 
k, = 0.4(1 + 1.5a,ifot,'ff)'; 1.0 

k, = 0.9F,,1A,,j;,,,ff;o, 0.5 

F" is the tensile force in the flange immediately prior to cracking for the cracking moment calculated withlo'.,ff' 
O"c is the mean stress in the concrete (taken positive for compression and tension) due to the axial force, under 

the relevant combination ofloads. 

Minimum reinforcement 

Condition 

Pure tension 
Rectangular section or flanged section 
(web and flange treated separately) 

Pure bending 

Rectangular section, or flanged section 
(web in tension) 

for!ct,eff and 0; = ./'yk = 500 MPa 

Minimum reinforcement percentage 
I for values of 10k 

Note 1. Intermediate values may be interpolated for values of h or b,between 300 mm and 800 mm. 
Note 2. For flanged sections where the flange is in tension, and all sections subjected to bending combined Wit.it 1.1 
axial force, the minimum reinforcement percentage varies according to the value of kc determined as above. 
Note 3. In addition to the above requirements, the area of main tension reinforcement in beams and slabs should 
not less tban A"min = btd;o, 0.0013 b,d, where bt is tbe mean width ofthe tension zone. 

Beams with a total depth ;0, 1000 mm, where the main reinforcement is concentrated in only a small proportion of 
depth, should be provided with additional skin reinforcement to control cracking on the side faces of the beam. 
reinforcement should be located within the links, and evenly disttibuted between the level of the main 
and the neutral axis. The area of the skin reinforcement should be not less than the value of A"min obtained with 
and 0; = ./'yk. The maximum bar size or spacing may be obtained from Table 4.24, by assuming pure tension 
stress of half the value assessed for the main reinforcement. 

EC 2 Cracking - 2 4.24 
In buildings, for slabs subjected to bending without significant axial tension, no specific measures are necessary to 
control crackmg, proVIded the overall depth does not exceed 200 mm, and the specified detailing rules are observed. 

:~ ~eneral, for members where the minimum reinforcement described in Table 4.23 is provided, crack widths are not 
ley to be excessIve If the follOWIng lImltalions on either bar size or bar spacing are observed: 

Stress in 
Maximum bar Maximum bar Maximum bar Maximum bar 

reinforcement size rA * (mm) for spacing (mm) for Stress in 
size ¢,* (mm) for spacing (mm) for 

crack width crack width reinforcement 
o;MPa crack width crack width 

0.4 mm O.3mm O.4mm O.3mm 
o;MPa 

O.4mm O.3mm O.4mm O.3mm 
160 40 32 300 300 320 12 10 150 100 200 32 25 300 250 360 10 8 100 50 240 20 16 250 200 400 8 6 280 16 12 200 150 450 6 5 

For cracking caused dominantly by restraint, compliance with maximum bar size applies where a; = k klo A IA 
For cracking c~used mamly by loadin~, compliance with either maximum bar size or maximum bar s;aci~~ffm;~ b~ 
used, where 0; IS calculated on the baSIS of a cracked section under the relevant combination of loads. 

The maximum bar size rA * obtained from the table should be adjusted to ¢" as follows: 

If at least part of section is in compression: 

If all of section is in tension: 
rA = rA * (Io'.,ff/2.9)[h" 14(h - d)] 

In the above, h" is the depth of the tensile zone immediately prior to cracking, (h _ d) is the distance from a tensile 
face to the centroId of the nearest layer of reinforcement, ko andfo"jf are defined in Table 4.23. 

The maximum crack spacing may be calculated from the following relationships: 

s"m" = 3.4c + 0.425klk,(A,,'ff IA,)¢ for Sb';; 5(c + ¢l2) s"m", = I.3(h -x) for so> 5(c + ¢l2) 

The design crack width at a concrete surface may be calculated from the following relationships: 

Wk = ("m - GomJ s,.m" = ( ; , - Gorn) s"m" ;0, 0.6 ; , s',mru< Gom = k/l + a,A, J( A",ff I",of' J 
s s l Ac,eff lAsEs 

A,,'ff is the effective area of concrete in tension surrounding the reinforcement. The depth of the area should b 
taken as the least of2.5(h - d), (h -x)/3 or h12. e 

A, 
E, 
c 

is the area of reinforcement within the tensile zone, where A, ;0, A"min (see Table 4.23) 
IS the modulus of elasticity of the reinforcement taken as 200 GPa 
is the cover to the tension reinforcement 

Iot,'ff is the mean value of the tensile strength of the concrete effective at a time when the cracks are first expected 
to appear. For further mformatlOn, see Table 4.23. 

is a coefficient that takes account of the bond properties of the reinforcement. ki = 0.8 for high bond bars. 
IS a coeffiCIent that takes account of the disttibution of strain. k, = 0.5 for bending, 1.0 for pure tension. For 
cases of eccenlnc tensIOn or for local areas, k, = (81 + 8,)/28;, where 81 and 8, are respectively the greater 
and lesser strams at the boundanes ofthe sectIOn considered, assessed on the basis of a cracked section 
IS a factor dependent on the duration of the load. '" = 0.6 for short tenn loading, 0.4 for long term loadi~g. 
IS the bar spacmg (centre-to-centre) 

sr,max is the maximum crack. s~acing. For members reinforced in two orthogonal directions, where the angle 
between the axes of pnnclpal stress and the direction of the reinforcement exceeds 15n, the crack spacing 
should be calculated from' s = (s s )/( . B+ n. h 

0", 

.• . r,ma~ .r,max,x r,max,y Sr,max,x SIn Sr,max,y COSv;, were sr,max,x and sr,max,y are the 
c~ack spacmgs m the x. and y dlreclions respectively, and Bis the angle between the reinforcement in the x 
dlreclion and the duectlOn ofthe principal tensile stress 
is the design surface crack width . 

