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Since publication of the second edition of Design
of Structural Elements there have been two major
developments in the field of structural engineering
which have suggested this new edition.

The first and foremost of these is that the
Eurocodes for concrete, steel, masonry and timber
design have now been converted to full EuroNorm
(EN) status and, with the possible exception of the
steel code, all the associated UK National Annexes
have also been finalised and published. Therefore,
these codes can now be used for structural design,
although guidance on the timing and circumstances
under which they must be used is still awaited.
Thus, the content of Chapters 8 to 11 on, respec-
tively, the design of concrete, steel, masonry and
timber structures has been completely revised to
comply with the EN versions of the Eurocodes for
these materials. The opportunity has been used to
expand Chapter 10 and include several worked
examples on the design of masonry walls subject to
either vertical or lateral loading or a combination
of both.

The second major development is that a number
of small but significant amendments have been
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third edition

made to the 1997 edition of BS 8110: Part 1 on
concrete design, and new editions of BS 5628:
Parts 1 and 3 on masonry design have recently
been published. These and other national stand-
ards, e.g. BS 5950 for steel design and BS 5268
for timber design, are still widely used in the UK
and beyond. This situation is likely to persist for
some years, and therefore the decision was taken
to retain the chapters on British Standards and
where necessary update the material to reflect latest
design recommendations. This principally affects
the material in Chapters 3 and 5 on concrete and
masonry design.

The chapters on Eurocodes are not self-contained
but include reference to relevant chapters on British
Standards. This should not present any problems
to readers familiar with British Standards, but will
mean that readers new to this subject will have to
refer to two chapters from time to time to get the
most from this book. This is not ideal, but should
result in the reader becoming familiar with both
British and European practices, which is probably
necessary during the transition phase from British
Standards to Eurocodes.

vii






The main motivation for preparing this new
edition was to update the text in Chapters 4 and 6
on steel and timber design to conform with the
latest editions of respectively BS 5950: Part 1 and
BS 5268: Part 2. The opportunity has also been
taken to add new material to Chapters 3 and 4.
Thus, Chapter 3 on concrete design now includes
a new section and several new worked examples on
the analysis and design of continuous beams and
slabs. Examples illustrating the analysis and design
of two-way spanning slabs and columns subject
to axial load and bending have also been added.
The section on concrete slabs has been updated. A
discussion on flooring systems for steel framed
structures is featured in Chapter 4 together with a
section and several worked examples on composite
floor design.

Work on converting Parts 1.1 of the Eurocodes
for concrete, steel, timber and masonry structures

Preface to the
second edition

to full EN status is still ongoing. Until such time
that these documents are approved the design rules
in pre-standard form, designated by ENV, remain
valid. The material in Chapters 8, 9 and 11 to
the ENV versions of EC2, EC3 and EC5 are still
current. The first part of Eurocode 6 on masonry
design was published in pre-standard form in
1996, some three years after publication of the first
edition of this book. The material in Chapter 10
has therefore been revised, so it now conforms to
the guidance given in the ENV.

I would like to thank the following who have
assisted with the preparation of this new edition: Pro-
fessor Colin Baley for preparing Appendix C; Fred
Lambert, Tony Threlfall, Charles Goodchild and
Peter Watt for reviewing parts of the manuscript.






Structural design is a key element of all degree and
diploma courses in civil and structural engineering.
It involves the study of principles and procedures
contained in the latest codes of practice for struc-
tural design for a range of materials, including con-
crete, steel, masonry and timber.

Most textbooks on structural design consider only
one construction material and, therefore, the student
may end up buying several books on the subject.
This is undesirable from the viewpoint of cost but
also because it makes it difficult for the student
to unify principles of structural design, because of
differing presentation approaches adopted by the
authors.

There are a number of combined textbooks which
include sections on several materials. However,
these tend to concentrate on application of the
codes and give little explanation of the structural
principles involved or, indeed, an awareness of
material properties and their design implications.
Moreover, none of the books refer to the new
Eurocodes for structural design, which will eventu-
ally replace British Standards.

The purpose of this book, then, is to describe
the background to the principles and procedures
contained in the latest British Standards and
Eurocodes on the structural use of concrete, steel-
work, masonry and timber. It is primarily aimed at
students on civil and structural engineering degree
and diploma courses. Allied professionals such as
architects, builders and surveyors will also find it
appropriate. In so far as it includes five chapters on
the structural Eurocodes it will be of considerable
interest to practising engineers too.

The subject matter is divided into 11 chapters
and 3 parts:

Part One contains two chapters and explains the
principles and philosophy of structural
design, focusing on the limit state
approach. It also explains how the

overall loading on a structure and
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individual elements can be assessed,
thereby enabling the designer to size
the element.

contains four chapters covering the
design and detailing of a number of
structural elements, e.g. floors, beams,
walls, columns, connections and
foundations to the latest British codes
of practice for concrete, steelwork,
masonry and timber design.

contains five chapters on the Euro-
codes for these materials. The first of
these describes the purpose, scope and
problems associated with drafting the
Eurocodes. The remaining chapters
describe the layout and contents of
EC2, EC3, EC5 and EC6 for design
in concrete, steelwork, timber and
masonry respectively.

Part Two

Part Three

At the end of Chapters 1-6 a number of design
problems have been included for the student to
attempt.

Although most of the tables and figures from
the British Standards referred to in the text have
been reproduced, it is expected that the reader
will have either the full Standard or the publica-
tion Extracts from British Standards for Students of
Structural Design in order to gain the most from
this book.

I would like to thank the following who have
assisted with the production of this book: Peter
Wright for co-authoring Chapters 1, 4 and 9; Fred
Lambert, Tony Fewell, John Moran, David Smith,
Tony Threlfall, Colin Taylor, Peter Watt and Peter
Steer for reviewing various parts of the manuscript;
Tony Fawcett for the drafting of the figures;
and Associate Professor Noor Hana for help with
proofreading.

C. Arya
London
UK
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The primary aim of all structural design is to
ensure that the structure will perform satisfactorily
during its design life. Specifically, the designer must
check that the structure is capable of carrying the
loads safely and that it will not deform excessively
due to the applied loads. This requires the de-
signer to make realistic estimates of the strengths of
the materials composing the structure and the load-
ing to which it may be subject during its design
life. Furthermore, the designer will need a basic
understanding of structural behaviour.
The work that follows has two objectives:

PART ONE

INTRODUCTION
TO STRUCTURAL
DESIGN

1. to describe the philosophy of structural design;
2. to introduce various aspects of structural and
material behaviour.

Towards the first objective, Chaprer 1 discusses the
three main philosophies of structural design, emphas-
izing the limit state philosophy which forms the bases
of design in many of the modern codes of practice.
Chaprer 2 then outlines a method of assessing the
design loading acting on individual elements of a
structure and how this information can be used, to-
gether with the material properties, to size elements.






This chapter is concerned with the philosophy of struc-
tural design. The chapter describes the overall aims of
design and the many inputs into the design process.
The primary aim of design is seen as the need to ensure
thar at no point in the structure do the design loads
exceed the design strengths of the materials. This can be
achieved by using the permissible stress or load factor
philosophies of design. However, both suffer from draw-
backs and it i1s more common to design according to
limar state principles which involve considering all the
mechanisms by which a structure could become unfir
for its intended purpose during its design life.

1.1 Introduction

The task of the structural engineer is to design a
structure which satisfies the needs of the client and
the user. Specifically the structure should be safe,
economical to build and maintain, and aesthetic-
ally pleasing. But what does the design process
involve?

Design is a word that means different things to
different people. In dictionaries the word is de-
scribed as a mental plan, preliminary sketch, pat-
tern, construction, plot or invention. Even among
those closely involved with the built environment
there are considerable differences in interpretation.
Architects, for example, may interpret design as
being the production of drawings and models to
show what a new building will actually look like.
To civil and structural engineers, however, design is
taken to mean the entire planning process for a new
building structure, bridge, tunnel, road, etc., from
outline concepts and feasibility studies through
mathematical calculations to working drawings
which could show every last nut and bolt in the
project. Together with the drawings there will be
bills of quantities, a specification and a contract,
which will form the necessary legal and organiza-
tional framework within which a contractor, under
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the supervision of engineers and architects, can con-
struct the scheme.

There are many inputs into the engineering
design process as illustrated by Fig. 1.1 including:

client brief

experience

imagination

a site investigation

model and laboratory tests
economic factors
environmental factors.

NounseLkbhe=

The starting-point for the designer is normally
a conceptual brief from the client, who may be a
private developer or perhaps a government body.
The conceptual brief may simply consist of some
sketches prepared by the client or perhaps a detailed
set of architect’s drawings. Experience is crucially
important, and a client will always demand that
the firm he is employing to do the design has pre-
vious experience designing similar structures.
Although imagination is thought by some to
be entirely the domain of the architect, this is not
so. For engineers and technicians an imagination
of how elements of structure interrelate in three
dimensions is essential, as is an appreciation of
the loadings to which structures might be subject
in certain circumstances. In addition, imaginative
solutions to engineering problems are often required
to save money, time, or to improve safety or quality.
A site investigation is essential to determine the
strength and other characteristics of the ground
on which the structure will be founded. If the struc-
ture is unusual in any way, or subject to abnormal
loadings, model or laboratory tests may also be used
to help determine how the structure will behave.
In today’s economic climate a structural designer
must be constantly aware of the cost implications
of his or her design. On the one hand design should
aim to achieve economy of materials in the struc-
ture, but over-refinement can lead to an excessive

3
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Fig. 1.1 Inputs into the design process.

number of different sizes and components in the
structure, and labour costs will rise. In addition
the actual cost of the designer’s time should not be
excessive, or this will undermine the employer’s
competitiveness. The idea is to produce a workable
design achieving reasonable economy of materials,
while keeping manufacturing and construction costs
down, and avoiding unnecessary design and research
expenditure. Attention to detailing and buildability
of structures cannot be overemphasized in design.
Most failures are as a result of poor detailing rather
than incorrect analysis.

Designers must also understand how the struc-
ture will fit into the environment for which it is
designed. Today many proposals for engineering
structures stand or fall on this basis, so it is part of
the designer’s job to try to anticipate and recon-
cile the environmental priorities of the public and
government.

The engineering design process can often be
divided into two stages: (1) a feasibility study in-
volving a comparison of the alternative forms of
structure and selection of the most suitable type and
(2) a detailed design of the chosen structure. The
success of stage 1, the conceptual design, relies
to a large extent on engineering judgement and
instinct, both of which are the outcome of many
years’ experience of designing structures. Stage 2,
the detailed design, also requires these attributes
but is usually more dependent upon a thorough
understanding of the codes of practice for struc-
tural design, e.g. BS 8110 and BS 5950. These
documents are based on the amassed experience of
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many generations of engineers, and the results of
research. They help to ensure safety and economy
of construction, and that mistakes are not repeated.
For instance, after the infamous disaster at the
Ronan Point block of flats in Newham, London,
when a gas explosion caused a serious partial col-
lapse, research work was carried out, and codes of
practice were amended so that such structures could
survive a gas explosion, with damage being con-
fined to one level.

The aim of this book is to look at the procedures
associated with the detailed design of structural
elements such as beams, columns and slabs. Chap-
ter 2 will help the reader to revise some basic the-
ories of structural behaviour. Chapters 3—6 deal with
design to British Standard (BS) codes of practice
for the structural use of concrete (BS 8110), struc-
tural steelwork (BS 5950), masonry (BS 5628) and
timber (BS 5268). Chapter 7 introduces the new
Eurocodes (EC) for structural design and Chapters
8—11 then describe the layout and design principles
in EC2, EC3, EC6 and EC5 for concrete, steel-
work, masonry and timber respectively.

1.2 Basis of design

Table 1.1 illustrates some risk factors that are asso-
ciated with activities in which people engage. It
can be seen that some degree of risk is associated
with air and road travel. However, people normally
accept that the benefits of mobility outweigh the
risks. Staying in buildings, however, has always been



Table 1.1 Comparative death risk per 10®
persons exposed

Mountaineering (international) 2700

Air travel (international) 120
Deep water trawling 59
Car travel 56
Coal mining 21
Construction sites 8
Manufacturing 2
Accidents at home 2
Fire at home 0.1
Structural failures 0.002

regarded as fairly safe. The risk of death or injury
due to structural failure is extremely low, but as we
spend most of our life in buildings this is perhaps
just as well.

As far as the design of structures for safety is
concerned, it is seen as the process of ensuring
that stresses due to loading at all critical points in a
structure have a very low chance of exceeding the
strength of materials used at these critical points.
Figure 1.2 illustrates this in statistical terms.

In design there exist within the structure a number
of critical points (e.g. beam mid-spans) where the
design process is concentrated. The normal distribu-
tion curve on the left of Fig. 1.2 represents the actual
maximum material stresses at these critical points
due to the loading. Because loading varies according
to occupancy and environmental conditions, and
because design is an imperfect process, the material
stresses will vary about a modal value — the peak of
the curve. Similarly the normal distribution curve
on the right represents material strengths at these
critical points, which are also not constant due to
the variability of manufacturing conditions.

The overlap between the two curves represents a
possibility that failure may take place at one of the
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Fig. 1.2 Relationship between stress and strength.

Basis of design

critical points, as stress due to loading exceeds the
strength of the material. In order for the structure
to be safe the overlapping area must be kept to a
minimum. The degree of overlap between the two
curves can be minimized by using one of three dis-
tinct design philosophies, namely:

1. permissible stress design
2. load factor method
3. limit state design.

1.2.1 PERMISSIBLE STRESS DESIGN
In permissible stress design, sometimes referred to
as modular ratio or elastic design, the stresses in the
structure at working loads are not allowed to exceed
a certain proportion of the yield stress of the con-
struction material, i.e. the stress levels are limited
to the elastic range. By assuming that the stress—
strain relationship over this range is linear, it is pos-
sible to calculate the actual stresses in the material
concerned. Such an approach formed the basis of the
design methods used in CP 114 (the forerunner of
BS 8110) and BS 449 (the forerunner of BS 5950).
However, although it modelled real building per-
formance under actual conditions, this philosophy
had two major drawbacks. Firstly, permissible design
methods sometimes tended to overcomplicate the
design process and also led to conservative solutions.
Secondly, as the quality of materials increased and
the safety margins decreased, the assumption that
stress and strain are directly proportional became
unjustifiable for materials such as concrete, making
it impossible to estimate the true factors of safety.

1.2.2 LOAD FACTOR DESIGN
Load factor or plastic design was developed to take
account of the behaviour of the structure once the
yield point of the construction material had been
reached. This approach involved calculating the
collapse load of the structure. The working load was
derived by dividing the collapse load by a load factor.
This approach simplified methods of analysis and
allowed actual factors of safety to be calculated.
It was in fact permitted in CP 114 and BS 449
but was slow in gaining acceptance and was even-
tually superseded by the more comprehensive limit
state approach.

The reader is referred to Appendix A for an ex-
ample illustrating the differences between the per-
missible stress and load factor approaches to design.

1.2.3 LIMIT STATE DESIGN

Originally formulated in the former Soviet Union
in the 1930s and developed in Europe in the 1960s,

5
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limit state design can perhaps be seen as a com-
promise between the permissible and load factor
methods. It is in fact a more comprehensive ap-
proach which takes into account both methods in
appropriate ways. Most modern structural codes of
practice are now based on the limit state approach.
BS 8110 for concrete, BS 5950 for structural
steelwork, BS 5400 for bridges and BS 5628 for
masonry are all limit state codes. The principal
exceptions are the code of practice for design in
timber, BS 5268, and the old (but still current)
structural steelwork code, BS 449, both of which
are permissible stress codes. It should be noted, how-
ever, that the Eurocode for timber (EC5), which is
expected to replace BS 5268 around 2010, is based
on limit state principles.

As limit state philosophy forms the basis of the
design methods in most modern codes of practice
for structural design, it is essential that the design
methodology is fully understood. This then is the
purpose of the following subsections.

1.2.3.1 Ultimate and serviceability
limit states

The aim of limit state design is to achieve accept-
able probabilities that a structure will not become
unfit for its intended use during its design life, that
is, the structure will not reach a limit state. There
are many ways in which a structure could become
unfit for use, including excessive conditions of bend-
ing, shear, compression, deflection and cracking
(Fig. 1.3). Each of these mechanisms is a limit state
whose effect on the structure must be individually
assessed.

Some of the above limit states, e.g. deflection
and cracking, principally affect the appearance of
the structure. Others, e.g. bending, shear and com-
pression, may lead to partial or complete collapse
of the structure. Those limit states which can cause
failure of the structure are termed ultimate limit
states. The others are categorized as serviceability
limit states. The ultimate limit states enable the
designer to calculate the strength of the structure.
Serviceability limit states model the behaviour of the
structure at working loads. In addition, there may
be other limit states which may adversely affect
the performance of the structure, e.g. durability
and fire resistance, and which must therefore also
be considered in design.

It is a matter of experience to be able to judge
which limit states should be considered in the
design of particular structures. Nevertheless, once
this has been done, it is normal practice to base

the design on the most critical limit state and then
check for the remaining limit states. For example,
for reinforced concrete beams the ultimate limit
states of bending and shear are used to size the
beam. The design is then checked for the remain-
ing limit states, e.g. deflection and cracking. On
the other hand, the serviceability limit state of
deflection is normally critical in the design of con-
crete slabs. Again, once the designer has determined
a suitable depth of slab, he/she must then make
sure that the design satisfies the limit states of bend-
ing, shear and cracking.

In assessing the effect of a particular limit state
on the structure, the designer will need to assume
certain values for the loading on the structure and
the strength of the materials composing the struc-
ture. This requires an understanding of the con-
cepts of characteristic and design values which are
discussed below.

1.2.3.2 Characteristic and design values

As stated at the outset, when checking whether a
particular member is safe, the designer cannot be
certain about either the strength of the material
composing the member or, indeed, the load which
the member must carry. The material strength may
be less than intended (a) because of its variable
composition, and (b) because of the variability of
manufacturing conditions during construction, and
other effects such as corrosion. Similarly the load
in the member may be greater than anticipated (a)
because of the variability of the occupancy or envir-
onmental loading, and (b) because of unforeseen
circumstances which may lead to an increase in the
general level of loading, errors in the analysis, errors
during construction, etc.

In each case, item (a) is allowed for by using a
characteristic value. The characteristic strength
is the value below which the strength lies in only a
small number of cases. Similarly the characteristic
load is the value above which the load lies in only
a small percentage of cases. In the case of strength
the characteristic value is determined from test re-
sults using statistical principles, and is normally
defined as the value below which not more than
5% of the test results fall. However, at this stage
there are insufficient data available to apply statist-
ical principles to loads. Therefore the characteristic
loads are normally taken to be the design loads
from other codes of practice, e.g. BS 648 and BS
6399.

The overall effect of items under (b) is allowed
for using a partial safety factor: vy, for strength
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and v, for load. The design strength is obtained by
dividing the characteristic strength by the partial
safety factor for strength:

characteristic strength

Vm

The design load is obtained by multiplying the
characteristic load by the partial safety factor for
load:

Design strength = (1.1)

Design load = characteristic load x y; (1.2)

The value of y,, will depend upon the properties
of the actual construction material being used.
Values for v, depend on other factors which will be
discussed more fully in Chapter 2.

In general, once a preliminary assessment of the
design loads has been made it is then possible to
calculate the maximum bending moments, shear
forces and deflections in the structure (Chapter 2).
The construction material must be capable of
withstanding these forces otherwise failure of the
structure may occur, i.e.

Design strength > design load (1.3)

Simplified procedures for calculating the moment,
shear and axial load capacities of structural ele-
ments together with acceptable deflection limits
are described in the appropriate codes of practice.

These allow the designer to rapidly assess the suit-
ability of the proposed design. However, before
discussing these procedures in detail, Chapter 2
describes in general terms how the design loads
acting on the structure are estimated and used to
size individual elements of the structure.

1.3 Summary

This chapter has examined the bases of three
philosophies of structural design: permissible stress,
load factor and limit state. The chapter has con-
centrated on limit state design since it forms the
basis of the design methods given in the codes of
practice for concrete (BS 8110), structural steel-
work (BS 5950) and masonry (BS 5628). The aim
of limit state design is to ensure that a structure
will not become unfit for its intended use, that is,
it will not reach a limit state during its design life.
Two categories of limit states are examined in
design: ultimate and serviceability. The former is
concerned with overall stability and determining
the collapse load of the structure; the latter exam-
ines its behaviour under working loads. Structural
design principally involves ensuring that the loads
acting on the structure do not exceed its strength
and the first step in the design process then is to
estimate the loads acting on the structure.

Questions

1. Explain the difference between conceptual
design and detailed design.

2. What is a code of practice and what is its
purpose in structural design?

3. List the principal sources of uncertainty in
structural design and discuss how these
uncertainties are rationally allowed for in
design.

4. The characteristic strengths and design
strengths are related via the partial safety
factor for materials. The partial safety
factor for concrete is higher than for steel
reinforcement. Discuss why this should be so.

5. Describe in general terms the ways in
which a beam and column could become
unfit for use.




This chapter is concerned with general methods of
sizing beams and colummns in structures. The chapter
describes how the characteristic and design loads acting
on structures and on the individual elements are deter-
mined. Methods of calculating the bending moments,
shear forces and deflections in beams are outlined.
Finally, the chapter describes general approaches to
sizing beams according to elastic and plastic criteria
and sizing columns subject to axial loading.

2.1 Introduction

All structures are composed of a number of inter-
connected elements such as slabs, beams, columns,
walls and foundations. Collectively, they enable the
internal and external loads acting on the structure
to be safely transmitted down to the ground. The
actual way that this is achieved is difficult to model
and many simplifying, but conservative, assump-
tions have to be made. For example, the degree
of fixity at column and beam ends is usually uncer-
tain but, nevertheless, must be estimated as it
significantly affects the internal forces in the element.
Furthermore, it is usually assumed that the reaction
from one element is a load on the next and that
the sequence of load transfer between elements
occurs in the order: ceiling/floor loads to beams to
columns to foundations to ground (Fig. 2.1).

At the outset, the designer must make an assess-
ment of the future likely level of loading, including
self-weight, to which the structure may be subject
during its design life. Using computer methods or
hand calculations the design loads acting on indi-
vidual elements can then be evaluated. The design
loads are used to calculate the bending moments,
shear forces and deflections at critical points along
the elements. Finally, suitable dimensions for the
element can be determined. This aspect requires
an understanding of the elementary theory of
bending and the behaviour of elements subject to

Chapter 2
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Fig. 2.1 Sequence of load transfer between elements of a
structure.

compressive loading. These steps are summarized
in Fig. 2.2 and the following sections describe the
procedures associated with each step.

2.2 Design loads acting on
structures

The loads acting on a structure are divided into
three basic types: dead, imposed and wind. For
each type of loading there will be characteristic and
design values, as discussed in Chapter 1, which must
be estimated. In addition, the designer will have to
determine the particular combination of loading
which is likely to produce the most adverse effect
on the structure in terms of bending moments,
shear forces and deflections.

2.2.1 DEAD LOADS, G, g,

Dead loads are all the permanent loads acting on
the structure including self-weight, finishes, fixtures
and partitions. The characteristic dead loads can be

9
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| determination of the design loads acting on the structure |

v

determination of the design loads on individual elements

v

| calculation of bending moments, shear forces and deflections of beams |

v

| sizing of beams |

v

| sizing of columns

Fig. 2.2 Design process.

Example 2.1 Self-weight of a reinforced concrete beam

Calculate the self-weight of a reinforced concrete beam of breadth 300 mm, depth 600 mm and length 6000 mm.
From Table 2.1, unit mass of reinforced concrete is 2400 kg m=. Assuming that the gravitational constant is
10 m s (strictly 9.807 m s72), the unit weight of reinforced concrete, p, is

p = 2400 x 10 =24000 N m™® = 24 kN m™®

Hence, the self-weight of beam, SW, is

SW = volume X unit weight
= (0.3 x 0.6 X 6)24 = 25.92 kN

estimated using the schedule of weights of building
materials given in BS 648 (Table 2.1) or from manu-
facturers’ literature. The symbols G, and g, are
normally used to denote the total and uniformly
distributed characteristic dead loads respectively.

Estimation of the self-weight of an element tends
to be a cyclic process since its value can only be
assessed once the element has been designed which
requires prior knowledge of the self-weight of the
element. Generally, the self-weight of the element
is likely to be small in comparison with other dead
and live loads and any error in estimation will tend
to have a minimal effect on the overall design
(Example 2.1).

2.2.2 IMPOSED LOADS Q, g,

Imposed load, sometimes also referred to as live
load, represents the load due to the proposed oc-
cupancy and includes the weights of the occupants,
furniture and roof loads including snow. Since
imposed loads tend to be much more variable
than dead loads they are more difficult to predict.

10

BS 6399: Part 1: 1984: Code of Practice for Dead and
Imposed Loads gives typical characteristic imposed
floor loads for different classes of structure, e.g.
residential dwellings, educational institutions,
hospitals, and parts of the same structure, e.g.
balconies, corridors and toilet rooms (Zable 2.2).

2.2.3 WIND LOADS

Wind pressure can either add to the other gravita-
tional forces acting on the structure or, equally
well, exert suction or negative pressures on the
structure. Under particular situations, the latter may
well lead to critical conditions and must be con-
sidered in design. The characteristic wind loads
acting on a structure can be assessed in accordance
with the recommendations given in CP 3: Chapter
V: Part 2: 1972 Wind Loads or Part 2 of BS 6399:
Code of Practice for Wind Loads.

Wind loading is important in the design of ma-
sonry panel walls (Chapter 5). However beyond that,
wind loading is not considered further since the em-
phasis in this book is on the design of elements rather
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Table 2.1 Schedule of unit masses of building materials (based on BS 648)

Asphalt

Roofing 2 layers, 19 mm thick 42 kg m™

Damp-proofing, 19 mm thick 41 kg m™

Roads and footpaths, 19 mm thick 44 kg m™

Bitumen roofing felts

Mineral surfaced bitumen 3.5 kg m™

Blockwork

Solid per 25 mm thick, stone 55 kg m™>
aggregate

Aerated per 25 mm thick 15 kg m™

Board

Blockboard per 25 mm thick 12.5 kg m™

Brickwork

Clay, solid per 25 mm thick 55 kg m™
medium density

Concrete, solid per 25 mm thick 59 kg m™

Cast stone 2250 kg m™

Concrete

Natural aggregates 2400 kg m™

Lightweight aggregates (structural) 1760 + 240/

-160 kg m™

Flagstones

Concrete, 50 mm thick 120 kg m™

Glass fibre

Slab, per 25 mm thick 2.0-5.0 kg m™

Gypsum panels and partitions

Building panels 75 mm thick 44 kg m™

Lead

Sheet, 2.5 mm thick 30 kg m™

Linoleum

3 mm thick 6 kg m™

Plaster

Two coats gypsum, 13 mm thick 22 kg m™

Plastics sheeting (corrugated) 4.5 kg m™

Plywood

per mm thick 0.7 kg m™

Reinforced concrete 2400 kg m™

Rendering

Cement: sand (1:3), 13 mm thick 30 kg m™

Screeding

Cement: sand (1:3), 13 mm thick 30 kg m™

Slate tiles

(depending upon thickness 24-78 kg m™’
and source)

Steel

Solid (mild) 7850 kg m™

Corrugated roofing sheets, 10 kg m™
per mm thick

Tarmacadam

25 mm thick 60 kg m™

Terrazzo

25 mm thick 54 kg m™

Tiling, roof

Clay 70 kg m™

Timber

Softwood 590 kg m™

Hardwood 1250 kg m™

Water 1000 kg m™

Woodwool

Slabs, 25 mm thick 15 kg m™

than structures, which generally involves investigat-
ing the effects of dead and imposed loads only.

2.2.4 LOAD COMBINATIONS AND

DESIGN LOADS
The design loads are obtained by multiplying the
characteristic loads by the partial safety factor for

loads, y; (Chapter 1). The value for y; depends on
several factors including the limit state under
consideration, i.e. ultimate or serviceability, the
accuracy of predicting the load and the particu-
lar combination of loading which will produce the
worst possible effect on the structure in terms of
bending moments, shear forces and deflections.