is the modular ratio EJEcrn, where E,rn = 22(1omIl0)0.3 Gpa andlo
m 

= (10k + 8) MPa 

IS t~e bar .sIze. Where a :nixture of baT sizes is used in a section, an equivalent size ¢eq should be used. For a 
seClion WIth ni bars of SIze ¢I and n, bars of size de the equivalent size'" = (n ",2 + ""')/( de + de) . h . h .. '1"2. 'f"eq l'f'\ n2'f"2 nl'f"l n2'f"l· 
IS t e stress ~n t e tensIOn reInforcement under the relevant combination of loads (section 34.2), including 
the effect of Imposed deformatIOns, assuming a cracked section. 

~~~ ~alls s~bjected to early thermal contraction, where the bottom of the wall is restrained by a previously cast base 
t e honzontal reInforcement area A, < A"mi", it may be assumed that s"m" = 1.3 times the height of the wall. 



EC 2 Cracldng - 3 4.25 
The recommendations in Part 3 of the Eurocode allow for two main options as follows: Ca) design for full restraint, in 
which no movement joints are provided except for some widely spaced joints that may be needed where substantial 
imposed defonnation is expected, or (b) design for free movement, in which any potential cracking is controlled by 
the proximity of the joints. For (b), complete movement joints spaced at no more than 1.5 times wall height'" 5m, and 
minimum reinforcement as given in Table 4.28, should be provided. For (a), the following infonnation should be used 
in conjunction with the crack spacing and crack width expressions given in Table 4.24. 

For a wall or slab panel restrained at its ends, the mean tensile strain contributing to cracking may be calculated from 
the expression: (t;m - tOm) ~ 0.5 k,k/ot.,ffCI + aeA,IA")/(A,IA,, )E, 

For long panels restrained along one or more edges, a value of (t;m - tOm) ~ R", tfree can be taken, where R", is a 
restraint factor, and tfree is the strain that would occur if the panel was completely unrestrained. Values of Rox for some 
common sitnations are given in Table 3.45, or may be taken as 0.5 generally. Values of tfree due to early thennal 
movements are given by tfree ~ dh where ais the coefficient of expansion of mature concrete (see Table 3.5) and Tl 
is the estimated fall oftemperatnre between hydration peak and ambient at the time of construction (see Table 2.19). 

The recommendations in Part 3 of the Eurocode indicate that, for members subjected to axial tension, the limits on bar 
size and bar spacing given in Table 4.24 may be replaced by values obtained from the following charts. For cracking 
caused dominantly by restraint, compliance with the maximum bar size applies with 0; ~ k, k/ot"ffA" IA,. For cracking 
caused mainly by loading, compliance with either the maximum bar size or the maximum bar spacing may be used, 
where 0', is calculated on the basis of a cracked section under the relevant combination ofloads. 
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Alternatively, for specified values of cover, section thickness and reinforcement content, maximum values 
given in Table 4.26, and maximum values of R", tfree are given in Table 4.27. 

Cracking 

cover, section thickness and reinforcement content, maximum 
values of Jot,'ff are given in Table 4.26, 

For a concrete panel restrained along an edge (e,g. a wall cast 
?nto a pre-existing stiff base), the fonnation of the crack only 
mfluences the distribution of stresses locally, and the crack 
Width becomes a function of the restrained strain rather than the 
ten~lle straJ..n capacity of the concrete. In this case, the tensile 
stram contributing to the crack width is taken as R h . ._w= 
t~PIC~ values of Efree can be estimated from the information 
gIVen m Table 4.25. The restraint factor R. may be taken as 0,5 
generally, or reference can be made to Table 3.45, where values 
are mdicated for panels restrained along one, two Or three edges 
respec?vely. For specified values of cover, section thickness 
and remforcement content, maximum values of R 
given in Table 4.27. ax 8free are 

It will be found that the calculated strain contributing to the 
crack WIdth for a panel restrained at its ends is normally more 
th~ Rax Efree· Thus, the reinforcement required to limit a crack 
Width to the required value is greater for a panel restrained at 
Its ends than fO.r a panel restrained along one or more edges. 
Also, for a s~ecific crack width, the reinforcement needed for a 
panel restramed along an edge is less than that in BS 8007, 
smce the deSign crack spacing is less than that in BS 8007. 

Example 1, The beam shown in the fOllowing figure is to be 
checked for deflection and cracking, The design for bending 
and shear is shown in example I of Chapters 32 and 33 respec­
tIvely. Th~ relllforcement in the bottom of each span, 3H25 
(1473 mm ), is based on the following values: 

Jok = 32 MPa,iyk ~ 500 MPa, b,ff = 2600 mm, d = 440 mm 

A B C 

t t t -U-f 15O 

8m 8m 350 
I- I f I 'I I !O~ I 

Spans Cross section 

377 

From Table 4,23, for /ok ~ 32 Mra and bendm' g of . . a sectIOn 
With h = 500 mm, by interpolation, 100A . IA = 021 s,mm ct .. 

A,mi" = 0.0021 X 162 X 10' = 340 mm2 « 1473 mm2) 

<>: 0,26 (f"m/fyd b.d <>: 0,0013 b.d 
~ 0.26 X (3.0/500) X 300 X 440 = 206 mm' 

The design ultimate load is 396 kN and the quasi-pennanent 
load, where the value of "'2 is obtained from section 29,3, is 

Gk + "', Qk = 160 + 0.3 X 120 = 196 kN 

Hen~e, ~e s.tress in the reinforcement under quasi-permanent 
loadmg, is given approximately by: 

u, ~ (l96/396)(0,87+yk)(A IA ) 
h s req s pray 

Thus, for the bars in the bottom of the beam 

U, = (196/396)(0.87 X 500)(1373/1473) = 200 Mra 

From Ta~le 4.24, for Wk = 0,3 mm, the crack width criterion is 
met if ¢ , :S 25 mm, or the bar spacing :s 250 mm. 

The adjusted maximum bar size is given by: 

Depth of tension zone, hoc = h - x = 500 - 128 = 372 mm 

¢. = ¢', ifot"ff 12.9)[k, hoc 12(h - d)] 

= 25 X (3.0/2.9) X [0.4 X 372/(2 X 60)] = 32 mm 

Note, It can be seen from the foregoing, that all of the criteria 
are comfortably satisfied, and the checks for deflection and 
cracking are hardly necessary in this example, 

Example 2, A 250 mm thick flat slab is supported by 
columns" which are arranged on a 7.2 ill square grid, The 
charactenstI~ loads are 7.2 kN/m2 dead and 4,5 kN/m2 imposed, 
and the slab is to be checked for deflection and cracking. 

iek = 32 MPa'/yk = 500 MPa, cover to bars = 25 rum 

Allowing for the use of H12 bars in each direction, and based 
on the bars III the second layer of reinforcement: 

The actnal span/effective depth ratio = 8000/440 = 18.2 

From Table 4.21, for the end span of a continuous beam and a 
flanged section with b/bw ~ 2600/300 = 8.67 <>: 3, , 

d ~ 250 - (25 + 12 + 6) = 205 rum, lid ~ 7200/205 = 35 

From Table 4.21, for a flat slab, with spans :s 8.5 m, 

Basic span/effective depth ratio ~ 0,8 X 26 = 20.8 

For m~mbers supporting partitions liable to be damaged by 
exceSSive defiectlOns, the basic ratio should be multiplied b 
7/span. In this case, the basic ratio = 20.8 X 7/8 = 18.2. Y 

Since 100Amqlbd ~ 100 X 1373/(2600 X 440) = 0.12 is small 
the modification factor a, is large (> 3), and the lintiting rati~ 
IS more than three times the actual value. 

The neutral axis depth for the uncracked section, ignoring the 
effect of the remforcement, is given by: 

x = bwh
2 

+ (bf - bw)h; _ 300 X 5002 + 2300 X 1502 
2[bwh + (b f - bw)hf] - 2[300 X 500 + 2300 X ISO] 

= 128 mm « hf = 150mm) 

of tension zone is given by: 

A" = bw (h - hrl + bf (hf-x) ~ 300 X 350 + 2600 X 22 
= 162 X 10' mm' 

Basic span/effective depth ratio = 24 

Total design ultimate load for a square panel is given by: 

F = (1.35 X 7,2 + 1.5 X 4.5) X 7.22 = 854 kN 

From Table 2.62 the design ultimate bending moment, for an 
end span WIth a continuous connection at the outer support, is 

M = 0,075FI = oms X 854 X 7.2 = 461 kNm 

Mlbd'tok = 461 X 10'/(7200 X 2052 X 32) = 0.048 

Ady,jbdJok = 0,056 (Table 4.8) 

100A/bd = 100 X 0,056 X 32/500 = 0.36 

From Table 4.21, for 100A/bd < O.liek°.5 ~ 0.1 X 320.5 = 0.57 

a, = 0.55 + 0,0075ie,j(IOOA/bd) 

+ 0,005/oko.5[/oko.5/(100A/bd) _ IOF·5 

= 0,55 + 0.0075 X 32/0,36 

+ 0,005 X 32°.5 X (32° 5/0.36 _ 10)1.5 = 1.60 



EC 2 Early thermal cracking in end restrained panels 4.26 
.. a tensile strain contributing to cracking, with k, 1.0 (pure tension), 

For a concrete element restramed at Its ends, the me n (t;m-tCml = 0.5 k};t.,rr(l + OIeAJA,,)/(A,IA,,)E, 
may be calculated from the expressIon: . _ IA )'" 

With k j = 0 8 Ig on ars a ,-. , (h' h b db) nd k - 1 0 (pure tension) the maximum crack spacmg: s,.m" - 3.4[c + 0.1 (A,.,rr ,"" 

. . W = 1 7k(1 + 6A,IA,,)[ c + O.I(A,.,ffIA,)¢l};t.,ff/(A,IA,,)E, With Ole = 6, the design crack WIdth: k . . 

Maximum values Of/cl,efffor Wk . mm are glV . O 2 . en below For other values of w" multIply values of};t."f by 5w.. 

§ 
o 
on 
II 

~ 

o 

'" II 

~ 
U 

Thickness of 
section (mm) 

200 

250 

300 

350 

400 

200 

250 

300 

350 

400 

200 

250 

300 

350 

400 

Bar size 
(EF) 

H12 
H16 
H20 

H16 
H20 
H25 

H16 
H20 
H25 

Hl6 
H20 
H25 

H16 
H20 
H25 

H12 
H16 
H20 

H16 
H20 
H25 

H16 
H20 
H25 

H16 
H20 
H25 

H20 
H25 
H32 

Hl2 
H16 
H20 

H16 
H20 
H25 

H16 
H20 
H25 

H20 
H25 
H32 

H20 
H25 
H32 

Maximum values ; of};, . (MPo) _A' to bar ~for Wk 0.2 mm 

300 250 

1.38 

1.69 

1.38 

1.31 

1.61 

1.73 

1.54 

1.72 

1.49 

225 200 175 150 125 100 ~ 

1.65 

2.03 

1.65 

1.48 

1.36 

1.57 

1.92 

1.42 

2.06 

1.49 

1.83 

1.36 

2.05 

1.77 

2.02 

1.38 
2.47 

2.02 

1.81 

1.66 

1.90 

1.31 
2.33 

1.73 

1.51 

1.38 
2.50 

1.80 

2.20 

1.65 

2.47 

2.15 

1.41 
2.52 

1.73 
3.07 

1.46 
2.52 

2.27 

2.08 

1.34 
2.36 

1.64 
2.88 

2.15 

1.88 

1.73 
3.10 

2.22 

1.56 
2.71 

2.04 

1.65 
3.D4 

1.48 
2.66 

1.83 
3.23 

2.25 
3.93 

1.90 
3.23 

1.71 
2.92 

1.56 
2.69 

1.72 
3.01 

2.11 
3.66 

1.57 
2.76 

1.41 
2.42 

2.22 
3.93 

1.63 
2.81 

2.00 
3.42 

1.49 
2.60 

2.11 
3.84 

1.90 
3.37 

2.47 
4.30 

1.76 
3.03 
5.20 

1.49 
2.57 
4.31 

2.31 
3.90 

2.12 
3.60 

2.31 
3.96 

1.61 
2.82 
4.80 

1.22 
2.11 
3.66 

1.90 
3.22 

1.74 
2.97 
5.16 

2.16 
3.68 

1.52 
2.65 
4.45 

2.00 
3.42 

1.62 
2.81 
4.99 

1.48 
2.53 
4.41 

1.70 2.72 
3.53 5.45 
6.00 8.98 

2.55 
4.30 
7.21 

2.15 
3.66 
6.02 

1.93 
3.30 
5.48 

1.77 
3.04 
5.07 

1.60 
3.26 
5.47 

2.31 
3.97 
6.58 

1.76 
3.01 
5.09 

1.58 
2.72 
4.52 

2.50 
4.18 
7.09 

1.50 
3.02 
5.03 

2.16 
3.68 
6.05 

1.63 
2.81 
4.72 

2.30 
3.92 
6.77 

2.12 
3.55 
6.04 

4.05 
6.59 
10.7 

3.40 
5.65 
9.03 

3.06 
5.12 
8.26 

2.81 
4.72 
7.68 

2.51 
4.95 
8.06 

3.59 
5.98 
9.59 

2.78 
4.63 I' 
7.58 

2.50 
4.20 
6.79-' 

3.87, 
Iil1, 

iO.3 ,I" 
2.33"" 

I . 

, . 

EC 2 Early thermal cracking in edge restrained panels 4.27 
For a long concrete panel restrained along an edge, the mean tensile strain contributing to cracking may be taken as R~ 80". 

With k, = 0.8 (high bond bars) and k, = 1.0 (pure tension), the maximum crack spacing: s'.m~ = 3.4 [c + O.I(A,.,rr
I
A,)¢1 

The design crack width: Wk = 3.4 [ c + O.I(A,.,rrIA,)¢lR", 80", 

Maximum values of R", tire, for Wk = 0.2 mm are given below. For other values ofwk, multiply values of R",8o" by 5Wk. 

§ 
~ 
II 

~ 
o 

U 

§ 

Thickness of 
section (mm) 

200 

250 

300 

Bar size Maximum values of R", e"" (x 10-6) according to bar spacing (mm for Wk = 0.2 mm 
(EF) 1-3-0-0-'-2-50-'--22'::;5-''-'-2-0-0 "O""'-17-5-=..r-1-5-0~-=-1..:..25---'T--1 0-'0-'-7-5--1 

H10 139 164 180 200 224 255 295 351 434 
H12 164 192 211 233 260 295 341 402 492 
H16 211 246 268 295 328 369 422 492 590 
H2O 254 295 321 351 388 434 492 567 670 
Hl2 
H16 
H20 

H25 
H32 

145 
180 
211 

244 
284 

170 
211 
246 

284 
328 

187 
231 
268 

309 
356 

207 
254 
295 

232 
284 
328 

264 
321 
369 

305 
369 
422 

363 
434 
492 

447 
527 
590 

338 
388 

375 
428 

419 
476 

476 
536 

550 
614 

652 
719 

Note. Values of R"" 80", given for section thickness h = 250 mm apply for h '" 230 mm (Hl2), h '" 240 mm (HI6) and 
h '" 250 mm jII20)~ Values of R", e"",~ven for h = 300 mm ~ply for h '" 262.5 mm (H25) and h '" 280 mm (H32). 

200 H10 136 159 175 193 216 244 281 331 404 
H12 160 186 204 224 249 281 322 377 454 
Hl6 203 236 257 281 311 347 393 454 536 
H20 244 281 304 332 364 404 454 517 602 

250 HI2 131 154 169 186 208 236 272 322 393 
o 
on 

Hl6 169 197 215 236 262 295 337 393 472 
H20 204 236 257 281 311 347 393 454 536 II 

il 
~ 
u 

o 

'" II 

~ 
8 

300 H12 119 139 153 169 190 215 249 296 364 
H16 148 174 190 209 233 263 303 356 431 
H20 175 204 222 244 271 304 347 404 484 

350 H25 204 236 257 281 311 347 393 454 536 
H32 238 275 297 324 357 396 445 508 592 

Note. Values of R" 80" given for section thickness h = 300 mm apply for h '" 280 mm (HI2), h '" 290 mm (HI6) and 
h'" 300 mm (H20). Values ofR"'8o,,1ven for h= 350 ~lyfor h '" 312.5 mm(H25) andh", 330 mm(H32). 

200 HlO 133 155 170 187 208 234 268 314 378 
Hl2 155 181 197 216 239 268 305 354 421 
H16 197 227 246 268 295 328 369 421 491 
H20 234 268 289 314 343 378 421 476 546 

250 H12 128 150 164 181 201 227 260 305 369 
H16 164 190 207 227 251 281 319 369 437 

300 

350 

400 

H20 197 227 246 268 295 328 369 421 491 
H12 
H16 
H20 

109 
141 
170 

128 
164 
197 

H12 
H16 
H2O 
H25 
H32 

H25 
H32 

100 
126 
149 
180 
219 

174 
205 

118 
148 
174 
208 
251 

202 
236 

141 
179 
214 

130 
161 
189 
226 
271 

220 
255 

155 
197 
234 

143 
178 
208 
247 
295 

240 
278 

174 
219 
259 

160 
198 
231 
272 
323 

265 
306 

197 
246 
289 

182 
224 
259 
304 
358 

296 
339 

227 
281 
328 

211 
257 
295 
343 
400 

335 
381 

268 
328 
378 

250 
301 
343 
394 
454 

386 
434 

328 
393 
447 

307 
364 
410 
464 
524 

455 
504 

Note. Values of Rax tire, given for section thickness h = 350 mm apply for h '" 330 mm (HI2), h '" 340 mm (HI6) and 
I:... h '" 350 mm (H20)~ Values of RID< 8o"given for h = 400 mm apply for h '" 362.5 mm (H25) and h '" 380 mm (H32). 