11
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Table 2.2 Imposed loads for residential occupancy class

Floor area usage

Intensiry of distributed load Concentrated load

RN m™ kN
Type 1. Self-contained dwelling units
All 1.5 1.4
Type 2. Apartment houses, boarding houses, lodging
houses, guest houses, hostels, residential clubs and
communal areas in blocks of flats
Boiler rooms, motor rooms, fan rooms and the like 7.5 4.5

including the weight of machinery

Communal kitchens, laundries 3.0 4.5
Dining rooms, lounges, billiard rooms 2.0 2.7
Toilet rooms 2.0 -
Bedrooms, dormitories 1.5 1.8
Corridors, hallways, stairs, landings, footbridges, etc. 3.0 4.5

Balconies

Cat walks

Type 3. Hotels and motels

Boiler rooms, motor rooms, fan rooms and the like,
including the weight of machinery

Assembly areas without fixed seating, dance halls

Bars

Assembly areas with fixed seating?®

Corridors, hallways, stairs, landings, footbridges, etc.

Kitchens, laundries

Dining rooms, lounges, billiard rooms

Bedrooms

Toilet rooms

Balconies

Cat walks

Same as rooms to which
they give access but with concentrated at

a minimum of 3.0 the outer edge

- 1.0 at 1 m centres

1.5 per metre run

7.5 4.5
5.0 3.6
5.0 -
4.0 -
4.0 4.5
3.0 4.5
2.0 2.7
2.0 1.8
2.0 -

Same as rooms to which
they give access but with concentrated at the
a minimum of 4.0 outer edge

- 1.0 at 1 m centres

1.5 per metre run

Note. * Fixed seating is seating where its removal and the use of the space for other purposes are improbable.

1.4G, + 1.6Q

Fig. 2.3

In most of the simple structures which will be
considered in this book, the worst possible com-
bination will arise due to the maximum dead and
maximum imposed loads acting on the structure
together. In such cases, the partial safety factors for
dead and imposed loads are 1.4 and 1.6 respect-
ively (Fig. 2.3) and hence the design load is given by

12

Design load = 1.4G, + 1.6Q,

However, it should be appreciated that theoret-
ically the design dead loads can vary between the
characteristic and ultimate values, i.e. 1.0G, and
1.4G,. Similarly, the design imposed loads can
vary between zero and the ultimate value, i.e. 0.0Q,
and 1.6Q,. Thus for a simply supported beam with
an overhang (Fig. 2.4(a)) the load cases shown in
Figs 2.4(b)—(d) will need to be considered in order
to determine the design bending moments and shear
forces in the beam.
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2.3 Design loads acting on
elements

Once the design loads acting on the structure have
been estimated it is then possible to calculate the
design loads acting on individual elements. As was
pointed out at the beginning of this chapter, this
usually requires the designer to make assumptions
regarding the support conditions and how the loads
will eventually be transmitted down to the ground.
Figures 2.5(a) and ('b) illustrate some of the more

Design loads acting on elements

1.4G, +1.6Q4 ‘

(b) f

1.4G
- 1.6,

commonly assumed support conditions at the ends
of beams and columns respectively.

In design it is common to assume that all the joints
in the structure are pinned and that the sequence of
load transfer occurs in the order: ceiling/floor loads to
beams to columns to foundations to ground. These
assumptions will considerably simplify calculations
and lead to conservative estimates of the design
loads acting on individual elements of the struc-
ture. The actual calculations to determine the forces
acting on the elements are best illustrated by a
number of worked examples as follows.
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Fixed or Free
built in
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x ~

Fig. 2.5 Typical beams and column support conditions.
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Example 2.2 Design loads on a floor beam

A composite floor consisting of a 150 mm thick reinforced concrete slab supported on steel beams spanning 5 m and
spaced at 3 m centres is to be designed to carry an imposed load of 3.5 kN m™ Assuming that the unit mass of the
steel beams is 50 kg m™" run, calculate the design loads on a typical internal beam.

N

N

[¢—3m—pl¢—3m—>j¢—3m—>

UNIT WEIGHTS OF MATERIALS

Reinforced concrete
From Table 2.1, unit mass of reinforced concrete is 2400 kg m™. Assuming the gravitational constant is 10 m s, the
unit weight of reinforced concrete is

2400 X 10 =24 000 N m= =24 kN m™®
Steel beams
Unit mass of beam =50 kg m™ run
Unit weight of beam = 50 x 10 = 500 N m™" run = 0.5 kN m™" run
LOADING

Slab
Slab dead load (g,) = self-weight = 0.15 X 24 = 3.6 kN m™

Slab imposed load (g,) = 3.5 kN m™
Slab ultimate load =149,+16q9,=14x%x36+16x%x35
= 10.64 kN m™
Beam
Beam dead load (g,) = self-weight = 0.5 kN m™" run
Beam ultimate load = 1.4g, =14x%x05=0.7 kN m™ run
DESIGN LOAD

Each internal beam supports a uniformly distributed load from a 3 m width of slab (hatched \\\\\\\) plus self-weight.
Hence

Design load on beam = slab load + self-weight of beam
=1064x5%x3+07x%x5
=159.6 + 3.5 = 163.1 kN

14
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Example 2.3 Design loads on floor beams and columns

The floor shown below with an overall depth of 225 mm is to be designed to carry an imposed load of 3 kN m™ plus
floor finishes and ceiling loads of 1 kN m™. Calculate the design loads acting on beams B1-C1, B2-C2 and B1-B3 and
columns B1 and C1. Assume that all the column heights are 3 m and that the beam and column weights are 70 and

60 kg m™" run respectively.
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UNIT WEIGHTS OF MATERIALS

Reinforced concrete
From Table 2.1, unit mass of reinforced concrete is 2400 kg m™. Assuming the gravitational constant is 10 m s, the
unit weight of reinforced concrete is

2400 X 10 =24 000 N m™ =24 kN m™

e w
3

Steel beams
Unit mass of beam =70 kg m™" run
Unit weight of beam = 70 x 10 =700 N m™ run = 0.7 kN m™ run

Steel columns
Unit mass of column =60 kg m™' run
Unit weight of column =60 x 10 = 600 N m™" run = 0.6 kN m™" run

LOADING

Slab
Slab dead load (g,) = self-weight + finishes
=0225%x 24 + 1 =6.4 kN m™
Slab imposed load (q,) = 3 kN m™
Slab ultimate load 1.49, + 1.6q,
14X64+16x3 =13.76 kN m™

Beam

Beam dead load (g,) = self-weight = 0.7 kN m™ run

Beam ultimate load = 1.4g, =1.4x0.7=0.98 kN m™ run
Column

Column dead load (g,) = 0.6 kN m™ run
Column ultimate load = 1.4g, = 1.4 X 0.6 = 0.84 kN m™' run

15



Basic structural concepts and material properties

Example 2.3 continued

DESIGN LOADS

Beam B1-C1
Assuming that the slab is simply supported, beam B1-C1 supports a uniformly distributed load from a 1.5 m width of
slab (hatched [/////) plus self-weight of beam. Hence

Design load on beam B1-C1 = slab load + self-weight of beam
=1376 X6 X 1.5+ 098 X6
= 123.84 + 5.88 = 129.72 kN

— 129.72 kN
Y A
< 6m >
RB1 RC1

Since the beam is symmetrically loaded,
R, = Rey = 129.72/2 = 64.86 kN
Beam B2-C2

Assuming that the slab is simply supported, beam B2-C2 supports a uniformly distributed load from a 3 m width of
slab (hatched \\\\\) plus its self-weight. Hence

Design load on beam B2-C2 = slab load + self-weight of beam
=1376 X6 X3 +0.98 X6
= 247.68 + 5.88 = 253.56 kN

253.56 kN
/

4 4

Rs2 Rca

Since the beam is symmetrically loaded, Ry, and R, are the same and equal to 253.56/2 = 126.78 kN.

Beam B1-B3

Assuming that the slab is simply supported, beam B1-B3 supports a uniformly distributed load from a 1.5 m width of
slab (shown cross-hatched) plus the self-weight of the beam and the reaction transmitted from beam B2-C2 which
acts as a point load at mid-span. Hence

Design load on beam B1-B3 = uniformly distributed load from slab plus self-weight of beam
+ point load from reaction Ry,

=(13.76 X 1.5 X 6 + 0.98 X 6) + 126.78
= 129.72 + 126.78 = 256.5 kN

126.78 kN
. N
12972k
A A
+——3m—>le——3m—>
Re: Res
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Example 2.3 continued

Since the beam is symmetrically loaded,
Rs; = Rg; = 256.5/2 = 128.25 kN

Column B1

Beam B1-B3

Beam A1-B1 Beam B1-C1

B1

Column B1 supports the reactions from beams A1-B1, B1-C1 and B1-B3 and its self-weight. From the above, the
reaction at B1 due to beam B1-C1 is 64.86 kN and from beam B1-B3 is 128.25 kN. Beam A1-B1 supports only its
self-weight = 0.98 x 3 = 2.94 kN. Hence reaction at B1 due to A1-B1 is 2.94/2 = 1.47 kN.Since the column height is
3 m, self-weight of column = 0.84 x 3 = 2.52 kN. Hence

Design load on column B1 = 64.86 + 128.25 + 1.47 + 2.52
=197.1 kN

Column C1

Beam C1-C3

Beam B1-C1
C1

Column C1 supports the reactions from beams B1-C1 and C1-C3 and its self-weight. From the above, the reaction at
C1 due to beam B1-C1 is 64.86 kN. Beam C1-C3 supports the reactions from B2-C2 (= 126.78 kN) and its self-
weight (= 0.98 x 6) = 5.88 kN. Hence the reaction at C1 is (126.78 + 5.88)/2 = 66.33 kN. Since the column height
is 3 m, self-weight = 0.84 x 3 = 2.52 kN. Hence

Design load on column C1 = 64.86 + 66.33 + 2.52 = 133.71 kN

1. equilibrium equations

2.4 Structural analysis

The design axial loads can be used directly to size col-
umns. Column design will be discussed more fully
in section 2.5. However, before flexural members
such as beams can be sized, the design bending
moments and shear forces must be evaluated.
Such calculations can be performed by a variety of
methods as noted below, depending upon the com-
plexity of the loading and support conditions:

2. formulae
3. computer methods.

Hand calculations are suitable for analysing
statically determinate structures such as simply sup-
ported beams and slabs (section 2.4.1). For various
standard load cases, formulae for calculating the
maximum bending moments, shear forces and
deflections are available which can be used to rapidly

17
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analyse beams, as will be discussed in section 2.4.2.
Alternatively, the designer may resort to using vari-
ous commercially available computer packages, e.g.
SAND. Their use is not considered in this book.

2.4.17 EQUILIBRIUM EQUATIONS

It can be demonstrated that if a body is in equilib-
rium under the action of a system of external forces,
all parts of the body must also be in equilibrium.

This principle can be used to determine the bend-
ing moments and shear forces along a beam. The
actual procedure simply involves making fictitious
‘cuts’ at intervals along the beam and applying the
equilibrium equations given below to the cut por-
tions of the beam.

2 moments (M) =0
X vertical forces (1) =0

2.1)
(2.2)

Example 2.4 Design moments and shear forces in beams using

equilibrium equations

Calculate the design bending moments and shear forces in beams B2-C2 and B1-B3 of Example 2.3.

BEAM B2-C2
W 253,50 N = 4220 4N m_1
B2‘ y c2
< 6m >
—Pp X

126.78 kN = Rc,

Let the longitudinal centroidal axis of the beam be the x axis and x = 0 at support B2.

x=0
By inspection,

Moment at x=0 (M,_)) =0
Shear force at x=10 (V,_)) = Ry, = 126.78 kN

x=1

Assuming that the beam is cut 1 m from support B2, i.e. x =1 m, the moments and shear forces acting on the cut
portion of the beam will be those shown in the free body diagram below:

4226 KNm™!
24} D) e
B2 A
——1m—> Ve,
126.78 kN

From equation 2.1, taking moments about Z gives

126.78 x 1 — 4226 x 1x05-M,_, =0

Hence

M,_, = 105.65 kN m

From equation 2.2, summing the vertical forces gives

126.78 — 4226 X 1 — V,_, =0

18
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Example 2.4 continued

Hence
V._, = 84.52 kN
xX=2
The free body diagram for the beam, assuming that it has been cut 2 m from support B2, is shown below:
4226 kN m™'
B2 24}, D
2m »| V-2

126.78 kN
From equation 2.1, taking moments about Z gives
126.78 X2 — 4226 x2x1-M_, =0
Hence
M., = 169.04 kN m
From equation 2.2, summing the vertical forces gives
126.78 - 4226 x2 - V,,,=0
Hence
V.., = 42.26 kN

If this process is repeated for values of x equal to 3, 4, 5 and 6 m, the following values of the moments and shear
forces in the beam will result:

x(m) 0 1 2 3 4 5 6
M(kN m) 0 105.65 169.04 190.17 169.04  105.65 0
UkN) 126.78 84.52 42.26 0 —-42.26  -84.52 -126.78

This information is better presented diagrammatically as shown below:

W42'26 K

A A

< 6m >
Sign convention: AE
Sagging moment +ve ==
X O | X N
SE ~ BM diagram
Els

Zero shear force

+126.78 kN

SF diagram

-126.78 kN

19



Basic structural concepts and material properties

Example 2.4 continued

Hence, the design moment (M) is 190.17 kN m. Note that this occurs at mid-span and coincides with the point of
zero shear force. The design shear force (V) is 126.78 kN and occurs at the supports.

BEAM B1-B3

126.78 kN
129.72 kN

B1‘ ‘BS
«——— 3m—ple——3m —>
—p X

128.25 kN 128.25 kN

Again, let the longitudinal centroidal axis of the beam be the x axis of the beam and set x = 0 at support B1.
The steps outlined earlier can be used to determine the bending moments and shear forces at x=0, 1 and 2 m and
since the beam is symmetrically loaded and supported, these values of bending moment and shear forces will apply
at x =4, 5 and 6 m respectively.

The bending moment at x = 3 m can be calculated by considering all the loading immediately to the left of the
point load as shown below:

129.72
2

z} Lq)Mx:s
3 m—f Y

128.25 kN

= 64.86 kN

From equation 2.1, taking moments about Z gives
128.25x 3 — 64.86 X 3/2 - M,_, =0
Hence
M, _, = 287.46 kN m

In order to determine the shear force at x = 3 the following two load cases need to be considered:

64.86 kN 64.86 kN | 126.78 kN
y
[} Dm L
e 3m— s Vxar «——3m—>] Vx=3r
128.25 kN 128.25 kN

(a) (b)
In (a) it is assumed that the beam is cut immediately to the left of the point load. In (b) the beam is cut immediately
to the right of the point load. In (a), from equation 2.2, the shear force to the left of the cut, V.31, is given by
128.25 — 64.86 — V,_;, = 0
Hence
V.5, = 63.39 kN

20
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Structural analysis

In (b), from equation 2.2, the shear force to the right of the cut, Vi3 IS given by

128.25 — 64.86 — 126.78 — V, ., = 0

Hence

V, .z = —63.39 kN

Summarising the results in tabular and graphical form gives

x(m) 0 1 2 4 5 6
M(kN m) 0 117.44 213.26 287.46 213.26 117.44 0
UkN) 128.25 106.63 85.01 63.39/-63.39 —85.01 —106.63 —128.25

126.78 kN
ng]z ™

A

B1

A
e 3m——»fe——3m—»

B3

4

A 4

128.25 kN ’\
/

Max. moment = 287.46 kN m
—63.39 kN

/
63.39 kN —128.25kN m

Hence, the design moment for beam B1-B3 is 287.46 kN m and occurs at mid-span and the design shear force is

128.25 kN and occurs at the supports.

2.4.2 FORMULAE

An alternative method of determining the design
bending moments and shear forces in beams in-
volves using the formulae quoted in Table 2.3. The
table also includes formulae for calculating the
maximum deflections for each load case. The for-
mulae can be derived using a variety of methods

for analysing statically indeterminate structures, e.g.
slope deflection and virtual work, and the inter-
ested reader is referred to any standard work on
this subject for background information. There will
be many instances in practical design where the
use of standard formulae is not convenient and
equilibrium methods are preferable.
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Table 2.3 Bending moments, shear forces and deflections for
various standard load cases

Loading Maximum Maximum Maximum
bending shearing deflection
moment force

w
! wL w Wi
i L/2 L L/2 4 2 48EI
< bi¢
WIZl W/Zl
WL W 23WI?
3] s s 6 2 1296EI
L ha— »
W/2l W/Zl
% K 11w’
ta|l L2 |ua 8 2 768EI
e pi¢
udf=WwW wrL w Sw
L 8 2 384EI
w WL w wr
I L I 6 2 60EI

4 Y o m w wr

] l # 8 2 192E1

“] (o _L L ; (at supports

y > » and at midspan)

y WL w wr

- 4 12 2 384EI

] udf= W d at supports

] L # WL
24

~ w l at midspan
WL w |4%/54

y L ,! 3EI

,

T wrsw ] ™ - WL

g 2 8EI
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Structural analysis

Example 2.5 Design moments and shear forces in beams using formulae

Repeat Example 2.4 using the formulae given in Table 2.3.

BEAM B2-C2

g —253.56 kN

A

A

RB2

6m >

Rc2

By inspection, maximum moment and maximum shear force occur at beam mid-span and supports respectively. From

Table 2.3, design moment, M, is given by

WI 253.56 x 6
M = ?:—X

and design shear force, V, is given by

W 253.
V=7= 53.56

BEAM B1-B3

=190.17 kN m

=126.78 kN

126.78 kN / 129.72 kN

Re4

[—— 3 m——pjt—— 3 m—»
Res

This load case can be solved using the principle of superposition which can be stated in general terms as follows: ‘The
effect of several actions taking place simultaneously can be reproduced exactly by adding the effects of each case
separately.’ Thus, the loading on beam B1-B3 can be considered to be the sum of a uniformly distributed load (W,g)

of 129.72 kN and a point load (IV,) at mid-span of 126.78 kN.

Wp V4

Wade z Waae l Wpl’
\ \ = A& T
< 14 < 4 > < ¢ >
A
A 4
M= Wudfg M= M

8

4

By inspection, the maximum bending moment and shear force for both load cases occur at beam mid-span and

supports respectively. Thus, the design moment, M, is given by

M =

Wl W, 12972x6 126786
— 4+ = +

8 4 8
and the design shear force, V, is given by

W, W, 12972 12678
Sy B
2 2 2

V=

=128.25 kN

=287.46 kN m
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2.5 Beam design

Having calculated the design bending moment and
shear force, all that now remains to be done is to
assess the size and strength of beam required.
Generally, the ultimate limit state of bending will
be critical for medium-span beams which are mod-
erately loaded and shear for short-span beams
which are heavily loaded. For long-span beams the
serviceability limit state of deflection may well be
critical. Irrespective of the actual critical limit
state, once a preliminary assessment of the size
and strength of beam needed has been made, it must
be checked for the remaining limit states that may
influence its long-term integrity.

The processes involved in such a selection will
depend on whether the construction material be-
haves (i) elastically or (ii) plastically. If the material
is elastic, it obeys Hooke’s law, that is, the stress
in the material due to the applied load is directly
proportional to its strain (Fig. 2.6) where

Stress (o) = force

area

Stress 4

Yield stress |- —
(Oy)

1

el

Elastic Plastic

Strain

Fig. 2.6 Stress—strain plot for steel.

— Compression €+—

\

change in length

and Strain (g) = —
original length
The slope of the graph of stress vs. strain (Fig. 2.6)
is therefore constant, and this gradient is normally
referred to as the elastic or Young’s modulus and
is denoted by the letter E. It is given by

t
Young’s modulus (E) = Stress

strain

Note that strain is dimensionless but that both
stress and Young’s modulus are usually expressed
in N mm™.

A material is said to be plastic if it strains without
a change in stress. Plasticine and clay are plastic
materials but so is steel beyond its yield point
(Fig. 2.6). As will be seen in Chapter 3, reinforced
concrete design also assumes that the material
behaves plastically.

The structural implications of elastic and plastic
behaviour are best illustrated by considering how
bending is resisted by the simplest of beams — a
rectangular section b wide and d deep.

2.5.1 ELASTIC CRITERIA

When any beam is subject to load it bends as shown
in Fig. 2.7(a). The top half of the beam is put
into compression and the bottom half into tension.
In the middle, there is neither tension nor com-
pression. This axis is normally termed the neutral
axis.

If the beam is elastic and stress and strain are
directly proportional for the material, the variation
in strain and stress from the top to middle to bot-
tom is linear (Figs 2.7(b) and (¢)). The maximum
stress in compression and tension is 6,. The aver-
age stress in compression and tension is ¢,/2. Hence
the compressive force, F., and tensile force, F,,
acting on the section are equal and are given by

€ Oy

[e——a —>

fe—b—>{

(a)
Fig. 2.7 Strain and stress in an elastic beam.
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F. = F, = F = stress X area
_S % _ bdo,
2 2 4
The tensile and compression forces are separ-
ated by a distance s whose value is equal to 2d/3
(Fig. 2.7(a)). Together they make up acouple, or mo-
ment, which acts in the opposite sense to the design

moment. The value of this moment of resistance,
M,, is given by

bdo, 2d _ bd’c,
4 3 6

At equilibrium, the design moment in the beam
will equal the moment of resistance, i.e.

M=M, (2.4)

Provided that the yield strength of the material,
i.e. 0, is known, equations 2.3 and 2.4 can be used
to calculate suitable dimensions for the beam
needed to resist a particular design moment. Altern-

M, =Fs= (2.3)

Table 2.4 Second moments of area

Shape Second moment of area
Rectangle , b y
2 , 3 bd®
Y I,.=bd12 I,,=—
d X .__,,:___ X , 3
PN B 2 P I, =db’/12
Triangle
h| x5 - X~ I_=bh*/36
hi3 3
a a ]: I, =bh’/12
’_b_'

Disk
— 4
o e x I, =7nR"4
Ipolar = 21xx

Hollow r—Lxs BD’® - bd’
rectangle B I = T
- "X I{D DB’ — db’

y Iy = 12

I-section
3 _ 3
I- BD° - bd
12

2TB®  dr?
I, = + —
12 12

Beam design

atively if b and d are known, the required material
strength can be evaluated.
Equation 2.3 is more usually written as

M=cZ (2.5)
or
ol
M=~ (2.6)

where Z is the elastic section modulus and is equal
to bd?/6 for a rectangular beam, I is the moment of
inertia or, more correctly, the second moment of
area of the section and y the distance from the
neutral axis (Fig. 2.7(a)). The elastic section modu-
lus can be regarded as an index of the strength of
the beam in bending. The second moment of area
about an axis x—x in the plane of the section is
defined by

I, =[y?d4 2.7

Second moments of area of some common shapes
are given in Table 2.4.

2.5.2 PLASTIC CRITERIA
While the above approach would be suitable for
design involving the use of materials which have a
linear elastic behaviour, materials such as reinforced
concrete and steel have a substantial plastic per-
formance. In practice this means that on reaching
an elastic yield point the material continues to de-
form but with little or no change in maximum stress.
Figure 2.8 shows what this means in terms of
stresses in the beam. As the loading on the beam
increases extreme fibre stresses reach the yield point,
0,, and remain constant as the beam continues to
bend. A zone of plastic yielding begins to penetrate
into the interior of the beam, until a point is reached
immediately prior to complete failure, when practic-
ally all the cross-section has yielded plastically. The
average stress at failure is 6, rather than 6,/2 as was

Increasing bending moment

v

o oy oy Plastic

| ADE %

(a) (b) (©) ()

Fig. 2.8 Bending failure of a beam (a) below yield
(elastic); (b) at yield point (elastic); (¢) beyond yield
(partially plastic); (d) beyond yield (fully plastic).

Q
<

o LTI
|4—

o
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found to be the case when the material was assumed
to have a linear-elastic behaviour. The moment of
resistance assuming plastic behaviour is given by

bdo, d _ bd*c, S
2 2

4 y
where S is the plastic section modulus and is
equal to bd?/4 for rectangular beams. By setting the
design moment equal to the moment of resistance
of the beam its size and strength can be calculated
according to plastic criteria (Example 2.6).

M, = Fs = (2.8)

2.6 Column design

Generally, column design is relatively straightfor-
ward. The design process simply involves making
sure that the design load does not exceed the load
capacity of the column, i.e.

(2.9)

Where the column is required to resist a predomin-
antly axial load, its load capacity is given by

Load capacity > design axial load

Load capacity = design stress X area of

column cross-section  (2.10)

The design stress is related to the crushing
strength of the material(s) concerned. However, not
all columns fail in this mode. Some fail due to a

combination of buckling followed by crushing of
the material(s) (Fig. 1.3). These columns will tend
to have lower load-carrying capacities, a fact which
is taken into account by reducing the design stresses
in the column. The design stresses are related to
the slenderness ratio of the column, which is found
to be a function of the following factors:

1. geometric properties of the column cross-
section, e.g. lateral dimension of column, radius
of gyration;

2. length of column;

3. support conditions (Fig. 2.5).

The radius of gyration, r, is a sectional property
which provides a measure of the column’s ability
to resist buckling. It is given by

r=IA)" (2.11)

Generally, the higher the slenderness ratio, the
greater the tendency for buckling and hence the
lower the load capacity of the column. Most prac-
tical reinforced concrete columns are designed to
fail by crushing and the design equations for this
medium are based on equation 2.10 (Chapter 3).
Steel columns, on the other hand, are designed to
fail by a combination of buckling and crushing.
Empirical relations have been derived to predict
the design stress in steel columns in terms of the
slenderness ratio (Chaprer 4).

Example 2.6 Elastic and plastic moments of resistance of a

beam section

Calculate the moment of resistance of a beam 50 mm wide by 100 mm deep with 6, =20 N mm~ according to (i)

elastic criteria and (ii) plastic criteria.
ELASTIC CRITERIA

From equation 2.3,

_bd*

M= o
rel 6 y 6

PLASTIC CRITERIA

From equation 2.8,

M

50 X 100 X 20

bd’s, _ 50 x 1002 X 20

=1.67 x 108 N mm

=25x%x 10 N mm

r,pl =

4 4

Hence it can be seen that the plastic moment of resistance of the section is greater than the maximum elastic
moment of resistance. This will always be the case but the actual difference between the two moments will depend

upon the shape of the section.
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In most real situations, however, the loads will
be applied eccentric to the axes of the column.
Columns will therefore be required to resist axial
loads and bending moments about one or both
axes. In some cases, the bending moments may be
small and can be accounted for in design simply
by reducing the allowable design stresses in the ma-
terial(s). Where the moments are large, for instance
columns along the outside edges of buildings,
the analysis procedures become more complex and
the designer may have to resort to the use of design
charts. However, as different codes of practice treat
this in different ways, the details will be discussed
separately in the chapters which follow.

Summary

2.7 Summary

This chapter has presented a simple but conserv-
ative method for assessing the design loads acting
on individual members of building structures. This
assumes that all the joints in the structure are
pinended and that the sequence of load transfer
occurs in the order: ceiling/floor loads to beams to
columns to foundations to ground. The design loads
are used to calculate the design bending moments,
shear forces, axial loads and deflections experienced
by members. In combination with design strengths
and other properties of the construction medium,
the sizes of the structural members are determined.

Example 2.7 Analysis of column section

Determine whether the reinforced concrete column cross-section shown below would be suitable to resist an axial
load of 1500 kN. Assume that the design compressive strengths of the concrete and steel reinforcement are 14 and

375 N mm™ respectively.

300 mm

!

fle—
— o

[«—300 mm—»

4 no. 20 mm dia.
reinforcing bars

Area of steel bars = 4 x (n20%/4) = 1256 mm?
Net area of concrete = 300 X 300 — 1256 = 88 744 mm?