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Limiting span/effective depth ratio = 1.6 X 24 = 38.4 (> 35) 

From Table 4.23, for je' = 32 MPa and bending of a section 
with h ,; 300 mrn, 100A,.m;,! A" = 0.24. With A" = 0.5bh, 

100A,.m;nlbd = 0.24 X 0.5 X 250/205 = 0.15 

"" 0.26 (fctn/!yk) "" 0.0013 

= 0.26 X 3.0/500 = 0.16 « 0.36) 

The design ultimate load is 854 kN and the quasi-permanent 
load, where the value of 0/2 is obtained from sectIOn 29.3, IS 

Gk + 0/2 Qk = (7.2 + 0.3 X 4.5) X 7.22 = 443 kN 

Hence, the stress in the reinforcement under quasi-permanent 
loading is given approximately by: 

a, = (443/854)(0.87jyk) = (443/854)(0.87 X 500) = 226 MPa 

From Table 4.24, for Wk = 0.3 mm, the crack width criterion is 
met if </>', ,; 16 mrn, or the bar spacing ,; 200 mm.. . 

The adjusted maximum bar size, with h" = 0.5h, IS gIven by: 

</>, = </>', (f".off 12.9)[ke h" 12(h - d)] 

= 16 X (3.012.9) X [0.4 X 125/(2 X 45)] = 9 mm 

Area of reinforcement required to give 100A/bd = 0.36 is 

A, = 0.0036 X 1000 X 205 = 738 mrn2/m (HI2-150) 

Example 3. The wall of a cylindrical tank,. 7.5 m deep and 
15 m diameter, is 300 mm thick. The wall, whIch IS contmuous 
with the base slab, is to be designed for temperature effects, and 
those due to internal hydrostatic pressure when the tank IS full 
of liquid. 

Design class I (see section 29.4) 
Cover to horizontal hars 40 mrn 

jyk = 500 MPa 
!ck = 32 MPa 

Effects ojtemperature change. With!ctm = 0.3!ck(2J3) = 3.0 MPa, 
and assuming that early thermal cracks will occur at a tIme 
whenjom(t) = 24 MPa, 

I' =" (t)/" + 8)]', = [24/(32 + 8)] X 3.0 = 1.8 MPa Jct,eff Vern Vck Jc m 

The limiting crack width varies according to the hydraulic 
gradient (depth of liquid I thickness of section). If the wallIS 
designed to the recommendations for a pan~l restramed at 
its ends, then suitable reinforcement detaIls for 40 mm 
cover and j".df = 1.8 MPa, selected from Table 4.26, are 
given here. 

Depth Hydraulic Design crack Reinforcement 
(m) gradient width (mm) required (EF) 

1.5 5 0.2 H2O-ISO 
4.5 IS 0.15 H20-125 
7.5 25 0.1 H20-100 

Note: The table for Wk = 0.2 mm was used throughout, by 
taking effective values ofj".off = 1.8/(5wk) MPa. 

If the wall is designed to the recommendations for a panel 
restrained along the edge, the restrained tensile strain needs to 
be estimated, as follows: 

Allowing for concrete grade C32/40, with 350 kglm' Portland 
cement, at a placing temperature of 20'C and a mean ambIent 

Deflection and cracking 

temperature during construction of lSoC, the temperature rise 
for concrete placed within 18 mrn plywood formwork: 

Tl = 25'C (Table 2.19) 

As the wall is to be designed to resist hoop tension, there will 
be no vertical movement joints and allowance must be made for 
a fall in temperature due to seasonal variations. Allowing for 
T2 = 15'C, restraint factor R~ taken as 0.5 and coefficlent of 
thermal expansion" taken as 12 X 10-6 per fiC (Table 3.5), 
restrained total thermal contraction after the peak temperatnre 
arising from hydration effects is given by: 

RM " (T, + T2 ) = 0.5 X 12 X IO-{; X (25 + 15) = 240 X IO-{; 

Hence suitable reinforcement details for 40 mm cover and 
R e =' 240 X I~, selected from Table 4.27, are given here. 
~ 

Depth Hydraulic Design crack Reinforcement 
(m) gradient width (mm) required (EF) 

1.5 5 0.2 H20-250 
4.5 IS 0.15 H2O-ISO 
7.5 25 0.1 H20-100 

Note: The table for Wk = 0.2 mm was used throughout, for 
effective values of R~e = [240/(5wk)] X 10-6. For H20 bars, 
values for a 250 mrn thick section apply for h "" 250 mrn. 

From Table 4.23, the minimum reinforcement percentage for 
I' = I' in the case of a rectangular section in pure tension Jet,eff Jctm. 1 f 
with h = 300 mrn andj,k = 32 MPa, is 0.60. For the contro 0 

early thermal cracking, the value is (1.8/3.0) X 0.6 = 0.36, and 
the minimum area of reinforcement required on each face: 

A'.mi' = 0.0036 X 150 X 1000 = 540 mm2/m (HI6-300) 

Clearly, the reinforcement needed for thermal crack control 
greatly exceeds this miniruum requirement. In the lower part of 
the wall, the reinforcement provided is H20-100 (EF), and the 
corresponding stress at a cracked section is: 

a = F (A IA) = I .. 8 X 150 X 1000/3142 = 86 MPa s Jct,eff ct s 

This solution can be checked approximately by reference to the 
chart for maximum bar size on Table 4.25, as follows: 

For a = 86 MPa and Wk = 0.1 mrn, </>; = 55 mrn say , 

A. = A. .f".offO.lh 
'1-', '1-', 2.9 (h-d) 

= 55 X (1.8/2.9) X (0.1 X 300/50) = 20 mrn 

Effects oj hydrostatic load. Suppose that an elastic analysis 
the tank, assuming a floor 300 mrn thick, indicates a. serVlCy'z} 
maximum circumferential tension of 400 kN/m. ThIS. th 
occurs at a depth of 6 m, where the design crack WId 
0.125 mm. Above this level, the tensions can be th 
reduce approximately linearly to near zero at the top of e. 

For a section reinforced with H20-100 (EF), the stress in, 
reinforcement a, = 400 X 10'/6284 = 64 MPa. Since 
less than the stress due to !c,.off, the reinforcement need"a,! 
thermal crack control is also sufficient for the cir'cwmf''',\~\ 
tension. This solution can be checked also by ref'erfmceH 
charts on Table 4.25, which show that with a, = 64 
bar size and the bar spacing are of no consequence. 

Chapter 35 

Considerations 
affecting design details 

The code contains many requirements that affect the details of 
the reinforcement such as minimum and maximum areas, tying 
provisions. anchorage and curtailment. 

As a simplified alternative, a tension anchorage for a 
standard bend, hook or loop may be provided as an equivalent 
length lb,eq = Q:' 1 Ib,rqd (see figure here), where a 1 is taken as 
0.7 for covers perpendicular to the bend"" 3</>. Otherwise 
", = 1.0. 

Bars may be set out individually, or grouped in bundles of 
two or three in contact. Bundles of four bars may also be used 
for vertical bars in compression, and for bars in a lapped joint. 
For the safe transmission of bond forces, the cover provided 
to the bars should be not less than the bar diameter or, for a 
bundle, the equivalent diameter (,; 55 mrn) of a notional bar 
with the same sectional area as the bundle. Requirements for 
cover with regard to durability are given in Chapter 31. Gaps 
between bars (or bundles) generally should be not less than the 
greatest of: (dg + 5 mm) where dg is the maximum aggregate 
size, the bar diameter (or equivalent bar diameter for a bundle), 
or 20 mrn. Details of reinforcement limits are given in Table 4.28. 

At intermediate supports of continuous flanged beams, the 
total area of tension reinforcement should be spread Over the 
effective width of the flange, but a part of the reinforcement 
may be concentrated over the web width. 

35.1 TIES IN STRUCTURES 

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. Where the structnre is divided into 
Structurally independent sections, each section should have an 
appropriate tying system. The reinforcement providing the ties 
may be assumed to act at its characteristic strength, and only 
the specified tying forces need to be taken into account. 
Reinforcement required for other purposes may be considered 
to form part of, or the whole of the ties. Details of the tying 
requirements, as specified in the UK National Annex, are given 
in Table 4.29. 

35.2 ANCHORAGE AND LAP LENGTHS 

At both sides of any cross section, bars should be provided 
with an appropriate embedment length or other form of end 
anchorage. For bent bars, the basic tension anchorage length is 
rne"IU",d along the centreline of the bar from the section in 
question to the end of the bar, where: 

-
Bends or hooks do not contribute to compression anchorages. 
Details of anchorage lengths are given in Table 4.30. 

Laps should be located, if possible, away from positions of 
maximum moment and should generally be staggered. Details 
of lap lengths are given in Table 4.31. 

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. A link 
may be considered fully anchored, if it passes round another bar 
of not less than its Own diameter, through an angle of 90', and 
continues beyond the end of the bend for a miniruum length of 
10 diameters "" 70 mm. Details of bends in bars are given in 
Table 4.31. Additional rules for large diameter bars (> 40 mm 
according to the UK National Annex) and bundles are given in 
Table 4.32. 

35.3 CURTAILMENT OF REINFORCEMENT 

In flexural members, it is generally advisable to stagger the 
curtailment points of the tension reinforcement as allowed by 
the bending moment envelope. Bars should be curtailed in 
accordance with the rnles set out in Table 4.32 and illustrated 
in the figure on page 387. Except at end supports, every tension 
bar should extend beyond the point at which in theory it is no 
longer needed for flexural resistance for a distance not less than 
al' The bar should also extend beyond the point at which it is 
fully required to provide flexural resistance for a distance not 
less than al + lbd' At a simple end support, the bars should 
extend for the anchorage length lbd necessary to develop the 
force M'td' 

I 
I 

I 
I 



EC 2 Reinforcement limits 4.28 
Minimum areas of reinforcement 

Main tension reinforcement in a beam or slab 0.26(J;~If;,)b,d 
;" O.0013b,d 

0.2A, Transverse reinforcement in a one-way slab 
Longitudinal reinforcement in a column (where NkN is the design axial load) 

Vertical reinforcement in a wall 
lIS (NIf;.);" 0.002A, 

0.002A, 

Note I. A, is total area of concrete, A, is area of main reinforcement, N (kN) is design axial load, b, is mean width of 
tension zone (for flanged sections with the flange in compression, only the web is taken into account), d is effective 
depth of section,h~ is mean axial tensile strength of concrete (given by h~ ~ 0.3h,'W) forh," 50 MPa). 
Note 2. The minimum number of bars in a rectangular or circular column is 4 with the bar size not less than 12 mm 
(specified in UK National Annex). The spacing of the bars in a solid slab should not exceed 3h ,,400 mm for main 

bars, or 3.5h " 450 mm for secondary bars, where h is the slab thickness. In areas with concentrated loads or areas 

of maximum moment, the requirements become 2h " 250 mm for main bars, or 3h " 400 mm for secondary bars. 
The spacing of the vertical bars in a wall should not exceed 3h " 400 mm, where h is the wall thickness. 
Note 3. In addition to the above requirements, the minimum reinforcement provided in beams and slabs shonld 
meet the requirements for the control of cracking (see Table 4.23). 
Note 4. Sections containing less than the above requirements should be considered as unreinforced. 

Maximum areas of reinforcement 

Beams (tension or compression reinforcement, excluding laps) 

Columns (longitudinal reinforcement) 
Generally (excluding laps), but see note below. 
At laps 

0.04A, 
0.08A, 

0.04A, Walls (vertical reinforcement, excluding laps) 

Note. The specified value may be increased if it is considered that the integrity of concrete will not be affected, and 
that the full strength is achieved at the ultimate limit state. 

Beams 

Columns 

WaJls 

Minimum requirements for containment of compression reinforcement 

Any compression bar that is included in the resistance calculation should be held by transverse 
reinforcement with a maximum spacing of 15 times the size of the compression bar. 
Links, loops or helical reinforcement, at least one-quarter the size of the largest compression bar 
or 6 mm, whichever is the greater, at a maximum spacing of 20 times the size of the smallest 
compression bar or the smaller dimension of the column or 400 mm, whichever is the least. The 
value of the maximum dimension should be multiplied by 0.6 at the following locations: within 
a distance equal to the larger dimension of the column above or below a beam or slab, or near 
lapped joints when the size of the longitudinal bars exceeds 14 mm. No less than 3 bars evenly 
placed in the lap length should be provided Every longitudinal bar or bundle placed in a comer 
of the column cross-section should be restrained by transverse reinforcement. Every bar in a 
compression zone should be within ISO mm of a restrained bar. At positions where the direction 
of a longitudinal bar changes, the spacing of the transverse reinforcement should be calculated 
with regard to the lateral forces involved. This effect may be ignored if the change of direction 
is no greater than I in 12. 

Horizontal bars, at a maximum spacing of 400 mm, providing not less than 25% of the area 
the vertical reinforcement or O.OOIA" whichever is the greater. In any part of a wall where 
total area of vertical reinforcement exceeds 0.02A., links should be provided in accordance ,,,;'hl''!)c'A 

the requirements for columns. Links numbering 4 per m' of wall area should also be provided 
the vertical reinforcement is placed nearest to the wall face, except where welded wire mesh 
used, or the vertical bars are of diameter 1/1" 16 mm with a concrete cover;" 21/1. 

In addition to the reinforcement corresponding to the ties considered in the design model, deep beams should no''1IlO.W('!i 
be provided with an orthogonal reinforcement mesh with a minimum area, in each face and each direction, of 
specified in UK National Annex) of the concrete cross-section but not less than ISO mm'/m. The spacing of the 
wires of the mesh should not exceed the lesser of twice the wall thickness or 300 mm. 

EC 2 Provision of ties 4.29 

Column to wall 
ties at each column 
(or wa11)!floor 

---

~ __ / Internal ties 

--

intersection 

V'rtimltios ~ Peripheral ties 

The recommendations 
in the UK National 
Annex are the same as 
those in BS 8110. In 
structures that are not 
specifically designed to 
withstand accidental 
actions, a system of 
effectively continuous 
horizontal and vertical 