Load capacity of column = force in concrete + force in steel

=14 x 88 744 + 375 x 1256
=1713416 N =1713.4 kN

Hence the column cross-section would be suitable to resist the design load of 1500 kN.
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Questions

1. For the beams shown, calculate and
sketch the bending moment and shear
force diagrams.

lso kN 50N iso KN lso kN lso kN
20kN m™’
X D X 2
e sm—» le—sm—0l
l30 kN lso kN
10kN m™"
A pay .
roo kN roo kN
20kNm™! 20 kN m™?

s 7~ N
|<—2 m—>l<—4 m—>l<—2 m—J

2. For the three load cases shown in
Fig. 2.4, sketch the bending moment and
shear force diagrams and hence determine
the design bending moments and shear
forces for the beam. Assume the main
span is 6 m and the overhang is 2 m. The
characteristic dead and imposed loads are
respectively 20 KNm™ and 10 kNm™.

3. (a) Calculate the area and the major axis
moment of inertia, elastic modulus,
plastic modulus and the radius of
gyration of the steel I-section shown

below.
B=170 mm T=12mm
>
1

D =360 mm|_* X

K= t=7mm

L ]

(b) Assuming the design strength of steel,

O,, is 275 Nmm ™, calculate the

moment of resistance of the I-section

according to (i) elastic and (ii) plastic
criteria. Use your results to determine
the working and collapse loads of a
beam with this cross-section, 6 m long
and simply supported at its ends.
Assume the loading on the beam is
uniformly distributed.

4. What are the most common ways in
which columns can fail? List and discuss
the factors that influence the load carrying
capacity of columns.

5. The water tank shown in Fig. 2.9 is
subjected to the following characteristic
dead (G, imposed (Q,) and wind loads
(W) respectively
(1) 200 kN, 100 kN and 50 kN (Load

case 1)
(i1) 200 kN, 100 kN and 75 kN (Load
case 2).
Assuming the support legs are pinned at
the base, determine the design axial forces
in both legs by considering the following
load combinations:
(a) dead plus imposed
(b) dead plus wind
(c¢) dead plus imposed plus wind.
Refer to Table 3.4 for relevant load
factors.

G.Q. = o
W, —» 1.2m
v |y
\ b
\
\Q N
N
N N 5m
¢
N
: N
LegL N
I
H Leg R

2m

Fig. 2.9
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Part One has discussed the principles of limit state
design and outlined general approaches towards
assessing the sizes of beams and columns in build-
ing structures. Since limit state design forms the
basis of the design methods in most modern codes
of practice on structural design, there is consider-
able overlap in the design procedures presented in
these codes.

The aim of this part of the book is to give
detailed guidance on the design of a number of
structural elements in the four media: concrete,
steel, masonry and timber to the current British
Standards. The work has been divided into four
chapters as follows:

PART TWO

STRUCTURAL
DESIGN TO BRITISH
STANDARDS

. Chapter 3 discusses the design procedures in

BS 8110: Srructural use of concrete relating to
beams, slabs, pad foundations, retaining walls
and columns.

. Chapter 4 discusses the design procedures in BS

5950: Structural use of steelwork in buildings relat-
ing to beams, columns, floors and connections.

. Chapter 5 discusses the design procedures in

BS 5628: Code of practice for use of masonry relat-
ing to unreinforced loadbearing and panel walls.

. Chapter 6 discusses the design procedures in BS

5268: Structural use of imber relating to beams,
columns and stud walling.






This chapter is concerned with the detailed design of
reinforced concrete elements to British Standard 8110.
A general discussion of the different types of commonly
occurring beams, slabs, walls, foundations and col-
umns is given together with a number of fully worked
examples covering the design of the following elements:
singly and doubly reinforced beams, continuous beams,
one-way and rwo-way spanning solid slabs, pad founda-
tion, cantilever retaining wall and short braced columns
supporting axial loads and uni-axial or bi-axial bend-
ing. The section which deals with singly reinforced beams
1s, perhaps, the most important since it introduces the
design procedures and equations which are common to
the design of the other elements mentioned above, with
the possible exception of columns.

3.1 Introduction

Reinforced concrete is one of the principal materials
used in structural design. It is a composite material,
consisting of steel reinforcing bars embedded in
concrete. These two materials have complementary
properties. Concrete, on the one hand, has high
compressive strength but low tensile strength. Steel
bars, on the other, can resist high tensile stresses
but will buckle when subjected to comparatively
low compressive stresses. Steel is much more
expensive than concrete. By providing steel bars
predominantly in those zones within a concrete
member which will be subjected to tensile stresses,
an economical structural material can be produced
which is both strong in compression and strong
in tension. In addition, the concrete provides cor-
rosion protection and fire resistance to the more
vulnerable embedded steel reinforcing bars.
Reinforced concrete is used in many civil
engineering applications such as the construction
of structural frames, foundations, retaining walls,
water retaining structures, highways and bridges.
They are normally designed in accordance with

Chapter 3

Design in reinforced
concrete to BS 8110

the recommendations given in various documents
including BS 5400: Part 4: Code of practice for
design of concrete bridges, BS 8007: Code of prac-
tice for the design of concrete structures for retaiming
aqueous liquids and BS 8110: Structural use of con-
crete. Since the primary aim of this book is to give
guidance on the design of structural elements, this
is best illustrated by considering the contents of
BS 8110.

BS 8110 is divided into the following three parts:

Part 1: Code of practice for design and construction.

Part 2: Code of practice for special circumstances.

Part 3: Design charts for singly remnforced beams, doubly
reinforced beams and rectangular columns.

Part 1 covers most of the material required for
everyday design. Since most of this chapter is
concerned with the contents of Part 1, it should
be assumed that all references to BS 8110 refer to
Part 1 exclusively. Part 2 covers subjects such as
torsional resistance, calculation of deflections and
estimation of crack widths. These aspects of design
are beyond the scope of this book and Part 2, there-
fore, is not discussed here. Part 3 of BS 8110 con-
tains charts for use in the design of singly reinforced
beams, doubly reinforced beams and rectangular
columns. A number of design examples illustrating
the use of these charts are included in the relevant
sections of this chapter.

3.2 Objectives and scope

All reinforced concrete building structures are
composed of various categories of elements includ-
ing slabs, beams, columns, walls and foundations
(Fig. 3.1). Within each category is a range of ele-
ment types. The aim of this chapter is to describe
the element types and, for selected elements, to
give guidance on their design.
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Fig. 3.1 Some elements of a structure.

Foundations

A great deal of emphasis has been placed in the
text to highlight the similarities in structural beha-
viour and, hence, design of the various categories of
elements. Thus, certain slabs can be regarded for
design purposes as a series of transversely connected
beams. Columns may support slabs and beams
but columns may also be supported by (ground
bearing) slabs and beams, in which case the latter
are more commonly referred to as foundations.
Cantilever retaining walls are usually designed as
if they consist of three cantilever beams as shown
in Fig. 3.2. Columns are different in that they are
primarily compression members rather than beams
and slabs which predominantly resist bending.
Therefore columns are dealt with separately at the
end of the chapter.

Irrespective of the element being designed, the
designer will need a basic understanding of the fol-
lowing aspects which are discussed next:

1. symbols
2. basis of design

ARRAXK
Deflected Vel Rl
shape of l¢— Horizontal
wall pressure
‘_
— Pressure

Deflected shape
at base

Fig. 3.2 Cantlever retaiming wall.
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material properties

loading

stress—strain relationships
durability and fire resistance.

AR

The detailed design of beams, slabs, foundations,
retaining walls and columns will be discussed in
sections 3.9, 3.10, 3.11, 3.12 and 3.13, respectively.

3.3 Symbols

For the purpose of this book, the following sym-
bols have been used. These have largely been taken
from BS 8110. Note that in one or two cases the
same symbol is differently defined. Where this
occurs the reader should use the definition most
appropriate to the element being designed.

Geometric properties:

b width of section

d effective depth of the tension reinforcement

h overall depth of section

x depth to neutral axis

z lever arm

d’ depth to the compression reinforcement

14 effective span

¢ nominal cover to reinforcement

Bending:

F, characteristic load

go G characteristic dead load

¢ Or characteristic imposed load

we W, characteristic wind load

e characteristic strength

fau characteristic compressive cube strength
of concrete

1 characteristic tensile strength of
reinforcement

Vs partial safety factor for load

Vin partial safety factor for material
strengths

K coefficient given by M/f. ,bd*

K coefficient given by M. /f. bd* = 0.156 when
redistribution does not exceed 10 per cent

M design ultimate moment

M, design ultimate moment of resistance

A, area of tension reinforcement

A area of compression reinforcement

(o} diameter of main steel

@’ diameter of links

Shear

- characteristic strength of links

Sy spacing of links along the member



vV design shear force due to ultimate
loads

design shear stress

design concrete shear stress

total cross-sectional area of shear
reinforcement

Ve

A

sV

Compression:

width of column

depth of column

clear height between end restraints
effective height

effective height in respect of x-x axis
effective height in respect of y-y axis
design ultimate axial load

net cross-sectional area of concrete in
a column

area of longitudinal reinforcement

o o
] =]

NN IS

@
<

2,

N

@
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3.4 Basis of design

The design of reinforced concrete elements to
BS 8110 is based on the limit state method. As
discussed in Chapter 1, the two principal categories
of limit states normally considered in design are:

(1) ultimate limit state
(i1) serviceability limit state.

The ultimate limit state models the behaviour
of the element at failure due to a variety of mech-
anisms including excessive bending, shear and
compression or tension. The serviceability limit state
models the behaviour of the member at working
loads and in the context of reinforced concrete
design is principally concerned with the limit states
of deflection and cracking.

Having identified the relevant limit states, the
design process simply involves basing the design
on the most critical one and then checking for the
remaining limit states. This requires an understand-
ing of

1. material properties
2. loadings.

3.5 Material properties

The two materials whose properties must be known
are concrete and steel reinforcement. In the case
of concrete, the property with which the designer
is primarily concerned is its compressive strength.

Material properties

For steel, however, it is its tensile strength capacity
which is important.

3.5.1 CHARACTERISTIC COMPRESSIVE
STRENGTH OF CONCRETE, £,

Concrete is a mixture of water, coarse and fine
aggregate and a cementitious binder (normally Port-
land cement) which hardens to a stone like mass.
As can be appreciated, it is difficult to produce a
homogeneous material from these components.
Furthermore, its strength and other properties may
vary considerably due to operations such as trans-
portation, compaction and curing.

The compressive strength of concrete is usually
determined by carrying out compression tests on
28-day-old, 100 mm cubes which have been pre-
pared using a standard procedure laid down in BS
EN 12390-1 (2000). An alternative approach is to
use 100 mm diameter by 200 mm long cylinders.
Irrespective of the shape of the test specimen, if
a large number of compression tests were carried
out on samples made from the same mix it would
be found that a plot of crushing strength against
frequency of occurrence would approximate to a
normal distribution (Fig. 3.3).

For design purposes it is necessary to assume a
unique value for the strength of the mix. However,
choosing too high a value will result in a high prob-
ability that most of the structure will be constructed
with concrete having a strength below this value.
Conversely, too low a value will result in inefficient
use of the material. As a compromise between
economy and safety, BS 8110 refers to the charac-
teristic strength (f,,) which is defined as the value
below which not more than 5 per cent of the test
results fall.

Mean
A | strength

. :

E l

0 '

= |

kS '

g )

IS ) 1.64 s.d.

=)

2 |

I P Strength
fu o 9

5% of
results

Fig. 3.3 Normal frequency distribution of strengths.
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Table 3.1 Concrete compressive strength classes

Concrete Designated Characteristic cube
strength classes concrete strength, f., (Nmm™>)
C 20/25 RC 20/25 25

C 25/30 RC 25/30 30

C 28/35 RC 28/35 35

C 32/40 RC 32/40 40

C 35/45 RC 35/45 45

C 40/50 RC 40/50 50

C 50/60 - 60

The characteristic and mean strength (f,,) of a
sample are related by the expression:

fou=fo — 1.64 s.d.

where s.d. is the standard deviation. Thus assuming
that the mean strength is 35 Nmm™ and standard
deviation is 3 Nmm ™, the characteristic strength of
the mix is 35 — 1.64 x 3 = 30 Nmm™.

The characteristic compressive strength of con-
crete can be identified by its ‘strength class’. Table
3.1 shows typical compressive strength classes of
concrete commonly used in reinforced concrete de-
sign. Note that the strength class consists of the
characteristic cylinder strength of the mix followed
by its characteristic cube strength. For example, a
class C25/30 concrete has a characteristic cylinder
strength of 25 Nmm™ and a characteristic cube
strength of 30 Nmm™. Nevertheless, like previous
editions of BS 8110, the design rules in the latest
edition are based on characteristic cube not cylin-
der strengths. In general, concrete strength classes
in the range C20/25 and C50/60 can be designed
using BS 8110.

Table 3.1 also shows the two common approaches
to the specification of concrete recommended in
BS 8500, namely designed and designated. In many
applications the most straightforward approach
is to use a designated concrete which simply in-
volves specifying the strength class, e.g. RC 20/25,
and the maximum aggregate size. However, this
approach may not be suitable for foundations,
for example if ground investigations indicate the
concrete will be exposed to an aggressive chemical
environment. Under these circumstances a designed
mix may be required and the designer will need
to specify not only the strength class, i.e. C20/25,
and the maximum aggregate size but also the
maximum permissible water/cement ratio, minimum
cement content, permitted cement or combination
types, amongst other aspects.
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Table 3.2 Strength of reinforcement
(Table 3.1, BS 8110)

Reinforcement type Characteristic strength, f,

(Nmm™>)

Hot rolled mild steel 250
High-yield steel (hot rolled 500
or cold worked)

3.5.2 CHARACTERISTIC STRENGTH OF
REINFORCEMENT, 1,
Concrete is strong in compression but weak in
tension. Because of this it is normal practice to
provide steel reinforcement in those areas where
tensile stresses in the concrete are most likely to de-
velop. Consequently, it is the tensile strength of the
reinforcement which most concerns the designer.
The tensile strength of steel reinforcement can
be determined using the procedure laid down in
BS EN 10002: Part 1. The tensile strength will
also vary ‘normally’ with specimens of the same
composition. Using the same reasoning as above,
BS 8110 recommends that design should be based
on the characteristic strength of the reinforcement
(f;) and gives typical values for mild steel and high-
yield steel reinforcement, the two reinforcement
types available in the UK, of 250 Nmm™ and 500
Nmm™ respectively (Table 3.2). High-yield rein-
forcement is mostly used in practice nowadays.

3.5.3 DESIGN STRENGTH
Tests to determine the characteristic strengths of
concrete and steel reinforcement are carried out on
near perfect specimens, which have been prepared
under laboratory conditions. Such conditions will
seldom exist in practice. Therefore it is undesirable
to use characteristic strengths to size members.
To take account of differences between actual
and laboratory values, local weaknesses and inac-
curacies in assessment of the resistances of sections,
the characteristic strengths (f,) are divided by
appropriate partial safety factor for strengths (y,,),
obtained from Table 3.3. The resulting values are
termed design strengths and it is the design strengths
which are used to size members.

Jr

Design strength = T

m

(3.1)

It should be noted that for the ultimate limit
state the partial safety factor for reinforcement (y,,,)
is always 1.15, but for concrete (y,.) assumes



Table 3.3 Values of v, for the ultimate limit
state (Table 2.2, BS 8110)

Material/Stress type Partial safety

factor, v,
Reinforcement 1.15
Concrete in flexure or axial load 1.50
Concrete shear strength without shear 1.25
reinforcement
Concrete bond strength 1.40
Concrete, others (e.g. bearing stress) > 1.50

different values depending upon the stress type
under consideration. Furthermore, the partial safety
factors for concrete are all greater than that for rein-
forcement since concrete quality is less controllable.

3.6 Loading

In addition to the material properties, the designer
needs to know the type and magnitude of the load-
ing to which the structure may be subject during
its design life.

The loads acting on a structure are divided
into three basic types: dead, imposed and wind
(section 2.2). Associated with each type of loading
there are characteristic and design values which
must be assessed before the individual elements of
the structure can be designed. These aspects are
discussed next.

3.6.1 CHARACTERISTIC LOAD

As noted in Chapter 2, it is not possible to apply
statistical principles to determine characteristic dead
(G, imposed (Q,) and wind (W) loads simply
because there are insufficient data. Therefore, the
characteristic loads are taken to be those given in
the following documents:

Loading

1. BS 648: Schedule of weights for building materials.

2. BS 6399: Design loadings for buildings, Part 1:
Code of practice for dead and 1mposed loads; Part
2: Code of pracrice for wind loads; Part 3: Code of
practice for imposed roof loads

3.6.2 DESIGN LOAD

Variations in the characteristic loads may arise
due to a number of reasons such as errors in the
analysis and design of the structure, constructional
inaccuracies and possible unusual load increases.
In order to take account of these effects, the char-
acteristic loads (F,) are multiplied by the appropri-
ate partial safety factor for loads (y;), taken from
Table 3.4, to give the design loads acting on the
structure:

(3.2)

Generally, the ‘adverse’ factors will be used to
derive the design loads acting on the structure. For
example, for single-span beams subject to only dead
and imposed loads the appropriate values of 7; are
generally 1.4 and 1.6 respectively (Fig. 3.4(a)). How-
ever, for continuous beams, load cases must be ana-
lysed which should include maximum and minimum
design loads on alternate spans (Fig. 3.4(b)).

The design loads are used to calculate the
distribution of bending moments and shear forces
in the structure usually using elastic analysis meth-
ods as discussed in Chapter 2. At no point should
they exceed the corresponding design strengths of
the member, otherwise failure of the structure may
arise.

The design strength is a function of the distribu-
tion of stresses in the member. Thus, for the simple
case of a steel bar in direct tension the design
strength is equal to the cross-sectional area of the
bar multiplied by the average stress at failure
(Fig 3.5). The distribution of stresses in reinforced
concrete members is usually more complicated, but
can be estimated once the stress—strain behaviour

Design load = v:F,

Table 3.4 Values of y; for various load combinations (based on Table 2.1, BS 8110)

Load combination Load type
Dead, G, Imposed, Q, Wind, W,
Adverse Beneficial Adwverse Beneficial
1. Dead and imposed 1.4 1.0 1.6 0 -
2. Dead and wind 1.4 1.0 - - 1.4
3. Dead and wind and imposed 1.2 1.2 1.2 1.2 1.2
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Fig. 3.4 Ultimate design loads: (a) single span beam; (b) continuous beam.
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Fig. 3.5 Design strength of the bar. Design strength,
T, = 0.A, where O is the average stress at failure and
A the cross-sectional area of the bar.
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Fig. 3.6 Actual stress—strain curve for concrete in
compression.

of the concrete and steel reinforcement is known.
This aspect is discussed next.

3.7 Stress-strain curves
3.7.1 STRESS-STRAIN CURVE FOR CONCRETE

Figure 3.6 shows a typical stress—strain curve for
a concrete cylinder under uniaxial compression.
Note that the stress—strain behaviour is never truly
linear and that the maximum compressive stress
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Fig. 3.7 Design stress—strain curve for concrete in
compression (Fig. 2.1, BS 8110).

at failure is approximately 0.8 X characteristic cube
strength (i.e. 0.8f,).

However, the actual behaviour is rather com-
plicated to model mathematically and, therefore,
BS 8110 uses the modified stress—strain curve
shown in Fig. 3.7 for design. This assumes that the
peak stress is only 0.67 (rather than 0.8) times the
characteristic strength and hence the design stress
for concrete is given by

Design compressive _ 0.67f,,
stress for concrete ~  y.. 0.45fc (3.3)

In other words, the failure stress assumed in de-
sign is approximately 0.45/0.8 = 56 per cent of the
actual stress at failure when near perfect specimens
are tested.

3.7.2 STRESS-STRAIN CURVE FOR STEEL
REINFORCEMENT

A typical tensile stress—strain curve for steel rein-

forcement is shown in Fig. 3.8. It can be divided
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Fig. 3.8 Actual stress—strain curve for reinforcement.
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Fig. 3.9 Design stress—strain curve for reinforcement
(Fig. 2.2, BS 8110).

into two regions: (i) an elastic region where strain
is proportional to stress and (i) a plastic region
where small increases in stress produce large
increases in strain. The change from elastic to plastic
behaviour occurs at the yield stress and is signi-
ficant since it defines the characteristic strength of
reinforcement (f,).

Once again, the actual material behaviour is
rather complicated to model mathematically and
therefore BS 8110 modifies it to the form shown in
Fig. 3.9 which also includes the idealised stress—
strain relationship for reinforcement in compression.
The maximum design stress for reinforcement in
tension and compression is given by

fo aay

ms

Design stress for reinforcement =

From the foregoing it is possible to determine
the distribution of stresses at a section and hence
calculate the design strength of the member. The
latter is normally carried out using the equations
given in BS 8110. However, before considering
these in detail, it is useful to pause for a moment
in order to introduce BS 8110’s requirements in

Durability and fire resistance

respect of durability and fire resistance since these
requirements are common to several of the ele-
ments which will be subsequently discussed.

3.8 Durability and fire resistance

Apart from the need to ensure that the design is
structurally sound, the designer must also verify
the proper performance of the structure in service.
Principally this involves consideration of the two
limit states of (i) durability and (ii) fire resistance.
It should be noted that much of the detailed guid-
ance on durability design is given in BS 8500-1
not BS 8110.

3.8.1 DURABILITY
Many concrete structures are showing signs of
severe deterioration after only a few years of ser-
vice. Repair of these structures is both difficult and
extremely costly. Therefore, over recent years, much
effort has been directed towards improving the
durability requirements, particularly with regard to
the protection of steel reinforcement in concrete
from corrosion caused by carbonation and chloride
attack (Table 3.5). The other main mechanisms
of concrete deterioration which are addressed in
BS 8500-1 are freeze/thaw attack, sulphate attack
and alkali/silica reaction.

In general, the durability of concrete structures
is largely achieved by imposing limits on:

the minimum strength class of concrete;

the minimum cover to reinforcement;

the minimum cement content;

the maximum water/cement ratio;

the cement type or combination;

the maximum allowable surface crack width.

AN e

Other measures may include the specification of
particular types of admixtures, restrictions on the
use of certain types of aggregates, the use of details
that ensure concrete surfaces are free draining and
good workmanship.

Generally speaking, the risk of freeze/thaw
attack and reinforcement corrosion decreases with
increasing compressive strength of concrete. In the
case of freeze/thaw attack this is largely because
of the concomitant increase in tensile capacity of
the concrete, which reduces the risk of cracking
and spalling when water in the concrete expands
on freezing. The use of an air entraining agent also
enhances the frost resistance of concrete and is a
well-established method of achieving this require-
ment in practice.
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Table 3.5 Exposure classes related to environmental conditions in accordance with BS EN 206 and
BS 8500

Class Description of the environment Informative examples where exposure classes may occur

1. No risk of corrosion
X0 For concrete with reinforcement
or embedded metal: very dry

Concrete inside buildings with very low (around 35%) humidity

2. Corrosion induced by carbonation
XC1 Dry or permanently wet Concrete inside building with low air humidity

Concrete permanently submerged in water

XC2 Wet, rarely dry Concrete surfaces subject to long-term water contact; many
foundations

XC3 Moderate humidity Concrete inside buildings with moderate or high humidity
External concrete sheltered from rain

XC4 Cyclic wet and dry Concrete surfaces subject to water contact, not within exposure class

XC2

3. Corrosion induced by chlorides

XDl Moderate humidity Concrete exposed to airborne chlorides
XD2 Wet, rarely dry Concrete totally immersed in water containing chlorides, e.g.
swimming pools
Concrete exposed to industrial waters containing chlorides
XD3 Cyclic wet and dry Parts of bridges exposed to spray containing chlorides

Pavements, car park slabs

4. Corrosion induced by chlorides from sea water

XS1 Exposed to air borne salt but not  Structures near to or on the coast in direct contact with sea water
XS2 Permanently submerged Parts of marine structures

XS3 Tidal, splash and spray zones Parts of marine structures

5. Freeze/thaw attack

XF1 Moderate water saturation, Vertical concrete surfaces exposed to rain and freezing
without deicing agent

XF2 Moderate water saturation, with Vertical concrete surfaces of road structures exposed to freezing and
deicing agent airborne deicing agents

XF3 High water saturation, without Horizontal surfaces exposed to rain and freezing
deicing agent

XF4 Moderate water saturation, with Road and bridge decks exposed to deicing agents; concrete surfaces

deicing agent exposed to direct spray containing deicing agents and freezing;

splash zone of marine structures exposed to freezing

6. Chemical attack
ACEC See Table 3.8 Reinforced concrete in contact with the ground, e.g. many

foundations

The reduction in risk of reinforcement corrosion
with increasing compressive strength of concrete is
linked to the associated reduction in the permeabil-
ity of concrete. A low permeability mix enhances
durability by reducing the rate of carbonation
and chloride penetration into concrete as well as
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restricting ionic movement within the concrete
during corrosion. These features not only increase
the time to the onset of corrosion (initiation time)
but also reduce the subsequent rate of corrosion
propagation. The permeability of concrete is also
influenced by water/cement ratio, cement content



as well as type/composition of the cement, e.g.
CEM I, IIB-V, IIIA, IIIB, IVB (see key at bottom
of Table 3.6 for details), which provide addi-
tional means of enhancing concrete durability. It is
noteworthy that the link between carbonation-
induced corrosion and concrete permeability is less
pronounced than for chloride-induced corrosion.
This is reflected in the values of nominal cover to
reinforcement for carbonation-induced corrosion
which are largely independent of cement type
(Table 3.6). Nevertheless, for both carbonation
and chloride attack a good thickness of concrete
cover is vital for corrosion protection as is the need
to limit crack widths, in particular where cracks
follow the line of the reinforcement (coincident
cracks).

Durability and fire resistance

Sulphate attack is normally countered by speci-
fying sulphate resisting Portland cement (SRPC).
The risk of alkali-silica reaction can be reduced by
specifying non-reactive aggregate and/or cementi-
tious materials with a low alkali content. It should
be noted that deterioration of concrete is rarely
due to a single cause, which can sometimes make
specification tricky.

Table 3.5 (taken from BS 8500-1) shows the range
of exposure classes relevant to concrete construc-
tion. As can be seen, the exposure classes are gen-
erally broken down into the major concrete
deterioration processes discussed above. Although
this system allows for the possibility of no risk of
corrosion, i.e. exposure class X0, it is recommended
that it is not applied to reinforced concrete as

Table 3.6 Concrete quality and cover to reinforcement for durability for an intended working life of

at least 50 years (based on Table A4 BS 8500-1)

Class  Cement

combination type'

Strength class, max. wlc ratio, min. cement or combination content (kgim’) or
equivalent designated concrete

Nominal cover to reinforcement

15+Ac 20+Ac 25+Ac 30+Ac 35+Ac 40+Ac 45+Ac 50+Ac
1. No risk of corrosion
X0 All Not recommended for reinforced concrete structures
2. Corrosion induced by carbonation
XC1 Al C20/25,
0.70, use the same grade of concrete
240 >
XC2 Al - - C25/30,
0.65, >
260
XC3/ All except IVB - C40/50, C30/37, C28/35, (C25/30,
XC4 0.45, 0.55, 0.60, 0.65, >
340 300 280 260
3. Corrosion induced by chlorides
XD1 Al - - C40/50, C32/40, C28/35,
0.45, 0.55, 0.60, >
360 320 300
XD2 CEM I, IIA, IIB-S, SRPC - - - C40/50, C32/40, (C28/35,
0.40, 0.50, 0.55, _—
380 340 320
1IB-V, IIIA - - - C35/45, (C28/35, (C25/30,
0.40, 0.50, 0.55, _—
380 340 320
I11B-V, IVB - - - C32/40, C25/30, C20/25,
0.40, 0.50, 0.55, _—
380 340 320
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Table 3.6 (cont’d)

Class  Cement
combination type'