ties should be provided 
in accordance with the 
requirements below. 

Type oftie 
Requirement 

Peripheral 

Internal 

Horizontal 
to columns 
and walIs 

Vertical 

At each floor and rooflevel, an effectively continuous ti 1 d" 
of the building, or within a perimeter wall Th t '1 < e, ocate wlthm 1.2 m of the outside edges 

P. _ . e enSl e lOrce to be resIsted IS given by: 
""~' - (20 +4nJ" 60 kN h . . h 

were. no IS t e number of storeys in the structure 
At each floor and roof level, in two directions ap roximat 1 . 
ties anchored to the peripheral tie at each end (u ~ ~ y .at nght angles, effectively continuous 
may, in whole or in part, be spread evenly in slab~ e~: ~ontInU1ng as ties to ~olumns or walls). They 
appropriate positions. If grouped, they should be' day be grouped at or m beams, walls or other 
the greater distance between the centres of the col:~: frgenerally at not more than 1.51, where I, is 
spans in the direction of the tie under consideration In' w~~et~ or W;lIs supportmg any two adjacent 
or bottom of the floor or roof slab The tensil fi 't b . ey s auld be WlthIn 0.5 m of the top 

F" .• , ~ (g\ ~s qkJ (15' JF
t 

;" F
t 

(kN/m Wid:h)orce a e resIsted IS gIven by: 

) l where: Ft ~ (20 + 4no) " 60 

where' (g + ,. th f . . 
. , q,; IS e sum a the charactenstIc dead and imposed loading I . d fi d b 

• ' r IS as e me a ove. 
When walIs Occur m plan in one direction anI ( 11' 
of I, used to assess the tie force in the direct Y e.g. cross-wa or spme-wall construction), the value 
the actual length of the wall, or the length t~~~ ~aral~el to the wall sh01.dd be taken as the lesser of 
This length should be taken as the length bet a

y
d

. e con~Idered lost m the event of an accident. 
lateral support and a free edge, as appropriate~een a ~acent ateral supports, or the length between a 

Each external column and if the eri hIt" . 
facade wall carrying verti~alloalsh:ul~r~e ~:~~ not located within the w~ll, every metre length of 
floor and roof level. The tensile force to be resiste~r~ or ;:~d ho.nzontally mto the structure at each 

( ) • 'tie,col He,fac IS gtven by the greater of: 
~) i~ ['7 ~/2.5)f' Ifless, ,,:here I, is the floor to ceiling height in metres]; or 

oat e tota deSIgn ultImate vertICal load carried by the column or wan at that level 

For comer columns, ties able to resist the tensile force sh ld b . . 
approximately at right angles. When the eri heral tie i au e p~ovlded m each of two directions, 
tymg as IS required to anchor the internal ;ies ~ th shlocalted wlthm a wall, only such honzontal 

a e penp era tIe needs to be considered. 
Each column and each wall carrying v rt' lId h I 
the lowest level. The tensile force to b:re~~~t ~~ t~ au d be tied continuously from the highest to 
the column or wall fr e IS e maXImum deSIgn accIdental load received by 

folIowing loads shouldo~e ~:re~n~nt~O~~~~:U~r ~~iS purpose, Yr should be taken as 1.0, and the 
buildings used predominantly for storage or .' d ~d ~oad, one-thIrd of Imposed load, except for 
permanent, when full imposed load should be tInk us na Phiurpdoses, .or where the imposed loads are 

a en, one-t r ofwmd load. 
In the design of the ties, the reinforcement may be assum d . 
tying forces need be taken into account Reinforce t e t~ a~t at Its characteristic strength, and only the specified 
or the whole of the ties. At re-entrant c~rners or a~e~ frot~Il e for other purposes may be considered to form part of 
that ties are adequately anchored or otherwis~ made lif: ~~ Ia lh~nges in const~ction, care should be taken to ensure' 
angles ifthe bars ofthe former tie extend' eith 12 e ec Ive .. tIe may be conSIdered anchored to another tie at right 
or, an effective anchorage length (based ~n th e~ 1/1,. or ~n ~qU1valent anchorage, beyond alI the bars ofthe other tie' 
anchorage and lap lengths given in Table 4 30

e 
. or~e;n t ~ ars) beyond the centre-line ofthe bars ofthe other tie. The 

. , mc u mg t e multIplIer A,re/A,.,m. may be used for this purpose. 

i~: 



EC 2 Anchorage requirements 
4.30 

The design anchorage length of a bar in tension is given by: 
where a" ll" ll" a, and a, ,;; 1.0, and product (a, a, ll,) ~ 0.7. 

lbd = ~ as ~ iX4 lls1b,rqd:;;::: Ib,min 1 > I 
. b ll>d = iX4 b,rqd - b,min 

The design anchorage length of a bar in compression is gIVen y: . . 
n ad'acent bars in the same tensile plane, whIchever 18 the 

is either the cover to the bar or half the gap be~ee Jr' ~ r bars bent perpendicular to the tensile plane, 
lesser. For straight bars,. the least chover to any :~~i~~fa;~~ t:e plane of the bend applies. 
or looped within the tensde plane, t e cover perp _ 
. th d ign ultimate bond stress given, for nbbed bars, by i." - 2.251/,1/';;". 

i." IS e es . h' b F = 0 21h I'"' forh ,;; 50 MPa. 
h is the design concrete tensIle strengt gIVen y},,, : "." f 0 31 or 10rp or 100 mm; in 
z:,:,.. is the minimum anchorage length taken as follows: m tensIOn, the greatest 0 . b,rqd 

. h t tof061 orlOrporlOOmm . . b 
compresslOn, t e grea es . ' ''''. = 14F where <r ,;; 0.87f., is the design stress 10 the ar 

I is the basic required anchorage length gIven by I,,,,, 0;, "", . " 'd - 0 87F 
b.", I d I b I w for grade 500 nbbed bars, an 0;, - . h" 

at the section in question. See tabu ate va ues e 0 th' - 1 0 

a, h b £ b t b rs where c > 3rp a = 0 7. 0 erwlse, a, - .. 
is for the effect ofthe shape oft ears: or en a " b'-t b' 'her'e c > 5" N = 0.7' for straight bars 

fi . ht b here c > 30r or en ars W d - '1',......, , 
a, is for the effect of cover: or stralg ars w ,-, I f in the range '1.0 >ll, > 0.7 may be 

where rp < c, < 3rp, or bent bars where 3rp < c, < 5rp, va ues 0 a, 

interpolated. . £ nt (not welded to the main reinforcement): for bars 
a, is for the effect of confinement by transverse rem orceme

f 
I' k h ' > 6 n = 0 7' for bars in the comer 

. A, 3 t' the corner 0 a III w ereA_.""'3 ., 
in the comerofa Imkwhere ~ .,orno m f r k h 0<A<6 a, values in the range 1.0 >ll,> 0.7 
of a link where 0 < A < 3, or not In the corner 0 a m were • 

may be interpolated. b . (tA > 0 6rp) along the design anchorage 
iX4 is for the influence of one or more welded transverse . ar~ Of ~~:Ssec~i~n i'n question is> 5rjJ, iX4 = 0.7. For 

length Ibd: where the distance of the trans~erse bar .~r ::~:r:~~at least one welded transve;;e bar or wire over 
direct supports, lbd may be taken less than b,min provl e 

d' t > 15 mm from the face of the support. I h 
the support, at a IS ance - t th plane of splitting along the design anchorage length .. : were p 

a, is for the effect of pressure p transverse 0 e . th e I 0 > a, > 0.7 may be interpolated. 
~ 7.5 MPa, a, = 0.7; where 0 <p < 7.5 MPa, a, value: ~ar e:~~i~n during concreting. The bond condition is 

1/, is a coefficient related to the bond condltlOn, and t~ b tt p 250 mm of sections';; 600 mm deep, and in all 

classified as 'good' in sections';; 250 mm ~eep, 1'~~:d' ~p;~es also, in sections of any depth, to bent-up bars 
but the top 300 mm of sectlOns > 600 mm. eep. < 90' In all other cases, and where slip-fonns are used, the 
inclined at a to the honzo~tal, ,:,here ,45 $;, a - ... = 1 O. for' oor' conditions, 171 = 0.7. 
conditions are classified as poor. For good conditions, 1/, _. ~. £ P > 32 1/ = 1.32- ¢l100. 

is a coefficient related to the bar diameter. For rp';; 32 mm~:,~. /A ":' 6.25) fo~~be~m and A = LAjA, for a 

is the effective transverse remforcement rallO, gIVen
l 
by I gth z' A is area oflargest anchored bar. 

slab, where :EAst is area of transverse remforcement a ong en bd' S 

Basic required anchorage length I,,,,, as a multiple of bar size';; 32 mm (with 0;, = 0.87 x 500 = 435 MPa) 

Condition 

Anchorage length 
(tension or 

Bond 

Good 
Poor 

20 

47 
67 

25 

41 
59 

28 

38 
54 

32 

35 
50 

(MPa) 

40 

30 
43 

50 

26 
37 

Note 1. The above values should be divided by 0.92 for rp= 40 mm, and 0.82 for rp= 50 mm. 

Note 2 For values of <r < 435 MPa, the above values may be multiplied by (<r/435). I fl can be 
• S d 1 fi th d sign anchorage length IbA' but lower va ues a h.d 

Note 3. The above values Oflb.~' may be use a so or lee fl a I for straight bars with c, > rp (ll,), other than 

obtained in some cases. For bars m tenSlOn. lo;erdv: u~s: (:::,) ~~~influence of welded transverse bars (a,), and 
straight bars with c, > 3rp (a, and a,), bars con ne Y ~n ~ I ' alues of! apply for the influence of welded 
the effect of lateral pressure (ll,). For bars m compressIon. ower v b.' 
transverse bars (a..). 

. . a be obtained by purpose-designed transverse welded bars:A~'~-:;~~1 
In special circumstances, addItional anchorag~ m Y h Id be made to clause 8.6 of Eurocode 2. For detalls 
on the concrete, for further dleta!lsdofw~lChbre Se(r~~; ~~) and bundled bars, see Table 4.32. 
in bars, see Table 4.31. For arge lame er ar 

EC 2 Laps and bends in bars 4.31 

~ 

" .c 
. S 
~ 

"0 

" " ~ 

The design lap length for a bar is given by: 

where: A = (LAjA, - I) is used to detennine ll" and a., is taken as 1.0, in the evaluation of 1
M

, 

I.",", is the minimum lap length taken as the greatest ofO.3a.I •. ", or 15rpor 200 mm. 

a. is a coefficient related to the percentage of lapped bars, given by 1.0 ,;; a. = (p,125t' ,;; 1.5. For bars of the 
same diameter, typical values of a6 according to the proportion of bars lapped are: one in four, a

6 
= 1.0; one 

in three, a6 = 1.15; one in two a;, = 1.4; two in three, a6 = 1.5. 
p, is the percentage oflapped bars, relative to the total area of parallel bars, at the section considered. In this 

calculation, bars containing laps that are staggered by a distance ~ 0.651., relative to the lapped bars being 
considered, may be taken as not lapped. 

If the gap between two lapped bars exceeds the lesser of 4rp or 50 mm, the lap length should be increased by the value 
of the gap. The stagger between laps in adjacent pairs of lapped bars should be not less than 1.310' The clear distance 
between adjacent pairs of lapped bars should be not less than 2rp ~ 20 mm. For bars in tension, where the forgOing 
provisions are met and the bars are all in one layer, all of the bars may be lapped. Where the bars are in several layers, 
no more than half of the bars should be lapped. All bars in compression and all secondary (distribution reinforcement) 
may be lapped at the same section. For large diameter bars (> 40 mm) and bundled bars, see Table 4.32. 

For bars in tension, transverse reinforcement should be provided in the lap zone as foJlows: 

(l) Where the diameter of the lapped bars is < 20 mm, or the percentage ofJapped bars in any section is < 25%, any 
transverse reinforcement or links necessary for other reasons may be assumed sufficient for the transverse forces 
associated with the lap. 

(2) Where the diameter of the lapped bars is ~ 20 mm, the transverse reinforcement should have a total area not less 
than the area of one lapped bar. The transverse bars should be placed outside and perpendicular to the direction 
of the lapped reinforcement. Half of the required area of transverse bars should be provided at each end of the 
lap, over a length of Ij3 with bars at a spacing';; 150 mm. If more than 50% of the main reinforcement is lapped 
at one section, and the distance between adjacent laps is ,;; 10rp, the transverse reinforcement should be in the 
fono oflinks or U bars anchored into the body ofthe section. 

For bars in compression, in addition to the rules for bars in tension, one bar of the transverse reinforcement should be 
placed outside e,ch end of the lap length, and within 4rpofthe ends of the lap. 

For welded mesh fabric made of ribbed wires, the main wires may be lapped by intenneshing (3 layers of wires) or by 
layering (4 layers of wires) of the fabric. For intenneshed fabric, the lapping arrangements given above for bars apply, 
taking a, = 1.0. For layered fabric, the main wires should be lapped in zones where 0;';; 0.7!" and the percentage that 

may be lapped at any section is 100% if (A/s)1=' ,;; 1200 mm'/m, and 60% if (A/s)",,. > 1200 mm'/m, where s is the 
spacing of the wires. For secondary wires, the required lap lengths are: for rp,;; 6 mm, I. ~ 150 mm with at least I wire 
pitch; for 6 < rp,;; 8.5 mm, 10 ~ 250 mm with 2 wire pitches; 8.5 < rp,;; 12 mm, I. ~ 350 mm with 2 wire pitches. 

For bars bent to the minimum radius according to BS 8666, there is no need for a check to avoid concrete failure if 
one of the following conditions exists: either the anchorage of the bar does not require a length more than 5rp beyond 
the end ofthe bend, or the plane ofthe bend is not close to a concrete face and there is a transverse bar of diameter ~ rp 
inside the bend. Otherwise the internal radius ofthe bend should satisfy the following relationship: 

r ~ Fbt (1+ !¥/ab) ~ r. (according to BS 8666) 
4fcd rp ~ 

where 

F" 
a, 

h' 

is the tensile force due to the design ultimate loads in a bar, or group of bars in contact, at the start of a bend. 
is half the centre-to-centre distance between bent bars (or groups of bars) perpendicular to the plane of the 
bend. If, at the position of the bend, the bar (or group of bars) is adjacent to the face of the member, ab should 
be taken as the cover to the bar plus half the bar size . 
is the design compressive strength of the concrete, given by /" = 0.567h, where!;,';; 55 MPa. 

/", Minimum value of r as a mnltiple of bar size (with <r = 0.87 x 500 = 435 MPa) for values of a rp 
MPa 1.5 2 2.5 3 4 5 6 
20 17.6 15.1 13.6 12.6 11.3 10.5 10.0 
25 14.1 12.1 10.8 10.0 9.0 8.4 8.0 
28 12.6 10.8 9.7 9.0 8.1 7.5 7.2 
32 11.0 9.4 8.5 7.8 7.1 6.6 6.3 
40 8.8 7.5 6.8 6.3 5.6 5.3 5.0 
50 7.0 6.0 5.4 5.0 4.5 4.2 4.0 

Note. Tabulated values ofr may be multiplied by 0;1435, where 0; is the stress in the reinforcement at the start of 
the bend. Minimum values ofr for bending according to BS 8666 are 2rp for rp,;; 16, and 3.5rpfor rp> 16. 

'I 



EC 2 Rules for curtailment, large diameter bars and bundles 4.32 
In every member, except at end supports, every tension bar should extend beyond the point at which in theory it is no 
longer needed for flexural resistance for a distance a,. The bar should also extend beyond the point at which it is fully 
needed for flexural resistance for a distance G 1 + Ibd" For members without shear reinforcement, a j = d. For members 
with shear reinforcement, a, = 0.5 z (cotO - cota), as described in section 33.1.2. When the shear reinforcement consists 

of upright links (a= 90'), a, = 0.5zcotOwhere 1.0,,; cotO,,; 2.5. Taking z = 0.9d, a, = 0.45 dcotO. Thus, a, = 1.125d can 
be safely assumed in the absence of a more precise value based on the shear design calculations. Similarly, this value 
could also be conservatively taken when the shear resistance is provided by links combined with bent-up bars. The 
anchorage length of a bent-up bar should be not less than 1.31" in the tension zone, and 0.71" in the compression zone, 
measured from the point of intersection of the axes of the bent-up bar and the longitudinal reinforcement. 

At all supports, the area of bottom reinforcement to be provided should be at least 25% generally, aud 50% in simply 
supported slabs, of the area provided in the span. At end supports, with little or no fixity assumed in design, the tensile 
force to be anchored is given by F = (a,lz) V + N, where N (tension positive, compression negative) is the axial force, if 
any, applied to the member. Thus, when N= 0, F= 0.5VcotO, and a value of F = 1.25V could be taken in all cases. The 
required anchorage length I" should be taken from the front edge of the bearing area (direct support), or face of the 
supporting member (indirect support). In evaluating ~" the effect of transverse pressure may be taken into account for 
direct supports. At intermediate supports, the anchorage length for the bottom bars should be not less than \O¢ for 
straight bars. Where continuity of the bottom reinforcement is necessary for design purposes, this may be achieved by 
using lapped bars with the laps located outside the support if required. 

In monolithic construction, even when simple supports have been assumed in design, the section at supports should be 
designed for a bending moment arising from partial fixity of at least 25% (as specified in UK National Annex) of the 
maximum moment in the span. The reinforcement should extend from the face of the support at least 0.2 times the 
length of the adjacent span. In slabs, at a free unsupported edge, the section should be reinforced with a longitudinal 
bar top and bottom contained by transverse U bars, with legs of length not less than twice the slab thickness. 

Large diameter bars 

Bars of diameter> 40 mm (according to UK National Annex) should generally be anchored using mechanical devices. 
Alternatively, they may be anchored as straight bars, but links should be provided as confining reinforcement. In cases 
where there is no transverse compression, the area of reinforcement to be provided by the links, additional to that 
required for shear, is as follows: A. = 0.25A,n, (parallel to the tension face), A" = 0.25A,n, (perpendicular to the 
tension face), where A, is the area of an anchored bar, n, is the number of layers with bars anchored at the same point 
in the member, n, is the number of bars anchored in each layer. Large diameter bars may only be lapped in concrete 
sections of minimum dimension I m, or where 0; ,,; 0.7/". Otherwise, mechanical devices (couplers) should be used. 

Bundled bars 

Bars may be grouped in bundles of two, three or four in contact. If two touching bars are located one above the other, 
in a section where the bond conditions are 'good' (see 1], in Table 4.30), they may be treated as separate bars. Bundles 
of four bars may only be used for vertical bars in compression, and for bars in a lapped joint. The equivalent diameter 
of a bundle is the diameter of a notional bar having the same total cross-sectional area, given by ¢, = ¢--Jno"; 55 mm, 
where no is the number of bars in the bundle. 

Anchoring bundles of bars 

Bundles of bars in tension may be curtailed over end and intermediate supports. Bundles with 1>., < 32 mm may be 

curtailed near a support without staggering the bars. Bundles with ¢, " 32 mm should be curtailed as follows: for a 
bundle of three bars, a stagger of at least 1.3/" between first and second bars, and 1" between second and last bars 
should be provided. Where the stagger exceeds 1.3/,,,,, (based on the bar diameter), the bar diameter may be used 
assess ~,. Otherwise, the equivalent diameter of the bundle should be used. Bundles of bars in compression may 
anchored without staggering the bars. For bundles with ¢," 32 mm, at least four links having a diameter" 12 """-"" 
the end ofthe bundle, and a further link just beyond the end ofthe bundle, should be provided. 

Lapping bundles of bars 

Bundles of two bars with ¢, < 32 mm may be lapped without staggering the bars, where 1, is based on the eOlliv,tl, 

diameter of the bundle. For bundles of two bars with ¢, " 32 mm, or three bars, laps in individual bars . 
staggered by at least 1.31" where I, is based on a single bar. There should be no more thau four bars at any positio~. 

Surface reinforcement 

Where, for the main tension bars in a beam, ¢ or ¢, > 32 mm, surface reinforcement is needed within the tension' 

This should consist of wire mesh or small diameter bars at a spacing"; 150 mm' placed outside the 
minimum area of surface reinforcement to be proVided is 2%, parallel to the main bars, and 1%, pelrpendicuJartp 
main bars, ofthe area of tensile concrete external to the links, where the depth ofthe tension zone is taken ,,; 

Curtailment of reinforcement 
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Envelope of Mlz + N 

Acting tensile force -,----'r--f----I---J-2 
Resisting tensile force 

Illustration of the curtailment of longitudinal reinforcement taking account of resistance within anchorage lengths 

Example L The beam shown in the following figure, which was 
deSIgned ill example I of Chapters 32 (bending) and 33 (shear) 
IS to be checked for the reinforcement details. The desi ~ 
ulnmate loads are F = = 396 kN and F· = 216 kN g 
spa Th 'd h 'mm, on each 

n. e WI t of each support is 400 mm and th . 
• .j:'. , e maIn 

rem.orcement IS as fallows: spans 3H25 (hattom)· su 
3H32 (top) and 2H25 (bottom). ' pport B, 

.fek = 32 MPa, iyk = 500 MPa, caver to links = 35 mm. 

A B C 

t I t LJf150 
I' • 

8m 8m 350 
-I .. -I I~OO_I 

Spans 
Cross section 

(load case 1) 

(load case 2) 

Elastic bending moment diagram 

End anchorage .. At the bottom of each span, 2H25 ('" 2591 f 
area proVIded m the span) ill b' 0 a 

• the end w e connnued to the support. At 
F = 0 support, the tensile force to be anchored is 
re . . 5Vcotll, In which illS the inclination of the concrete strut 

qUlred for shear desig In th h . 

For bars in the bottom of the section the hand condin' . 
cIassifi d ' d' , on 18 e as goo . Thus, from Table 4.30 

lb.,qd = 35</> X (<TJ435) = 35 X 25 X (172/435) = 346 mm 

The design anchorage length is given by: 

lbd = al lX2 a3 ll:'4 as lb ..... d '" lb . 
"'j ,nun 

Coefficients"l and"2 depend on Cd, which is taken as either the 
caver to the main bar or half the gap between the main bars 
whIchever IS the lesser. With 35 mm cover to HS r nk ' 
to mai b . 45 1 S, Cover 

n ars IS mm and the gap between the bars is 
300 - 2 X (45 + 25) = 160 mm. Hence, Cd = 45 mm (or I.S</». 

Since C < 3'" " = I 0 < b th 
d . '1'" • .or a bent bars and straight bars 

Hence, usmg the simplified approach (see section 35.2), fa; 
both strmght bars or standard bends 1 =" I - 346 

,b,eq 1 b,rqd - mm. 

For a 400 mm wide support, allowing for 50 mm end cover to 
the bars, the anchorage length provided from the near face of 
the support 18.350 mm (> l

b
•oq). 

For the baSIC approach, the following values can be obtained: 

For straight bars, "2 = I - 0.15(ci</> - I) = 0.S8. 

With no transverse reinforcement provided within the bearing 
length, ", = 1.0 and "4 = 1.0. 

Transverse pressure due to reaction on support is given by: 

P = VI(bearing area) = 150 X 10'/(400 X 300) = 1.25 MPa 

Hence, with p = 1.25 MPa, "5 = I - 0.04p = 0.95, and 

lbd = "2"51b.,qd = 0.88 X 0.95 X 346 = 290 mm 

'" lb,mi' = IO</> = 250 mm ('" 0.31b.,qd or 100 mm) 
chapter 33 _ n.. e s ear deSIgn calculations in 

, V - 128 kN at the cnncal section and V = 142 kN 
cotll = 25Th R", 

. A '. us, cotll = (V/V Rd,,) X 2.5 = 2.25 could be 
t the face of the support, V= 160 - 0.2 X 49.5 = 150kN 

Cot II = 2.25, . 

Cur~ailment points for bottom bars. The resistance moment 
proVIded by 2H25 at the bottom of the beam may be determined 
as fallows: 

F = 0.5 X 150 X 2.25 = 169 kN 
<T, = FlA, = 169 X 10'/982 = 172 MPa 

A,hk1bd.fek = 982 X 5001(2600 X 440 X 32) = 0.0134 
Mlbd'.fe, = 0.012 (Table 4.8 or section 32.2.1) 
M = 0.012 X 2600 X 4402 X 32 X 10-6 = 193 kNm 
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Reaction at A, for load case 2, is RA = 160 kN 

Distance x from A to point where M = 193 kNm is given by: 

Rp,X - 0.5(Fm~/L)x' = 160x2 - 0.5 X (396/8)x2 = 193 

Hence 0.5x' - 3.23x + 3.9 = 0, giving x = 1.6 m and 4.85 m. 

Thus, of the 3H25 required in the span, one bar is no longer 
needed for flexure at 1.6 m and 4.85 m from the end support. At 
these points, V = 80 kN and cote = (801142) X 2.5 = 1.4 is 
sufficient. Thus, the bar needs to extend beyond these points for 
a distance al = 0.45d cote = 0.45 X 440 X 1.4 = 280 mm. 

Curtailment points for top bars. The resistance moment provided 
by 2H32 can be detennined as follows: 

A'/,Jbdj'k = 1608 X 500/(300 X 440 X 32) = 0.190 
Mlbd'f" = 0.142 (Table 4.8) 
M= 0.142 X 300 X 4402 X 32 X 10-6 = 264 kNm 

For load case 1, reaction at A (or C) is given by: 

RA = 0.5Fm~ - MBIL = 0.5 X 396 - 396/8 = 148 kN 

Distance x from A to point where M = 264 kNm is given by: 

0.5(Fm~/L)x2 - RAx = 0.5 X (396/8) x2 - 148 x = 264 

Hence 0.5x2 - 3x - 5.3 = 0, giving x = 7.4 m. Thus, of the 
3H32 required at B, one bar is no longer required for flexure at 
distance (8.0 - 7.4) = 0.6 m from B. If this distance is less 
than lb. ,qd, the point of curtailment will be determined by the 
need to develop the full force in the bar at B. Here, cote = 2.5 
giving al = 0.45dcote = 1.125d. As the bars are effectively in 
a slab of thickness :0; 250 mm, it seems reasonable to assume 
'good' bond conditions giving lb. ",d = 35ep (Table 4.30). Thus, 
distance from B (edge of support, say) at which one bar may be 
curtailed is al + lb. 'qd = 1.125 X 440 + 35 X 32 = 1615 mm. 

Suppose that the remaining bars are continued to the point of 
contra-flexure in span BC for load case 2. 

The reaction at support C is given by 

Rc = O.5Fmin - MBIL = 0.5 X 216 - 306/8 = 70 kN 

Distance from B to point of contra-flexure is given by: 

x = L(1 - 2RdFmin) = 8 X (1 - 2 X 70/216) = 2.8 m 

Here V = 70 kN and cote = (70/142) X 2.5 = 1.25 is sufficient. 
Thus, distance from B at which the remaining bars may be 
curtailed is 2800 + 0.45 X 440 X 1.25 = 3050 mm. 

Link support bars, say 2H12, could be used for the remainder 
of the span. 

Example 2. A typical floor to an 8-storey building consists of 
a 250 mm thick flat slab, supported by columns arranged on 
a 7.2 m square grid. The slab, for which the characteristic 
loading is 7.2 kN/m2 dead and 4.5 kN/m2 imposed, is to be 
provided with ties to the requirements of the UK National 
Annex. The design panel load is 854 kN, and bending moments 
are to be detennined by the simplified method (see section 13.8). 

ick = 32 MPa,j,k = 500 MPa, cover to bars = 25 mm 

Allowing for the use of H12 bars in each direction, and based 
on the. bars in the second layer of reinforcement: 

d = 250 - (25 + 12 + 6) = 205 mm say 

Considerations affecting design details 

From Table 2.55, the design ultimate sagging moment for an 
interior panel is given by: 

M = 0.063Fl = 0.063 X 854 X 7.2 = 388 kNm 

The total panel moment is to be apportioned between column 
and middle strips, where the width of each strip is 3.6 m. For 
the column strip with 60% of the panel moment, 

M = 0.6 X 388 = 233 kNm 
Mlbd2ick = 233 X 106/(3600 X 2052 X 32) = 0.048 
A'/,Jbdick = 0.056 (Table 4.8) 
A, = 0.056 X 3600 X 205 X 32/500 

= 2645 mm2 (24HI2-150 gives 2714 mm2
) 

For the middle strip with 40% of the panel moment, 

M = 0.4 X 388 = 155 kNm 
Mlbd 2ick = 155 X 106/(3600 X 2052 X 32) = 0.032 
A,j,klbdj'k = 0.037 (Table 4.8) 
A, = 0.037 X 3600 X 205 X 32/500 

= 1748 mm2 (16Hl2-225 gives 1810 mm2
) 

For the peripheral tie, the tensile force is given by: 

Ftie."" = (20 + 4n,) :0; 60 kN = (20 + 4 X 8) = 52 kN 

The required area of reinforcement, acting at its characteristic 
strength, is given by: 

A, = Fti,.,oc If'k = 52 X 103/500 = 104 mm
2 

(1H12) 

For the internal ties, the tensile force is given by: 

With F, = (20 + 4n,) :0; 60 kN = (20 + 4 X 8) = 52 kN, 

F .. = (7.2 + 4.5)(7.2) x52 =1l7kN/m 
tlC,mt 7.5 5 

If the internal ties are spread evenly in the slab, the required 
area of reinforcement acting at its characteristic strength. 

A, = 117 X lO'/500 = 234 mm2/m (Hl2-450) 

In this case, at least every third bar in the column strips and 
every other bar in the middle strips need to be continuous. 

If the internal ties are concentrated at the column lines, the tota! 
area of reinforcement required in each group, 

A, = 234 X 7.2 = 1685 mm2 (16H12 gives 1810 mm
2

) 

In this case the bars in the middle two-thirds of each column 
strip need t~ be continuous. For sections :5 250 rom deep,' " 
bond condition is 'good' and Ib."!d = 35 ep (Table 4.30). 
adjacent pairs of lapped bars should be staggered by 1 
where 10 is the design lap length (Table 4.31). With Ibd = 
and U6 = 1.4, for one in two bars lapped at the same 