Strength class, max. wic ratio, min. cement or combination content (kg/m?) or

equivalent designated concrete

XD3 CEM ], IIA, IIB-S, SRPC

1IB-V, IIIA

II1B-V, IVB-V

Nominal cover to reinforcement
15+Ac 20+Ac 25+Ac 30+Ac

4. Corrosion induced by chlorides from sea water

XS1 CEM, IIA, IIB-S, SRPC

1IB-V, IIIA

II1B-V, IVB-V

XS2 CEM, IIA, IIB-S, SRPC

IIB-V, IIIA

1I1B-V, IVB-V

XS3 CEM, IIA, IIB-S, SRPC

1IB-V, IIIA

IIIB-V, IVB

- - - C45/50,
0.35,
380

- - - C40/50,
0.35,
380

- - - C32/40,

0.40,

380

C40/50,

0.40,

380

- - - C35/45,
0.40,
380

- - - C32/40,

0.40,

380

35+Ac

C35/45,
0.45,
360
C32/40,
0.45,
360
C28/35,
0.50,
340
C32/40,
0.50,
340
C28/35,
0.50,
340
C25/30,
0.50,
340

40+Ac
C45/55,
0.35,
380
C35/45,
0.40,
380
C32/40,
0.40,
380

C32/40,
0.50,
340
C28/35,
0.50,
340
C25/30,
0.50,
340
C28/35,
0.55,
320
C25/30,
0.55,
320
C20/25,
0.55,
320

C35/45,
0.40,
380
C32/40,
0.40,
380

45+Ac  50+Ac
C40/50, C35/45,
0.40,  0.45,
380 360
C32/40, C28/35,
0.45,  0.50,
360 340
C28/35, C25/30,
0.45,  0.50,
360 340
C45/55, C40/50,
0.35,  0.40,
380 380
C32/40, C28/35,
0.45,  0.50,
360 340
C28/35, C25/30,
0.45,  0.50,
360 340

!Cement or combination types:

CEM 1 Portland cement

IIA Portland cement with 6-20% pfa, ggbs or 20% limestone
1IB Portland cement with 21-35% pfa or ggbs

IIIA Portland cement with 36—-65% ggbs

111B Portland cement with 66—-80% pfa or ggbs

IVB Portland cement with 36-55% pfa

SRPC  Sulphate resisting Portland cement

-S ground granulated blast furnace slag (ggbs)

-V pulverised fly ash (pfa)
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Table 3.7 Minimum strength classes of concrete with 20 mm aggregates
to resist freeze thaw attack (based on Table A8 BS 8500-1)

Exposure class: XF1 XF2 XF3 XF4
Indicative Strength Classes:

3.5% air-entrainment C28/35 C32/40 C40/50 C40/50

No air-entrainment RC25/30 RC25/30 RC25/30 RC28/35

conditions of very low humidity, assumed to be
less than about 35 per cent, seldom exist in prac-
tice. The table also distinguishes between chlorides
derived from sea-water and chlorides derived from
other sources, presumably rock salt, which is used
as a de-icing agent during winter maintenance. As
noted above, these mechanisms may occur singly
or in combination. For example, an external ele-
ment of a building structure may be susceptible to
carbonation and freeze thaw attack, i.e. exposure
classes XC4 + XF1. Similarly, coastal structures
may be vulnerable to both chloride attack and
freezing, i.e. exposure classes XS1 + XF2. Clearly,
the durability requirements should be based on the
most onerous condition.

Once the relevant environmental condition(s)
have been identified, a minimum strength class and
nominal depth of concrete cover to the reinforce-
ment can be selected. Table 3.6 gives the nominal
(i.e. minimum plus an allowance for deviation,
normally assumed to be 10 mm) depths of concrete
cover to all reinforcement for specified cement/
combination types and strength classes (for both
designed and designated concretes) required for
exposure classes XC1-XC4, XD1-XD3 and XS1-
XS3, for structures with an intended working life
of at least 50 years. Reference should be made to
Table A5 of BS 8500-1 for concrete covers for struc-
tures with an intended working life of in excess of
100 years.

It can be seen from 7Table 3.6 that for a
given level of protection, the permitted minimum
quality of concrete decreases as the recommended
nominal depth of concrete cover increases. More-
over, for chloride-induced corrosion the permitted
minimum strength class of concrete reduces with
increasing percentage of pulverised fuel ash (pfa)
or ground granulated blastfurnace slag (ggbs). For
example, for exposure class XD2 the minimum
concrete strength class is C40/50 if the pfa content
lies between 6—20 per cent (i.e. cement type IIA).
However, a lower concrete strength class (C35/45)

is permitted if the pfa content is between 21-35
per cent (i.e. cement type IIB) and lower still
(C32/40) if the pfa content is between 35-55 per
cent (i.e. cement type IVB). Where concrete is
vulnerable to freeze/thaw attack, i.e. exposure
classes XF1-XF4, the strength class of the con-
crete must not generally fall below the values shown
in Table 3.7.

Concrete in the ground (e.g. foundations) may
be subject to chemical attack, possibly due to the
presence of sulphates, magnesium or acids in
the soil and/or groundwater. Table 3.8 shows the
nominal covers and design chemical (DC) and
designated concrete classes (FND) for specified
soil chemical environments. The design procedure
involves determining the class of aggressive chem-
ical environment for concrete (ACEC) via limits
on the sulphate and magnesium ion concentrations
and soil acidity. This is used together with the
intended working life of the structure to determine
the DC class. Where the strength class of the con-
crete exceeds C25/30, a designed concrete will have
to be specified and the concrete producer should
be advised of the DC class required. Otherwise,
a designated (FND) concrete, with a minimum
strength of C25/30, can be specified. Where con-
crete is cast directly against the earth the nominal
depth of concrete cover should be at least 75 mm
whereas for concrete cast against blinding it should
be at least 50 mm.

BS 8110 further recommends that the maximum
surface crack width should not exceed 0.3 mm
in order to avoid corrosion of the reinforcing bars.
This requirement will generally be satisfied by
observing the detailing rules given in BS 8110 with
regard to:

1. minimum reinforcement areas;
2. maximum clear spacing between reinforcing bars.

These requirements will be discussed individu-
ally for beams, slabs and columns in sections 3.9.1.6,
3.10.2.4 and 3.13.6, respectively.
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Durability and fire resistance

Example 3.1 Selection of minimum strength class and nominal concrete
cover to reinforcement (BS 8110)

Assuming a design life of 50 years, determine the minimum concrete strength classes of concrete and the associated
nominal covers to reinforcement at locations 1-4 for the structure shown in Fig. 3.70. List any assumptions.

il

>
2
A 4
5 Basement
car park <
[ v [l i g
L apl |

Fig. 3.10

LOCATION 1

Assume concrete column is exposed to rain and freezing.

Therefore, design the column for exposure class XC4 and XF1 (Table 3.5).

From Table 3.7 the minimum strength class of concrete for class XF1 exposure is C28/35 and from Table 3.6 the
associated nominal cover to reinforcement for class XC4 exposure, Coom IS

Coom = 30+ Ac=30+ 10 = 40 mm
LOCATION 2

Assume concrete beam is exposed to normal humidity.

Therefore, design the beam for exposure class XC1 (Table 3.5).

From Table 3.6 the minimum strength class of concrete for class XC1 exposure is C20/25 and the associated
nominal cover to reinforcement, ¢, iS

Com =15+ Ac=154+10=25 mm
LOCATION 3

Clearly, the car-park slab is vulnerable to chloride attack but exposure class XD3 would seem to be too severe for a base-
ment car park whereas exposure class XD1 is perhaps rather mild. As a compromise it is suggested that the minimum
strength class of concrete should be taken as C32/40 and the nominal cover to reinforcement, c,,,,, should be taken as

Coom =30+ Ac=30+ 10 =40 mm
LOCATION 4

Assume non-aggressive soil conditions and that the concrete is cast directly against the soil.

Hence, design foundation for exposure class XC2 (Table 3.5).

From Table 3.6 the minimum strength class of concrete for class XC2 exposure is C25/30 and the associated
nominal cover to reinforcement, ¢, is

nomt

Coom = 25+ Ac =25+ 10 = 35 mm = 75 mm (since the concrete is cast directly against the ground).

Therefore ¢, = 75 mm.

nom
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Table 3.9 Nominal cover to all reinforcement to meet specified
periods of fire resistance (based on Table 3.4, BS 8110)

Fire Nominal cover (mm)

resistance

(Chours) Beams Floors Columns
Simply Continuous Simply Continuous
supported supported

0.5 20 20 20 20 20

1.0 20 20 20 20 20

1.5 20 20 25 20 20

2.0 40 30 35 25 25

3.0 60 40 45 35 25

4.0 70 50 55 45 25

3.8.2 FIRE PROTECTION

Fire protection of reinforced concrete members is
largely achieved by specifying limits for:

1. nominal thickness of cover to the reinforcement;
2. minimum dimensions of members.

Table 3.9 gives the actual values of the nominal
depths of concrete covers to all reinforcement for
specified periods of fire resistance and member
types. The covers in the table may need to be
increased because of durability considerations. The
minimum dimensions of members for fire resistance
are shown in Fig. 3.11.

Beams
Columns

b b
Fully exposed

Fire Minimum dimension (mm)

resistance

(hours) Beam Floor Exposed
width thickness column width
(b (h €

0.5 200 75 150

1.0 200 95 200

1.5 200 110 250

2.0 200 125 300

3.0 240 150 400

4.0 280 170 450

Fig. 3.11 Minimum dimensions of reinforced concrete
members for fire resistance (based on Fig. 3.2, BS 8110).
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Having discussed these more general aspects
relating to structural design, the detailed design of
beams is considered in the following section.

3.9 Beams

Beams in reinforced concrete structures can be
defined according to:

1. cross-section
2. position of reinforcement
3. support conditions.

Some common beam sections are shown in
Fig. 3.12. Beams reinforced with tension steel only
are referred to as singly reinforced. Beams reinforced
with tension and compression steel are termed
doubly reinforced. Inclusion of compression steel
will increase the moment capacity of the beam and
hence allow more slender sections to be used. Thus,
doubly reinforced beams are used in preference to

Compression — [, .
steel

e o le—— Tensionsteel ————»| ¢ o o

%_—ﬁl Neutral it

Fig. 3.12 Beam sections: (a) singly reinforced; (b) doubly
reinforced; (¢) T-section; (d) L-section.
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(a) (b)

Fig. 3.13 Support conditions: (a) simply supported;
(b) continuous.

Fig. 3.14 Notation.

singly reinforced beams when there is some restric-
tion on the construction depth of the section.

Under certain conditions, T and L beams are
more economical than rectangular beams since
some of the concrete below the dotted line (neu-
tral axis), which serves only to contain the tension
steel, is removed resulting in a reduced unit weight
of beam. Furthermore, beams may be simply sup-
ported at their ends or continuous, as illustrated in
Fig. 3.13.

Figure 3.14 illustrates some of the notation
used in beam design. Here b is the width of the
beam, / the overall depth of section, d the effective
depth of tension reinforcement, d’ the depth of
compression reinforcement, A, the area of tension
reinforcement and A the area of compression
reinforcement.

The following sub-sections consider the design
of:

1. singly reinforced beams
2. doubly reinforced beams
3. continuous, L. and T beams.

Beams

3.9.17 SINGLY REINFORCED BEAM DESIGN

All beams may fail due to excessive bending or shear.
In addition, excessive deflection of beams must be
avoided otherwise the efficiency or appearance of
the structure may become impaired. As discussed
in section 3.4, bending and shear are ultimate states
while deflection is a serviceabilty state. Generally,
structural design of concrete beams primarily in-
volves consideration of the following aspects which
are discussed next:

1. bending
2. shear
3. deflection.

3.9.1.1 Bending (clause 3.4.4.4, BS 8110)

Consider the case of a simply supported, singly
reinforced, rectangular beam subject to a uniformly
distributed load ® as shown in Figs 3.15 and 3.16.

T JA wT

Moment

Moment

Defl_g;tion

~ _ Compression zone _ .~

Cracks Neutral axis
Fig. 3.15
0.9x
0.67f,,
':l' o Ym
_____________ Neutral axis

(a) (b) ()

Stress blocks

(d) (e)

Fig. 3.16 Stress and strain distributions at section A-A: (a) section; (b) strains; (¢) triangular (low strain);
(d) rectangular parabolic (large strain); (e) equivalent rectangular.

45



Design in reinforced concrete to BS 8110

The load causes the beam to deflect downwards,
putting the top portion of the beam into compres-
sion and the bottom portion into tension. At some
distance x below the compression face, the section
is neither in compression nor tension and therefore
the strain at this level is zero. This axis is normally
referred to as the neutral axis.

Assuming that plane sections remain plane, the
strain distribution will be triangular (Fig. 3.16b).
The stress distribution in the concrete above the
neutral axis is initially triangular (Fig. 3.16c), for
low values of strain, because stress and strain are
directly proportional (Fig. 3.7). The stress in the
concrete below the neutral axis is zero, however,
since it is assumed that the concrete is cracked,
being unable to resist any tensile stress. All the
tensile stresses in the member are assumed to be
resisted by the steel reinforcement and this is
reflected in a peak in the tensile stress at the level
of the reinforcement.

As the intensity of loading on the beam increases,
the mid-span moment increases and the distribution
of stresses changes from that shown in Fig. 3.16¢
to 3.16d. The stress in the reinforcement increases
linearly with strain up to the yield point. Thereafter
it remains at a constant value (Fig. 3.9). However,
as the strain in the concrete increases, the stress
distribution is assumed to follow the parabolic form
of the stress—strain relationship for concrete under
compression (Fig. 3.7).

The actual stress distribution at a given section
and the mode of failure of the beam will depend
upon whether the section is (1) under-reinforced
or (2) over-reinforced. If the section is over-
reinforced the steel does not yield and the failure
mechanism will be crushing of the concrete due to
its compressive capacity being exceeded. Steel is
expensive and, therefore, over-reinforcing will lead
to uneconomical design. Furthermore, with this type
of failure there may be no external warning signs;
just sudden, catastrophic collapse.

If the section is under-reinforced, the steel yields
and failure will again occur due to crushing of
the concrete. However, the beam will show con-
siderable deflection which will be accompanied
by severe cracking and spalling from the tension
face thus providing ample warning signs of failure.
Moreover, this form of design is more economical
since a greater proportion of the steel strength is
utilised. Therefore, it is normal practice to design
sections which are under-reinforced rather than
over-reinforced.