10 = U61bd = 1.4 X 35 X 12 = 600mm say. 

Example 3. The following figure shows details. ' .. 
reinforcement at the junction between a 300 mm wide 
and a 300 mm square column. Bars 03 need to 
maximum design stress at the column face, and the 

Curtailment of reinforcement 

bend necessary to avoid failure of the concrete inside the bend 
IS to be detennined. 

ick = 32 MPa,j,k = 500 MPa 

/17 

03 

2H25 - 03 (U bars) 
/ '-

02 03 

Cover to U bars: end 50, side 75 
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The minimum radius of bend of the bars depends on the value 
of aJep, where ab IS taken as half the centre-to-centre dist 
b t d' ance e ween a ]Ocent bars or, for bars adjacent to the face f 
member, the side cover plus half the bar size. Thus, in this cO a 
a = 75 + 2512 = 875 ase, b • nun. 

From Table 4.31, for aJep = 87.5/25 = 3 5 r . = 74'" Th' . 'nun • 'P' IS 
value can be reduced slightly by taking into account the str 

d . . -re uctlOn III the bar between the edge of the support and the 
start of the bend. If r = 7ep, distance from face of column to 
start of bend = 300 - 50 - 8 X 25 = 50 mm (Le. 2ep). 

From Table 4.30, for 'good' bond conditions, the required 
anchorage length is 35ep and rmi, = (1- 2<P135ep) X 7.4ep =7ep. 
Thus, r = 7 ep IS suffiCIent. 

': 
!' 



36.1 GEOTECHNICAL DESIGN 

Eurocode 7 provides in outline all the requirements for the 
design of geotechnical structures. It classifies structures into 
three categories according to their complexity and associated 
risk, but concentrates on the design of conventional structures 
with no exceptional risk. These include spread, raft and pile 
foundations, retaining structures, bridge piers and abutments, 
embankments and tunnels. Limit-states of stability, strength 
and serviceability need to be considered. The requirements of 
the ULS and SLS may be satisfied by the following methods, 
alone or in combination: calculations, prescriptive measures, 
testing, observational procedures. The calculation method 
adopted in the United Kingdom for the ULS requires the 
consideration of two combinations of partial factors for actions 
and soil parameters, as shown here. 

Partial safety factors for the ULS 

Safety factor Safety factor for 

Combination on actions 'YF soil parameters# 1'M 

"YG "YQ "Y,' "Y,' "Y" 

1 1.35' 1.5* 1.0 1.0 1.0 

2 1.0 1.3' 1.25 1.25 1.4 

* If the action is favourable to the effect being considered, values of l'G = 1.0 
and l'Q = 0 should be used. 

# Subscripts refer to the following soil parameters: 

tp' is angle of shearing resistance (in terms of effective stress), and factor Y",' 
is applied to tan<p' 

c' is cohesion intercept (in terms of effective stress) 
Cu is undrained shear strength 

Generally, combination 2 determines the size of the structure 
with regard to overall stability, bearing capacity, sliding and 
settlement, and combination 1 governs the structural desigu of 
the members. The required size of spread foundations may be 
determined by ULS calculations, using soil parameter values 
derived from the geotechnical design report for the project. 
Altematively, the size may be determined by limiting the bearing 
pressure under the characteristic loads to a prescribed value, or 
a calculated allowable bearing pressure may be used. For the 
SLS, the settlement of spread foundations should be checked by 
calculation or may, in the case of firm to stiff clays, be taken as 

Chapter 36 

Foundations and 
earth-retaining walls 

satisfactory if the ratio of design ultimate bearing capacity 
to service load is <': 3. This approach is not valid for soft clays 
and settlement calculations should always be carried out in 

such cases. 

36.2 PAD BASES 

Critical sections for bending are taken at the face of a column 
or the centre of a steel stanchion. The design moment is taken 
as that due to all external loads and reactions to one side of the 
section. Punching resistance should be verified at control 
perimeters within 2d from the column periphery. For bases 
without shear reinforcement, the design shear resistance is: 

VRd = VRd., (2dla,) <': Vm;, (2dla,) 

where a, (~ 2tf) is the distance from the column periphery to 
the control perimeter being considered. The net applied force 
V,,,, = V - L1 V, where V is the applied column load and L1 V is 
the resulting upward force within the control perimeter. For 
concentric loading, the punching shear stress is v = Vrectfud, 
where u is the length of the control perimeter. For eccentric 
loading, the maximum shear stress is [3V,,/ud, where [3 is a 
magnification factor determined from equations given in EC 2. 
At the column perimeter, the punching shear stress should not 

exceed vRd.m~ = 0.2(1 - !,.j250)lek· 
Normal shear resistance should also be verified on vertical 

sections at distance d from the column face extending acrosS the 
full width of the base, where the design shear resistance is 
VRdc 2: Vmin- Alternatively, it would be reasonable to check at 
sections within 2d from the column face, using the enhanced 
design shear resistance given for punching shear. In this case, 
for concentric loading, the critical position for normal shear and 
punching shear occurs at <Iv = af2 ~ 2d, where a is th" dilstamc,e 
from the column face to the edge of the base. For ec,oen,trj'," 
loading, checks can be made at a, = 0.5d, d, and so on to 
the critical position. 

If the tension reinforcement is included in the deitennir,atio#,
1!,; 

of VRd.,' the bars should extend for at least (d + lbd) be"onll.t 
the section considered (see also EC 2, section 9.8.2.2). 
tension reinforcement is ignored in the shear 
straight bars will usually suffice. 

Example 1. A base is required to support a 600 mm 
column subjected to vertical load only, for which, the 
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are 4250 kN (service) and 6000 kN (ultimate). The allowable 
ground beanng value IS 300 kN/m' (kPa). From Table 4.17, for lek = 32 MPa and 100A Ibd <: 0 20 

design concrete shear stress VRd,c is determined
l 
by v-, . ,the 

~,. 

lek = 32 MPa,J"k = 500 MPa, nominal Cover = 50 mm 

Allowing 10 kN/m' for ground floor loading, and extra over soil 
displaced by concr~te. the net allowable bearing pressure can be 
taken as 290 kN/m . Area of base required 

Vmi" = 0.035k'1I2lek"' where k = I + (2001tf)1I2 s; 2.0 

k = I + (200/825)"' = 1.49 

Vm;" = 0.035 X 1.49312 X 32112 = 0.36 MPa 

Hence, design shear resistance, 

Ab,,, = 42501290 = 14.7 m'. Provide base 4.0 m square. 

Distance from face of column to edge of base, a = 1700 mm. 

Taking depth of base <': 0.5a, say h = 900 mm. 

Allowing for 25 mm main bars, average effective depth, 

d = 900 - (50 + 25) = 825 mm 

Bearing pressure under base due to ultimate load on column, 

p, = 6000/4' = 375 kN/m' 

Bending moment on base at face of column, 

M = pia' 12 = 375 X 4 X 1.7'12 = 2168 kNm 

Mlbd'lek = 2168 X 1061 (4000 X 825' X 32) = 0.025 

From Table 4.8, Ady/bdlek = 0.0285, and 

A, = 0.0285 X 4000 X 825 X 32/500 = 6020 mm' 

From Table 2.20, 

13H25-300 gives 6380 mm', and 

100A/bh = 100 X 6380/(4000 X 900) = 0.18 (> 0.13 min) 

For values of Gk = 2500 kN Q = 1750 kN d ,I, -. ' k an '1',-03 the 
quaSI-permanent load is . , 

Gk + I{I,Qk = 2500 + 0.3 X 1750 = 3025 kN 

Hen~e, ~he ~tress in the reinforcement under quasi-permanent 
loadmg IS gIVen approximately by: 

(J", = (302516000)(0.87/'yk)(A IA ) s req s prov 

= (3025/6000)(0.87 X 500)(602016380) = 207 MPa 

From Ta~le 4.24, for Wk = 0.3 mm, the crack width criterion is 
met If q, , ~ 23 mm, or the bar spacing ~ 240 mm. 

The adjusted maximum bar size with h = 0 5h' . b , cr', IS gIven y: 

q" = q,', (1e'.,ff/2.9)[k, h,/2(h - d)] 

= 23 X (3.0/2.9) X [0.4 X 4501(2 X 75)] = 28 mm 

In this case, H25-300 satisfies the bar size criterion. 

For memb . th h of c ers WI .. out s e~ reinforcement, distance from face 
h ol~n to cnllcal posillon for punching shear (or normal 

s ear) IS gIven by a, = O.5a = 850 mm, where perimeter 

u = 4c + 2"ITay = 4 X 600 + 2"IT X 850 = 7740 mm 

Area of base inside critical perimeter is 

A=4ac+ 24 
, y "ITa, = X 0.85 X 0.6 + "IT X 0.S5' = 4.31 m' 

~ellnce, the net applied force and resulting shear stress are as 
~o ows: 

Vred = V - L\ V = 375 X (4' - 4.31) = 4384 kN 

v = Vlud = 4384 X 103/(7740 X 825) = 0.69 MPa 

VRd = Vmi, (2dla,) = 0.36 X (2 X 825/850) = 0.70 MPa (>v) 

At the column perimeter. ignoring the small reduction L1 V 

v = Vlud = 6000 X 103/(4 X 600 X 825) = 3.03 MPa 

VR~ m~ = 0.2 (I - 1e/250)lek 
= 0.2 X (I - 321250) X 32 = 5.58 MPa (>v) 

36.3 PILE-CAPS 

A pile-cap may be designed by either bending theory or truss 
analogy (I.e. strut-and-tie). In the latter case the tru . f 
t' ul d' ' SSISoa 
nang ate form WIth nodes at the centre of the loaded area, 

and .at the mtersectIOns of the centrelines of the piles with the 
tenslOn remforcement as shown for compact g f fi ..' roups 0 two to 
~e plIes ~n Table 3.61. Expressions for the tensile forces are 

gIven,. taking mto account the dimensions of the column, and 
also SImplIfied expressions when the column di . " menSlOns are 
Ignored. Bar~ to reSIst the tensile forces are to be located within 
zones extendmg not more than 1.5 times the pile diameter either 
SIde of the centre of the pile. The bars are to be provided with 
a tenSIOn anchorage beyond the centres of the piles. The 
compressIOn caused by the pile reaction may be assumed 
~~ spread at 45" angles from the edge of the pile, and taken into 

count when calculating the anchorage length. The bearing 
stress on the concrete inside the bend in the bars should be 
checked (see Table 4.31). 

E~ampIe 2. A pile-cap is required for a group of 4 X 450 mm 
drameter plIes, arranged at 1350 mm centres on a square grid. 
Th~ pIle-cap supports a 450 mm square column subjected to an 
ulllmate deSIgn load of 4000 kN. 

lek = 32 MPa'!"k = 500 MPa 

Allowing for an overhang of 150 mm beyond the face of the 
pIle, SIze of pIle-cap = 1350 + 450 + 300 - 2100 - mmsquare. 

Take depth of pile-cap as (2hp + 100) = 1000 mm. 

Assuming tension reinforcement to be 100 mm up from base of 
pIle-cap, d = 1000 - 100 = 900 mm. 

Using truss analogy with the apex of the truss at the centre of 
the column, the tensile force between adjacent piles is 

F = NI = 4000 X 1350 _ . 
'8d 8 X 900 - 750 kN m each zone 

A, = F, 10.S7J"k = 750 X 103/(0.87 X 500) = 1724 mm' 

For a pile spacing ~ three times pile diameter. the bars may be 
spread umformly across the cap, and a total for two ties of 
SH25-250 (gIvmg 3926 mm') in each direction can be used. 

100A,fbd = 100 X 3926/(2100 X 900) = 0.20 (> 0.13 min) 
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The bars should be provided with a tension anchorage beyond 
the centre of the piles (see Table 4.30). For 25 mm diameter 
bars spaced at 250 mm centres, half the gap between bars gives 
Cb = 112.5 mm (i.e. 4.5</> ). So, for bent bars and 'good' bond 
conditions, Ibd = a,lb"qd = 0.7 X 35</> = 25</>. 

Taking ab as either half the centre-to-centre distance between 
bars, or (side cover plus half bar size), whichever is less, 

ab = 250/2 :=; 175 = 125 mm, aJ</> = 125/25 = 5 

From Table 4.31, minimum radius of bend rm;, = 7</> say. 

Consider the critical section for shear to be located at 20% of 
the pile diameter inside the pile-cap. Distance of this section 
from the column face, 

a, = 0.5(1 - c) - 0.3hp 
= 0.5 X (1350 - 450) - 0.3 X 450 = 315 mm 

Length of corresponding square perimeter for punching shear 

u = 4 (1- 0.6hp) = 4 X (1350 - 0.6 X 450) = 4320 mm 

Since length of perimeter of pile-cap = 4 X 2100 = 8400 mm 
is less than 2u, normal shear extending across the full width of 
the pile-cap is more critical than punching shear. 

The contribution of the column load to the shear force may be 
reduced by applying a factor (3 = aj2d, where O.5d :=; a, :=; 2d. 
Since a,/d = 315/900 = 0.35 « 0.5), (3 = 0.25. 

v = V/bd = 0.25 X 2000 X 103/(2100 X 900) = 0.27 MPa 

From Table 4.17, for j,k = 32 MPa and 100A,ibd:=; 0.20, the 
design concrete shear stress VRd,c is determined by Vmin' 

Vml, = 0.035k'l2j'k"2 where k = 1 + (200/d)'12 :=; 2.0 

k = 1 + (200/900)'12 = 1.47 

Vrnlo = 0.035 X 1.473/2 X 32li2 = 0.35 MPa (>v) 

Shear stress calculated at perimeter of column, 

v = V/ud = 4000 X 103/(4 X 450 X 900) = 2.47 MPa 

VRd, m~ = 0.2 (I - j,,)250) 10k 
= 0.2 X (1 - 32/250) X 32 = 5.58 MPa (>v) 

36.4 RETAINING WALLS ON SPREAD BASES 

General notes on walls on spread bases are given in section 
7.3,2. For design purposes, the characteristic soil parameter, 
which is defined as a cautious estimate of the value affecting the 
occurrence of the limit-state, is divided by a partial safety factor 
(see section 36.1). Design values of the soil strength at the ULS 
(combination 2) are given by: 

tan CP'd = (tan cp')/1.25 and C'd = c' /1.25 

where c' and 'P' are characteristic values of cohesion intercept 
and angle of shearing resistance (in terms of effective stress). 

Design values for shear resistance at the interlace of the base 
and sub-soil, of friction (for drained conditions) and adhesion 
(for nndrained conditions) are given by: 

tan Bd = tan CP'd for cast in~situ concrete 

tan Bd = tan (2/3) CP'd for precast concrete 

where eu is undrained shear strength 

Foundations and earth-retaining walls 

Walls should be checked for ULS of overall stability, bearing 
resistance and sliding. The resistance of the ground should be 
determined for both long-term (i.e. drained) and short-term 
(i.e, undrained) conditions where appropriate. 

For eccentric loading, the ground bearing is assumed to be 
uniformly distributed and coincident with the line of action of 
the resultant applied load, The traditional practice of using 
characteristic actions and allowable bearing pressures to limit 
ground deformation, and check bearing resistance, may also be 
adopted by mutual agreement. This approach assumes a linear 
variation of bearing pressure for eccentric loading, and it is still 
necessary to consider the ULS for the structural design and to 
check sliding. 

The partial safety factors for the SLS are given as unity, but 
it is often prudent to use the ULS for the active force (as in 
BS 8002). In this case, suitable dimensions for the wall base can 
be estimated with the aid of the chart given in Table 2.86. Here, 
the value Pmax applies for a linear pressure variation, and if the 
ground pressure is uniform and centred on the centre of gravity 
of the applied load, the contact length is B(al), where B depends 
on whether the solution is (a) above, or (b) below, the curve for 
'zero pressure at heel' shown on the chart, as follows: 

(a) B = 4(1 - (3)/3(; :=; 2/3 and P = 0.75 Pm~ 

(b) B = 4/3 - (;/3(1 - (3) > 2/3 and P = (I - (3)-yIiB 

For sliding, the chart applies directly to non-cohesive soils. 
Thus, for bases founded on clay, the long-term condition can 
be investigated by using cp', with c' = O. For the short-term 
condition, the ratio (3 does not enter into the calculations for 
sliding and a is given by a = KA yl/2Bcd' When a has been 
determined from this equation, the curve for ai'lKA on the chart 
can be used to check the values of (3 and (; that were obtained 
for the long-term condition. 

Example 3. A cantilever retaining wall on a spread base is 
required to support level ground and a footpath adjacent to a 
road. The existing ground may be excavated as necessary to 
construct the wall, and tbe excavated ground behind the wall 
is to be reinstated by backfilling with a granular material. A 
graded drainage material will be provided behind the wall, with 
an adequate drainage system at the bottom. 

Height of fill to be retained: 4.0 m above top of base 

Surcharge: 5 kN/m2 

Properties of retained soil (well graded sand and gravel): 
unit weight of soil -y = 20 kN/m3 

cp' = 35', CP'd = tan-' [(tan 35')11.25] = 29' 
KA = (I - sin CP'd)l(1 + sin CP'd) = 0.35 

Properties of sub-base soil (medium sand): 
allowable bearing valuejm~ = 200 kN/m2 (kPa) , 
cP' = 35', CP'd = 29' (as fill) 
tan Bd = tancp'd = 0.55 

Take thickness of both wall (at bottom of stem) and base to be 
equal to (height of fill)110 = 4000/10 = 400 mm 

Height of wall to underside of base, I = 4.0 + 0.4 = 4.4 m. 

Allowing for surcharge, equivalent height of wall 

I, = 1+ q/-y = 4.4 + 5/20 = 4.65 m 

Retaining walls on spread bases 

(; = Pm~/yl, = 200/(20 X 4.65) = 2.15 

'" = tan B"I-VKA = 0.55i'10.35 = 0.93 

From Table 2.86, a /-VKA = 0.745 (3 = 038 H , " ence, 

Width ofb~se = a I, = (0.745-V0.35) X 4.65 = 2.1 m say 

Toe projection = (3(al,) = 0.38 X 2.1 = 0.8 m 
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TfhethvertiCal loads and bending moments about the front edge 
a e base are: 

Surcharge 
Backfill 
Wall stem 
Wall base 

5 X 1.8 
20 X 1.8 X 4.0 
24 X 0,4 X 4.0 
24 X 0.4 X 3.0 
Totals 

Load (kN) 
9.0 

= 144.0 
= 38.4 

Moment (kNm) 
X 2.1 = 18.9 
X 2.1 
X 1.0 

= 302.4 
= 38.4 

X 1.5 = 43.2 
Since the solution lies above the curve for 'ze 
heel' th h -i' fa pressure at 

.on f e c art, ,or uniform bearing centred on the centre of 
gravIty a the applied load, 

= 28.8 
F, = 220.2 M, = 402.9 

Thh' --

h 
eb onzontalloads and bending moments about the bottom of 

tease are: 

B :. 4(1 - (3 )13(; = 4 X (1 - 0.38)/(3 X 2.15) = 0.385 and 
P - 0.75 Pm~ = 0.75 X 200 = 150 kN/m2 (kPa) 

Example 4. The sub-base for the wall described in exam Ie 3 
is a clay SOli WIth properties as given below. All other value~ ar 
as speCIfied III example 3. e 

Properties of sub-base soil (firm clay): 

all,,-wable be~ng value Pm~ = 100 kN/m2 (kPa) 
Cll - 50 kN/m , Cud = c/1.4 = 5011.4 = 35 kN/ 2 

cp' = 25', CP'd,= tan-' [(tan 25")/1.25] = 20.5' m 
tan Bd = tancp d = 0.37 

For the long-term condition: 

g = Pm~/-yl, = 100/(20 X 4.65) = 1.08 

'" = tan0d/-VKA = 0.37/-V0.35 = 0.625 

From Table 2.86, a /-VKA = 1 07 (3 - 025 H . . - . . ence, 

Width of base = a I, = (1.07-V0.35) X 4.65 = 3.0 m say 

Toe projection = (3 (al,) = 0.25 X 3.0 = 0.8 m say 

Since the solution lies below the curve 'or ' h l' I' zero pressure at 
ee . on the chart, for uniform bearing centred on the centre of 

gravIty of the applied load, 

B = 4/3 - g/3(l - /3) = 4/3 - 1.08/3(1 - 0.25) = 0.85 

P = (1 - (3)yl/o = (I - 0.25) X 20 X 4.65/0.85 = 82 kN/m2 

For the short-tean condition: 

a = KA yl/2Bcud = 0.35 X 20 X 4.65/(2 X 0.85 X 35) = 0.55 

a/-VKA = 0.55/-V0.35 = 0.93 

~ince this value is less than that obtained for the long-term 
anditIOn, the base dimensions are satisfactory. 

;xample 5: The wall obtained iu example 4, a cross section 
to r~~g~. whIch is shown below, is to be designed according 

I 
20kN/m3 4.0 

1-0. 1 
0.4 

1-----3.0-_.~: T 

Surcharge 
Backfill 

Load (kN) 
0.35 X 5 X 4.4 = 7.7 
0.35 X 20 X 4.42/2 = 67.8 
Totals Fh = 75.5 

Moment (kNm) 
X 4.4/2 = 17.0 
X 4.4/3 = 99.4 

Mh = 116.4 

Resultant moment Mo" = 402.9 - 116.4 = 286.5 kNm --

Distance from front edge of base to resultant vertical force 

a = M,,, /F, = 286.51220.2 = 1.30 m 

Eccentricity of vertical force relative to centreline of base 

e = 3.0/2 - 1.30 = 0.20 m « 3.0/6 = 0.5 m) 

Maximum pressure at front of base 

Pm~ = (220.2/3.0)(1 + 6 X 0.2013.0) = 103 kN/m2 

Minimum pressure at back of base 

Pari, = (220.2/3.0)(1 - 6 X 0.20/3.0) = 44 kN/m2 

For ~e ultimate bearing condition. a uniform distribution is 
conSIdered of length Ib = 2a = 2 X 1 3 - 2 6 .. . - . m glVlng 

Pu = Filh = 220.2/2.6 = 85 kN/m2 

The ultimate bearing resistance is given by the equation: 

qu = (2 + 1T) Cud i, where i, = 0.5[1 + VI - Fh/(cudlh)] 

I, = 0.5[1 + VI 75.5/(35 X 2.6)] = 0.70 

qu = (2 + 1T) - 35 - 0.70 = 126 kN/m2 (> Pu = 85) 

Resistance to sliding (long-term) 

= Fy tan Bb = 220.2 X 0.37 = 81.5 kN (> Fh = 75.5) 

Resistance to sliding (short-term) 

= Cud Ib = 35 X 2.6 = 91 kN (> Fh = 75.5) 

!xample 6. The structural design of the wall in example 5 is 
be III accordauce WIth the requirements of EC 2. 

!ok = 32 MPa, f"k = 500 MPa, nominal cover = 40 mm 

Allowing for HI6 bars with 40 mm cover, 

d = 400 - (40 + 8) = 352 mm 

For the ULS (combination I), YF = 1.35 for all permanent 
actIOns, aud YM = 1.0. Thus, 

CP'd = 35°, and KA = (I - sin cp'd)/(I + sin CP'd) = 0.27 

The ultimate bendiug moment at the bottom of the wall stem: 

M = 1.35 X 0.27 X (5 X 42/2 + 20 X 43/6) = 92.4 kNmlm 

I 
I 
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(Note that for combination 2, 'YF KA = 1.0 X 0.35 which is less 
than 'YF KA = 1.35 X 0.27 = 0.365 for combination 1) 

M/bd'J,k = 92.4 X 10'/(1000 X 352' X 32) = 0.023 

From Table 4.8, A,Jy.Jbdkk = 0.026, and 

A, = 0.026 X 1000 X 352 X 32/500 = 586 mm2/m 

From Table 2.20, H12-150 gives 754 mm'/m 

The ultimate shear force at the bottom of the wall stem: 

V = 1.35 X 0.27 X (5 X 4 + 20 X 42/2) = 65.6 kN/m 

From Table 4.17, Vmio = 0.035k'"'kkIl2 where 

k = 1 + (200/d)112 = 1 + (200/352)112 = 1.75 (:5 2.0) 

. = 0035 X 1.75 312 X 32 112 = 0.46 MPa Vmm . 

V/bd = 65.6 X 10'/(1000 X 352) = 0.19 MPa « Vmio) 

Since the loads are permanent, the stress in the reinforcement 
under service loading is given approximately by: 

IT, = (0.87Jy.J'YF)(A",/A, pmv) 

= (0.87 X 500/1.35)(586/754) = 250 MPa 

From Table 4.24, for Wk = 0.3 mm, the crack width criterion is 
met if 1>', :5 15 mm, or the bar spacing :5 185 mm. 

The adjusted maximum bar size, with hoc = 0.5h, is given by: 

1>, = 1>', (f".,ff12.9)[k, h"l2(h - d)] 

= 15 X (3.0/2.9) X [0.4 X 200/(2 X 48)] = 13 mm 

In this case, H12-150 meets both requirements. 

Foundations and earth-retaining walls 

For the wall base, the loads and bending moments calculated 
for combination 2 (see example 4) can be modified to suit the 
revised parameters for combination 1, as follows: 

Fv = 1.35 X 220.2 = 297.3 kN 

My = 1.35 X 402.9 = 543.9 kNm 

Mh = (0.365/0.35) X 116.4 = 121.4 kNm 

Resultant moment Mo" = 543.9 - 121.4 = 422.5 kNm 

Distance from front edge of base to resultant vertical force 

a = Moot /F, = 422.51297.3 = 1.42 m 

Bearing contact length lb = 2a = 2 X 1.42 = 2.84 m 

P = F Ilb = 297 3/2.84 = 104.7 kN/m' ,y . 

Note that values of both p, and q, are greater for combination 1 
than for combination 2, but 2 is still critical for bearing. 

Bending moment on base at inside face of wall 

M = 1.35 X (5 + 20 X 4 + 24 X 0.4) X 1.82/2 

- 104.7 X (2.84 - 1.2)'/2 = 66.1 kNm 

Shear force on base at inside face of wall 

V = 1.35 X (5 + 20 X 4 + 24 X 0.4) X 1.8 

- 104.7 X (2.84 - 1.2) = 58.2 kNm 

The bending moment and shear force are both less than the 
values at the bottom of the wall stem. Thus, H12-150 can be 
used to fit in with the vertical bars in the wall. 

MA1'H&.\fATICAL AND 
TRIGONOMETRICAL FUNCTIONS 

Trigonometrical formulae 

sin2 e +cos2 0 = 1 

sec2 e - tan'O = 1 

cosec2 e - cot2 e = 1 

sin (e + 1» = sin eeos 1> + cos esin 1> 
sin (0 -1» = sinecos¢ -cos esin ¢ 

cos (e + ¢) = cos II cos ¢ - sin (}sin¢ 

cos (0 - ¢) = cos IIeos¢ + sin {}sin ¢ 

tan (8 + ¢) = tan {} +tan ¢ 
1 -tanetan¢ 

tanrO-¢) tan II - tan¢ 
1 +tanOtan¢ 

sin 8 + sin ¢ = 2 sin He + ¢)cost(e- ¢) 

sin 0 - sin ¢ = 2cos!(O + ¢)sint(8- ¢) 

cos II + cos ¢ = 2cost(e + ¢)cost(e- ¢) 

cose - cos ¢ = - 2sint(e + ¢)sint(8 _ ¢) 

sin esin ¢ = t[eos(8 - ¢) - cos(e + ¢)J 

sin ecos¢ = t[sin(e + ¢) + sin (8 - ¢)J 

cos Ocos¢ = Hcos(II + ¢) + cos(e _ ¢)] 

OTHER DATA 

Factors 

,,= 3551 1 I3 (approx.) = 22/7 (approx.) = 3.141 592654 
(approx.) 

One radian = 180'/" = 57.3' (approx.) = 57.295 779 5 
(approx.) 

Length of arc subtended by an angle of one radian = radius 
of arc 

One degree Fahrenheit = 5/9 degree centigrade or Celsius 
Temperature of t'F = (t - 32)/1.8'C 
Temperature of t'C = (1.8t + 32)'F 

Appendix 

Mathematical 
formulae and data 

Base of Napierian logarithms, e = 193/71 (approx.) = 
2721/1001 (approx.) = 2.718 281828 (approx.) 

To convert common into Napierian logarithms, mUltiply by 
76/33 (approx.) = 3919/1702 (approx.) = 2.302 585093 
(approx.). 

Nominal value of g = 9.80665kgjs2 = 32. 174fl/s2 

Inscribed circle 

Diameter of inscribed circle of a triangle: 

J[ 2 (a2
+b

2_C2 )2]! D=2b a - 2b /(a+b+ c) 

For isosceles triangle, a = c: 

D = b.j(4a2 
- b2

) 

2a+b 

2& 
b 

Sollltion of triangles 

Applicable to any triangle ABC in which AB = (" BC = a 
AC=~ . . 

sinA sinB sinC 
-a-=-b-=-c-

bcsinA acsinB area=--o-_ 
2 2 

absinC 

2 

=.j[s(s-a)(s-b)(s_c)] where s=(a+b+c)2. 

sin:4.= J[(S-b)(S- C)] 
2 be 

cos A 

I 

Ii 



Roots of quadratics 

ax2 +bx+c=0 

x 
- b + .j(b2 - 4ac) 

2a -~[1+ J(I-~n] 
Applications .Lj1.0 
1. Roof slopes, s = .j(1 + H2): H 

(a) Limiting slope for inclined roof loading = 20': 

H = cot 20° = 2.7475 

Therefore limiting slope = I: 2.75. 

(b) Limiting slope for inclined roofs = 10°: 

H = cot 10° = 5.6713 

Therefore limiting slope = 1:5.67. 

2. Earth pressures: 

I-sin8 
tan2 (45'-D k, 

l+sin8 

1 1 + sin8 
tan' ( 45' +D k, l-sin8 

Mathematicalformulae and data 

3. Hopper bottom slopes: . 
Specified minimum slope 10 valley = </>. 

YIX=R 
X = H cot </>I.j(l + R') 

tan 8x = tan 4>.j(1 + R2) 

tan 8,. = tan 4>,J(l + R2)/R 
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Numbers preceded by 'I' are 
Table Numbers 

Actions, see Loads 
Admixtures 18-19 
Affinity theorems 140 
Aggregales 16--17 

size and grading 95, 12.17 
Anchorage bond, see Bond 
Annular seclions 236, 12.107 
Arches 

fixed 41-2, t2.72-4 
load effecls in 176--9, 12.72 

parabolic 42, 179--82 
t2.74 ' 

Ihickness 175, 12.72 
three-hinged 41,175 

12.71 ' 
Iwo-hinged 41, 175, 12.71 
see a/so Bridges 

Areas 52-3, 12.101 

Barriers and balustrades 7 
Bars 

anchorage 51, 312, 381, 
13.55, 13.59, 14.30 14 32 

bending schedules 12.23 
bends in 25,51,312,381, 

12 .. 19, t3.55, t3.59, 14.31 
conSIderatIons affecting 

design details 51, 312, 
381, 13.53, t3.59, t4.28 

curtailment 52, 312, 381, 
t3.56-8, 14.32 

cutting and bending 
tolerances 100 

lap lengths 51,312,381, 
13.55,13.59,14.31_2 

shapes and dimensions 
25-6, 100,12.21-2 

sizes 25, 95, 12.20 
types 24--5, 95 
see also Reinforcement 

Basements 65 
Bases, see Foundations 
Beams 

cant!levers, see Cantilevers 
ContInuous, see Continuous 

beams 
Curved 57, 216, t2.95--7 

concentrated load 216 
t2.95 ' 

uniform load 218 
t2.96--7 ' 

deep 52 

doubly reinforced sections 
257,346, t3.15--16 
t3.25-6, 14.9--10 ' 

fixed at both ends 105 12 25 
12.28 ' . , 

flanged, see Flanged 
sections 

imposed loads on 6, t2.3 
JunctIons With columns 330 

13.63 ' 
single-span 29, 105, 12.24--5 
Singly reinforced sections 

256,346, t3.13--14, 
t3.23--4, t4.7--8 

sizes and proportions 46 
supporting rectangular 

panels 34, 144,12.52 
Bearings 62, 221, t2.99 

see also Details' 
Foundations ' 

Bending (alone or combined 
with axial force) 44--8 

assumptions 44--5, t3.6, 14.4 
resIstance of sections 

beams 45--6 
columns 47--8 
slabs 46-7 

seE? a/so individual members 
Bending moments 

combined bases 195, t2.83 
contInuous beams see 

Continuous bea:ns 
cylindrical tanks 60 183-8 

12.75--7 ' , 
flat slabs 35-6, 150--3 

t2.55--6 ' 
rectangular tanks 60-1 188 

12.76--9 " 
silos 61-2,191,12.80 
see a/so Beams; Cantilevers; 

. .Structural analYSis 
BI~I~I bending, see Columns 
Blinding layer 64 
Bond 51, 312, 381 

anchorage lengths see Bars 
bends in bars, see' Bars 
lap lengths, see Bars 

Bow girders, see Beams, 
curved 

Bridges 57-9 
deck 57-8, 12.98 
?esign considerations 59 
Imposed loads 

foot 8, 78, t2.6 
railway 8-9, 78, t2.6 
road 7--8, 78, t2.5 

Index 

integral 59 
parlial safety factors 239 

t3.2-3 ' 
roofs, see Roofs 
stairs, see Stairs 
substructures 58 
types 57-8, t2.98 
walerproofing 59 
wind loads 10 
See a/so Arches 

Buildings 54--6 
dead loads 75, 12.2 
Imposed loads 

floors 6, 75-8, t2.3 
roofs 7, 78, 12.4 

load-bearing walls, see Walls 
rOb.ustness and provision of 

ties 54-5, t3.54, t4.29 
wall and frame systems 

40--1, 12.68 
wind loads 10, 78, 12.7-9 
see also Floors; 

Foundations; Stairs; 
Walls 

Bunkers, see Silos 

Cantilevers 29, 12.26--7 
deflections 295, 371 

Cements and combinations 
14--16,95, t2.17 

Characteristic loads, 
see Loads 

Characteristic strengths 
concrete t3.5, t4.2 
reinforcement t2. 19 

Columns 
biaxial bending t3.21 t3.31 

t4.16 " 
circular 264, 353, 13.19-20, 

t3.29-30, 14.13--14 
cylindrical (modular ratio) 

236, t2.107 
effective height t3.21 , t3.31 
effective length t4.15 
elastic analysis of section 
. 226,12.104,12.106--9 
Imposed loads on 7, 12.3 
Junctions with beams 330 

13.63 ' 
loads and sizes 48 
rectangular 264, 353, 

t3.17-18,13.27--8, 
t4.11-12 

reclangular (modular ratio) 
12.105-6 

short 47, 265 

slender 
deSign procedure 263 

352--3 ' 
BS 8110 t3.21-2 
BS 5400 t3.31-2 
EC 2 t4.15-16 

supporting elevated tanks 
61, 194 

see also Framed structures 
Concentrated loads 

analysis of members 
curved beams 216 12 95 
solid slabs 31, 34 '13i 

t2.45--7 " 
bridges 7-9, 78, t2.5--8 
dIspersal of 9 
on floors 6, 78, t2.3 
shear 49, 285, 365, t3.34 

t3.37-8, t4.19 ' 
Concrete 14--24, 95 

admixtures 18-19 
aggregates 16--17 95 

t2.17 " 
alkali-silica attack 23 
carbonation 22-3 
cements 14--16, 95, 

12.17 
chemical attack 23 
compressive strength 21 

245, 338, t3.5, t4.2 ' 
creep 21-2, 245 338 13 5 

t4.3 " " 
design strengths 239 335 
durability 22-4 ' 

cover to reinforcement 24 
t3.6--9, t4.6 ' 

exposure classes 23-4 
t3.7, 13.9, t4.5 ' 

early-age temperatures and 
cracking 20, 95, t2.18 

elastic properties 21, 245, 
338, 13.5, t4.2 

fibre-reinforced 68 
fire reSistance, see Fire 

resistance 
freeze/thaw attack 23 
plastiC cracking 19--20 
shrinkage 22, 245 338 13.5 

t4.2 '" 
specification 24 
stress-strain curves 22 t3.6 

14.4 ' 
tensile strength 21 t3.44 

t4.23 " 
thermal properties 22 245 

338, t3.5, t4.2 ' , 



400 

Concrete (Continued) corbels 327, t3.62 site inspection 63 
water 17 corners and intersections strip bases 65, 195, t2.83 
weight 75, t2.1 330, t3.63 types 64, t2.82-4 
workability 19 curtailment 52, 312, 381, wall footings 66, t2.83 

Construction materials t3.56, t4.32 Framed structures 36-8 
weight 75, t2.1-2 rules for beams t3.57 building code requirements 

Contained materials, see rules for slabs t3.58 36, 12.57, t2.62 
Retained materials halving joints 330, t3.62 columns in 

Containment structures 59-61 Docks and dolphins, see non-sway frames 38-9, 
see a/so Silos; Tanks Maritime structures t2.60-1 

Continuous beams 29-30 Domes, see Roofs sway frames 39-40, 12.62 
arrangement of design loads Drawings 4 continuous beams in 159 

111, t2.29 effect of lateral loads 39-40, 
equal spans and loads 30, Earth-retaining walls 162, t2.62 

111, t2.29-32, t2.34-5 embedded (or sheet) 70 finite element method 38 
influence lines for bending movement joints 221, 12.100 moment distribution method 

moments 121, t2.38-41 pressures behind 11-12, 86, no sway 37, 12.58 
methods of analysis 29 90, t2.10-14 with sway 37, t2.59 

moment distribution 29, on spread bases 69-70, portal frames 38, 162 
121, t2.36 203, 324, 392, t2.86 rigid joints t2.63-6 

moving loads 30 types 69, 12.86 hinged joints t2.67 
redistribution of moments, see also Retained materials properties of members 

see Moment redistribution Earthquake-resistant end conditions 42 
second moment of area 29 structures 43 section properties 42-3 
unequal spans and loads Economical structures 3 shear forces on members 37 

t2.37 Elastic analysis 52-3, 226, 236 slope-deflection method 
Corbels 327, 330-1, t3.62 biaxial bending and of analysis 37, 154, 
Cover to reinforcement 24, compression 12.109 12.60-2 

t3.6-9, t4.6 design charts t2.105-7 see also Columns 
Cracking 50-1, 295, 300, 371 properties of sections 

calculation procedures t3.43, t2.101-3, t3.42 Garages 6 
t4.24 uniaxial bending and Geometric properties of 

crack width limits 295, 371 compression t2.1 04 uniform sections 12.101 
deemed-to-satisfy rules uniaxial bending and tension Ground water 86, 90 

t3.43, t4.24-7 t2.108 Gyration, radius of 52, t2.1 01, 
liquid-retaining structures Embedded walls, see t4.15 

300, 371, t3.44-52, Earth-retaining walls 
t4.25-7 Eurocode loading standards 13 Hillerborg's strip method 33, 

minimum reinforcement Exposure classes 23-4, t3.7, 144, t2.51, t2.54 
t4.23 t3.9, t4.5 Hinges 62, 221,12.99 

Cranes 7,13 Hoppers 12, 62, 90,194, 
Creep, see Concrete Fabric 95, 100, t2.20 t2.15-16, t2.81 
Culverts 71 Fibre-reinforced concrete 68 

box culverts 71, t2.87 Fill materials 12 Imposed loads 6-9, t2.3-6 
pipe culverts 71 Finite elements 38 barriers and parapets 7 
subways 71 Fire resistance 27, 249, 342 bridges, see Bridges 

Curtailment, see Bars cover to reinforcement 249, buildings 6-7, 75, t2.3 
Curvature, see Deflection t3.10-11 floors 6, t2.3 
Curved beams, see Beams minimum fire periods t3.12 reduction on beams and 
Cylindrical tanks, see Tanks Fixed-end moment coefficients columns 7, 78, 12.3 

105, t2.28 roofs 7, 78, t2.4 
Dead loads 6, 75 Flanged sections 46 structures subject to dynamic 

concrete 75, t2.1 effective flange width loads 6 
construction materials 75, 262, 349 structures supporting 

t2.1-2 elastic properties t3.42 cranes 7 
partitions 75, t2.2 Flat slabs, see Slabs structures supporting 

Deep beams 52 Floors 55 lifts 7 
Deep containers, see Silos forms of construction t2.42 underground tanks 60 
Deflection 49-50, 295, 371 imposed loads 6, t2.3 see also Eurocode loading 

calculation procedures industrial ground, see standards 
t3.40-2, t4.21-2 Industrial ground floors Industrial ground floors 67-9 

cantilevers 295, 371 openings in 55, t3.37 construction methods 67-8 
curvatures t3.41, t4.22 weights of concrete t2.1 methods of analysis 68-9 
deflection limits 295, 371 Footbridges modulus of subgrade 
formulae for imposed loads 78, t2.6 reaction 68 

beams t2.24-5 Formwork4 reinforcement 68 
cantilevers t2.26-7 Foundations 63-7 Intersections 330, t3.63 

span/effective depth ratios balanced and coupled bases see also JOints 
295, 371, t3.40, t4.21 64, 199, 12.83-4 

Design of structural members basements 65 Janssen's theory 12, 90, 
44-53 bearing pressures 63, t2.82 t2.15-16 

see also individual members blinding layer 64 Jetties, see Maritime 
(e.g. Arches, Beams, combined bases 64, 195, structures 
Columns, Slabs, Stairs, t2.83 Joints 52, 330 
Walls) eccentric loads 63 industrial ground 

Design principles and criteria imposed loads 7, t2.3 floors 67-6 
5,44 for machines 66 liquid-retaining structures 

Design strengths, see piers 65 300, t3.45 
Concrete; Reinforcement piled, see Piled foundations movement 62, 221, t2.1 00 

Details rafts 65, 199, t2.84 see a/so Bearings; 
continuous nibs 327, t3.62 separate bases 64, t2.82 Details 

Index 

Lifts 7 
Limit state design 5 

British codes 
bridges 239, 241, t3.2-3 
buildings 239, t3.1 
liquidwretaining structures 

241, t3.4 
loads 5-6, 239 
properties of materials 

concrete 245, t3.5-6 
reinforcement 245, t3.6 

European codes 
actions 5-6, 335 
buildings 335-6, t4.1 
containers 335-6 
properties of materials 335 

concrete 338, t4.2-4 
reinforcement 338, t4.4 

Liquid-retaining structures 241 , 
335-6, t3.4 

see also Cracking; Joints 
Loads 6-10 

on bridges, see Bridges 
concentrated, see 

Concentrated loads 
dead, see Dead loads 
dynamic 6 
eccentric on foundations 63, 

t2.83 
imposed, see Imposed loads 
on lintels t2.2 
moving loads on continuous 

beams 30 
on piles, see Piled 

foundations 
wind, see Wind loads 

Maritime structures 10-11 
piled jetties 200, t2.85 

Materials, see Admixtures; 
Aggregates; Cements 
and combinations; 
Concrete; Reinforcement 

Mathematical formulae 395-6 
Members, see individual 

members (e.g. Arches, 
Beams, Columns, Slabs, 
Stairs, Walls) 

Modular-ratio design, see 
Elastic analysis 

Modulus of subgrade 
reaction 68 

Moment distribution 29 
continuous beams 121, 12.36 
framed structures 154, 

12.58-9 
Moment redistribution 3D, 116 

code requirements 116 
design procedure 117, 12.33 
moment diagrams for equal 

spans 12.34-5 

Neutral axis 44-5 

Parapets 7 
Partial safety factors, see 

Safety factors 
Partition loads 75, t2.2 
Passive pressures 90, 

t2.13-14 
Piers 

bridges 58 
foundations 65 
see a/so Maritime structures 

Piled foundations 66-7 
open-piled structures 67, 

200, t2.85 
pile-caps 66, 324, t3.61 
piles in a group 67 

Poisson's ratio 131, 137, 
t2.46-7, t3.5, t4.2 

Index 

Precast concrete 
bridge decks 58 
floors, weights of t2.1 

Pressures 11-13 
on earth-retaining walls 86, 

90, t2.11-14 
in silos 90, t2.15-16 
in tanks 90 
see a/so Wind loads 

Properties of sections 42-3 
plain concrete t2.101 
reinforced concrete t2. 1 02-3 

Rafts 65, 199, t2.84 
Railway bridges, see Bridges 
Reintorcement 24-7, 95, 100 

bars 24, see also Bars 
fabric 25, see a/so Fabric 
fixing of 27 
mechanical and phYSical 

properties t2.19 
prefabricated systems 26-7 
stainless steel 26 
stress-strain curves 25 t3.6 

t4.4 ' , 
Reservoirs, see Tanks 
Retained materials 

cohesionless soils 12, 86, 
90, t2.12-14 

cohesive soils 12, 90 
fill materials 12 
lateral pressures 11-12 

t2.11 ' 
liquids 11, 86, 90 
soil properties 11, 12.10 
see also Silos; Tanks 

Retaining walls, see 
Earth-retaining walls 

Robustness 54-5 
ties 312, 381, t3.54, t4.29 

Roofs 
loads on 7, 78, t2.4 
non-planar 56, 212 

cylindrical shells 56, 212, 
216, t2.92-4 

domes 212, t2.92 
hyperbolic-paraboloidal 

shells 216, 12.92 
prismatic 212, 12.92 
shell buckling 56-7 

planar 56 
weights of t2.2 

Safety factors 5 
British codes 239, t3.1-4 

geotechnical design 324 
European codes 335, t4.1 

geotechnical design 390 
Sea-walls, see Maritime 

structures 
Section moduli t2.1 01 
Serviceability limit states 5 

295,300,336,371, ' 
t3.1-4, t4.1 

Shear 
in bases 285, 322, 390 
forces, see individual 

members (e.g. Beams, 
Slabs) 

resistance with shear 
reinforcement 49 283 
362, t3.33, t3.36: t4.1I; 

resIstance without shear 
reinforcement 48 283 
362, t3.33, t3.36: t4.1'7 

stress 283 
under concentrated loads 49 

285, 365, t3.34, t3.37-6, ' 
t4.19 

see also Structural analysis 
Shear wall structures 40-1 

arrangement of walls 40, 
169, t2.69 

interaction of walls and 
frames 41,169,173 

walls containing openings 
40,169, t2.70 

walls without openings 40, 
169, t2.69 

Sheet walls, see 
Earth-retaining walls 

Shrinkage 
fixed parabolic arch 179, 182 
see also Concrete 

Silos 12-13, 61-2, 90 
hopper bottoms 62, 12.81 
stored material properties 

and pressures 90, 
12.15-16 

substructure 39, 12.62 
walls spanning horizontally 

61-2, t2.80 
Slabs 

flat 35-6 
reservoir roofs 153 
simplified method of 

design 150, 153, 
t2.56-6 

imposed loads 75, 78, t2.3-4 
non-rectangular panels 34-5, 

13t, t2.48 
one-way 31, 128 

concentrated loads 31, 
131, t2.45 

uniform load distribution 
31, 128, t2.42 

openings in 55, t3.37 
rectangular panels 

concentrated loads 34, 
131,137, t2.46-7 

triangular load distribution 
33-4, 147, t2.53-4 

uniform load distribution 
33, 128, 131, t2.42-4 

thickness of 46-7 
two-way 31-4,128, 131 

collapse methods 32-3 
elastic methods 32 

strip 144, t2.51, 12.54 
yield-line 137, 139-42, 

147, 150, t2.49-50, 
t2.54 

types of 55, t2.42 
weights of 12.1 

Siope-detiection method 37 
154,12.60 ' 

Soils, see Retained materials 
Stairs 55-6, 206, 208, 212 

free-standing 206, t2.88 
helical 208, 212, t2.89-91 
sawtooth 206, 208, t2.89 
Simple flights 206 
types and dimensions t2.88 

Stored materials, see Silos 
Stress-strain curves 

concrete 22, t3.6, t4.4 
reinforcement 25, t3.6, t4.4 

Stresses, see individual modes 
(e.g. Bond, Shear, 
Torsion) 

Structural analysis 28-43 
properties of members 

end conditions 42 
section properties 42-3 

see also individual structures 
(e.g. Arches, Continuous 
beams, Frames, Shear 
walls) 

Structures 54-71 
earthquake-resistant 43 
economical 3 
see also individual 

structures (e.g. Bridges, 
B~lldrngs, Foundations, 
Silos, Tanks) 

Subways 71 
Superposition theorem 140 
Surcharge 86, 203, 326 

Tanks 
cylindrical 60, 183, 187-6, 

t2.75-7 
effects of temperature 61 
elevated 61,191, t2.81 

substructure 39, 12.62 
jOints 221, t2.1 00 
octagonal 60 
pressure on walls 90 
rectangular 60-1, 147, 150, 

188,191, t2.53-4, 
12.76-9 

underground 60 
see also Cracking; Liquid­

retaining structures 
Temperature effects in 

concrete at early-age 20, 
95, t2.18 

fixed parabolic arch 179 
walls of tanks 61 

Tensile strength 
concrete 21, t3.44, t4.23 
reinforcement 95, t2.19 

401 

Thermal properties of concrete 
. 22, 245, 338, t3.5, t4.2 

TIes! see Robustness 
TorSion 

design procedure 49 285 
365, t3.35, t3.39, t4.20 ' 

moments in 
curved beams 57 216 

218,12.95-7' , 
free-standing stairs 206, 

t2.88 
helical stairs 208, 212, 

12.89 

Ultimate limit state 5, 239, 241, 
335-6, t3.1-4, t4.1 

Vehicle loads on bridges 7-9, 
78, t2.5-6 

Vibration 
floors 6 
tootbridges 8 
machine foundations 66 

Virtual-work method 139-40 

Walls 52,57 
load-bearing 57, 322, t3.60 
weights of t2.2 
see also Earth-retaining 

walls; Shear walls; Silos; 
Tanks 

Water (tor concrete) 17 
Water-tightness 59 

basements 65 
Weights of 

concrete 75, t2.1 
construction materials 75 

t2.1-2 ' 
partitions 75, t2.2 
roofs t2.2 
stored materials t2.16 
walls 12.2 

Wharves, see Maritime 
Structures 

Wheel loads 8, t2.5 
dispersal of 9 

Wind loads 9-10, 78 
on bridges 10 
on buildings 10 
effect of, see Structural 

analysis 
wind speed and pressure 10 

t2.7-9 ' 

Yield-line analysis 32, 137, 
139-42 

affinity theorems 140 
basic concepts 137, 139, 

t2.49 
concentrated loads 140 
corner levers 142, t2.50 
superposition theorem 140 
virtual work method 139 

empirical analysis 141-2 
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