In an under-reinforced section, since the rein-
forcement will have yielded, the tensile force in the
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steel (F,,) at the ultimate limit state can be readily
calculated using the following:

F,, = design stress X area

A
= % (using equation 3.4)  (3.5)
where
f, = yield stress

A, = area of reinforcement
Yms = factor of safety for reinforcement (= 1.15)

However, it is not an easy matter to calculate
the compressive force in the concrete because of
the complicated pattern of stresses in the concrete.
To simplify the situation, BS 8110 replaces the
rectangular—parabolic stress distribution with an
equivalent rectangular stress distribution (Fig. 3.16¢).
And it is the rectangular stress distribution which
is used in order to develop the design formulae
for rectangular beams given in clause 3.4.4.4 of
BS 8110. Specifically, the code gives formulae for
the following design parameters which are derived
below:

1. ultimate moment of resistance
2. area of tension reinforcement
3. lever arm.

(i) Ultimate moment of resistance, M,. Con-
sider the singly reinforced beam shown in Fig. 3.17.
The loading on the beam gives rise to an ultimate
design moment (M) at mid-span. The resulting
curvature of the beam produces a compression force
in the concrete (F..) and a tensile force in the rein-
forcement (F,). Since there is no resultant axial
force on the beam, the force in the concrete must
equal the force in the reinforcement:

Fo. = Fy (3.6)

These two forces are separated by a distance z,
the moment of which forms a couple (M,) which
opposes the design moment. For structural stabil-
ity M, > M where

M,=F. z=Fz 3.7
From the stress block shown in Fig. 3.17(c)
F_ = stress X area
= %0.9% (3.8)
Vme
and
z=d-0.9x/2 (3.9)



(a)

Beams

Fig. 3.17 Ulumate moment of resistance for singly reinforced section.

In order to ensure that the section is under-
reinforced, BS 8110 limits the depth of the neutral
axis (x) to a maximum of 0.5d, where d is the
effective depth (Fig. 3.17(b)). Hence

x £ 0.5d (3.10)

By combining equations 3.7-3.10 and putting
Yme = 1.5 (Table 3.3) it can be shown that the ulti-
mate moment of resistance is given by:

M, = 0.156f,,bd> (3.11)

Note that M, depends only on the properties of
the concrete and not the steel reinforcement. Pro-
vided that the design moment does not exceed M,
(i.e. M < M,), a beam whose section is singly rein-
forced will be sufficient to resist the design moment.
The following section derives the equation neces-
sary to calculate the area of reinforcement needed
for such a case.

(ii) Area of tension reinforcement, 4,. At the
limiting condition M, = M, equation 3.7 becomes

M=F, z
Jy 4

ms

z (from equation 3.5)

Rearranging and putting v, = 1.15 (Table 3.3)
gives

A, = M

0.87f,z

Solution of this equation requires an expression for

z which can either be obtained graphically (Fig. 3.18)
or by calculation as discussed below.

(3.12)

(iii) Lever arm, z. At the limiting condition
M, = M, equation 3.7 becomes

0.95
N
I
]
| \
0.9 :
S ' \
N |
9 ] \
= I
£ 085 ;
|
l
08 :
. | \
[}
0.774 - \
0 0.042 0.05 0.1 0.15 0.156

Fig. 3.18 Lever-arm curve.

M/bd?f,
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.67
M=F_z= MO.beZ (from equation 3.8)

mc

= 0.4f,,bzx (putting v, = 1.5)
(d - =)
9

0.4f.,b22 (from equation 3.9)

g f.b2(d — 2)

Dividing both sides by £, ,6d” gives

8
Tl o @D = =/d)

M
S bd?
0=22-2z2,+9K/8
This is a quadratic and can be solved to give
z,=2/d = 0.5 + +/(0.25 — K/0.9)

This equation is used to draw the lever arm curve
shown in Fig. 3.18, and is usually expressed in the
following form

Substituting K =

and putting z, = z/d gives

z=d[0.5 + 4(0.25 — K/0.9)] (3.13)

Once z has been determined, the area of tension
reinforcement, A, can be calculated using equation
3.12. In clause 3.4.4.1 of BS 8110 it is noted that
z should not exceed 0.95d in order to give a reason-
able concrete area in compression. Moreover it
should be remembered that equation 3.12 can only
be used to determine A, provided that M <M, or
K < K’ where

’

and K’ =

Joubd?

To summarise, design for bending requires
the calculation of the maximum design moment
(M) and corresponding ultimate moment of re-
sistance of the section (M,). Provided M < M, or
K < K’, only tension reinforcement is needed and
the area of steel can be calculated using equation
3.12 via equation 3.13. Where M > M, the de-
signer has the option to either increase the section
sizes (i.e. M < M,) or design as a doubly reinforced
section. The latter option is discussed more fully
in section 3.9.2.

~ F.bd?

Example 3.2 Design of bending reinforcement for a singly reinforced

beam (BS 8110)

A simply supported rectangular beam of 7 m span carries characteristic dead (including self-weight of beam), g,, and
imposed, g,, loads of 12 kNm™ and 8 kNm™ respectively (Fig. 3.19). The beam dimensions are breadth, b, 275 mm and
effective depth, d, 450 mm. Assuming the following material strengths, calculate the area of reinforcement required.

f, =30 Nmm™
f, = 500 Nmm™

b=275

d=450

Fig. 3.19

Ultimate load (w) = 1.4g, + 1.6g,
=14%12+ 1.6 x8=296 kNm™
. 2 29.6 X 77
Design moment (M) = W? =

Ultimate moment of resistance (M,) = 0.156f,,bd”

= 181.3 kNm

=0.156 X 30 X 275 X 450? x 10° = 260.6 kNm
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Example 3.2 continued

Since M, > M design as a singly reinforced beam.
K= M _ 181.3 x 108 — 0.1085
f,bd?> 30 x 275 x 4502
z=d[0.5 + /(0.25 — K/0.9)
= 450[0.5 + +/(0.25 — 0.1085/0.9)]
= 386.8 mm < 0.95d (= 427.5 mm) OK.
M 181.3 x 108
" 087,z 087 x 500 x 386.8

For detailing purposes this area of steel has to be transposed into a certain number of bars of a given diameter.
This is usually achieved using steel area tables similar to that shown in Table 3.70. Thus it can be seen that four
20 mm diameter bars have a total cross-sectional area of 1260 mm? and would therefore be suitable. Hence provide
4H20. (N.B. H refers to high yield steel bars (f, = 500 Nmm™); R refers to mild steel bars (f, = 250 Nmm™).

= 1078 mm?

S

Table 3.10 Cross-sectional areas of groups of bars (mm?)

Bar size Number of bars
(mm)
1 2 3 4 5 6 7 8 9 10

6 28.3 56.6 84.9 113 142 170 198 226 255 283
8 50.3 101 151 201 252 302 352 402 453 503
10 78.5 157 236 314 393 471 550 628 707 785
12 113 226 339 452 566 679 792 905 1020 1130
16 201 402 603 804 1010 1210 1410 1610 1810 2010
20 314 628 943 1260 1570 1890 2200 2510 2830 3140
25 491 982 1470 1960 2450 2950 3440 3930 4420 4910
32 804 1610 2410 3220 4020 4830 5630 6430 7240 8040
40 1260 2510 3770 5030 6280 7540 8800 10100 11300 12600
3.9.1.2 Design charts The design procedure involves the following

An alternative method of determining the area of  steps:

tensile steel required in singly reinforced rectangu-

lar beams is by using the design charts given in Check M < M‘g-

Part 3 of BS 8110. These charts are based on the 2. Select appropriate chart from Part 3 of BS 8110
rectangular—parabolic stress distribution for con- based on the grzade of tensile reinforcement.
crete shown in Fig. 3.16(d) rather than the simpli-  3- Calculate 12\/1/ bd".

fied rectangular distribution and should therefore =~ 4 Plot M/bd” ratio on chart and read off corres-
provide a more economical estimate of the required ponding 1004/bd value using curve appropriate
area of steel reinforcement. However, BSI issued to grade of concrete selected for design.

these charts when the preferred grade of reinforce- - Calculate A,

ment was 460, not 500, and use of these charts
will therefore in fact overestimate the required ten-

[u—y

Using the figures given in Example 3.2,

sile steel area by around 10 per cent. M =181.3 KNm < M, = 260.6 kNm
A modified version of chart 2 which is appropri-

ate for use with grade 500 reinforcement is shown M _ 181.3 X 10° - 326

Fig. 3.20. bd?> 275 x 450>
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Fig. 3.20 Design chart for singly reinforced beam (based on chart No. 2, BS 8110: Part 3).

From Fig. 3.20, using the £, = 30 N/mm? curve
1004,
bd

Hence, 4, = 1076 mm?
Therefore provide 4H20 (A, = 1260 mm?)

=0.87

3.9.1.3 Shear (clause 3.4.5, BS 8110)
Another way in which failure of a beam may arise
is due to its shear capacity being exceeded. Shear
failure may arise in several ways, but the two prin-
cipal failure mechanisms are shown in Fig. 3.21.
With reference to Fig. 3.21(a), as the loading
increases, an inclined crack rapidly develops
between the edge of the support and the load point,
resulting in splitting of the beam into two pieces.
This is normally termed diagonal tension failure and
can be prevented by providing shear reinforcement.

Fig. 3.21 Types of shear failure: (a) diagonal tension;
(b) diagonal compression.
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The second failure mode, termed diagonal com-
pression failure (Fig. 3.21(b)), occurs under the
action of large shear forces acting near the support,
resulting in crushing of the concrete. This type
of failure is avoided by limiting the maximum
shear stress to 5 N/mm? or 0.8 ./ f., , whichever is
the lesser.

The design shear stress, v, at any cross-section
can be calculated from:

v = V/bd (3.14)

where

V  design shear force due to ultimate loads
b breadth of section

d effective depth of section

In order to determine whether shear reinforcement
is required, it is necessary to calculate the shear re-
sistance, or using BS 8110 terminology the design
concrete shear stress, at critical sections along the
beam. The design concrete shear stress, v, is found
to be composed of three major components, namely:

1. concrete in the compression zone;
2. aggregate interlock across the crack zone;
3. dowel action of the tension reinforcement.

The design concrete shear stress can be deter-
mined using Table 3.11. The values are in terms
of the percentage area of longitudinal tension rein-
forcement (100A4,/bd) and effective depth of the



Beams

Table 3.11 Values of design concrete shear stress, v, (N/mm?) for
f.w = 25 N/mm? concrete (Table 3.8, BS 8110)

1004, Effective depth (d) mm
bd

125 150 175 200 225 250 300 > 400
<0.15 0.45 0.43 0.41 0.40 0.39 0.38 0.36 0.34
0.25 0.53 0.51 0.49 0.47 0.46 0.45 0.43 0.40
0.50 0.57 0.64 0.62 0.60 0.58 0.56 0.54 0.50
0.75 0.77 0.73 0.71 0.68 0.66 0.65 0.62 0.57
1.00 0.84 0.81 0.78 0.75 0.73 0.71 0.68 0.63
1.50 0.97 0.92 0.89 0.86 0.83 0.81 0.78 0.72
2.00 1.06 1.02 0.98 0.95 0.92 0.89 0.86 0.80
> 3.00 1.22 1.16 1.12 1.08 1.05 1.02 0.98 0.91

section (d). The table assumes that cube strength
of concrete is 25 Nmm™. For other values of cube
strength up to a maximum of 40 Nmm™, the de-
sign shear stresses can be determined by multiply-
ing the values in the table by the factor (f,,/25)"".

Generally, where the design shear stress exceeds
the design concrete shear stress, shear reinforce-
ment will be needed. This is normally done by
providing

1. vertical shear reinforcement commonly referred
to as ‘links’

2. a combination of vertical and inclined (or bent-
up) bars as shown below.

Vertical shear
reinforcement

N //\\\ /
CINFINY
\>‘ b-4p°
// // L3 ’l

Inclined shear
reinforcement

)

Beam with vertical and inclined shear reinforcement.

The former is the most widely used method and
will therefore be the only one discussed here. The
following section derives the design equations for
calculating the area and spacing of links.

(i) Shear resistance of links. Consider a rein-
forced concrete beam with links uniformly spaced
at a distance s,, under the action of a shear force V.
The resulting failure plane is assumed to be in-
clined approximately 45° to the horizontal as shown
in Fig. 3.22.

The number of links intersecting the potential
crack is equal to d/s, and it follows therefore that
the shear resistance of these links, 1/, is given by

Vinx = number of links X total cross-sectional
area of links (Fig. 3.23) X design stress

= (dIs,) x A, x 0.87f,

(D2
=22

Fig. 3.23 A, for varying shear reinforcement arrangements.

® — diameter of links
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The shear resistance of concrete, V., can be
calculated from

|2

conc

=v.bd (using equation 3.14)

The design shear force due to ultimate loads, V,
must be less than the sum of the shear resistance
of the concrete (V. plus the shear resistance of
the links (V},0), otherwise failure of the beam may
arise. Hence

V'S Vione + Vink
< vbd + (d/s,)A,0.87f,

Dividing both sides by bd gives

Vibd < v, + (1/bs,)A,,0.87f,,
From equation 3.14

v < v, + (1/bs,)A0.87F,

A,  bv-v)
S, 0.87f,

Where (v — ) is less than 0.4 N/mm? then links
should be provided according to

rearranging gives (3.15)

A,  0.4b
S, 0.87f,
Equations 3.15 and 3.16 provide a basis for cal-

culating the minimum area and spacing of links.
The details are discussed next.

(3.16)

(ii) Form, area and spacing of links. Shear
reinforcement should be provided in beams ac-
cording to the criteria given in Table 3.12.

Thus where the design shear stress is less than
half the design concrete shear stress (i.e. v < 0.5v,),
no shear reinforcement will be necessary although,
in practice, it is normal to provide nominal links
in all beams of structural importance. Where
0.5V, < v < (v, + 0.4) nominal links based on equa-
tion 3.16 should be provided. Where v > v, + 0.4,
design links based on equation 3.15 should be
provided.

BS 8110 further recommends that the spacing of
links in the direction of the span should not exceed
0.75d. This will ensure that at least one link crosses
the potential crack.

Table 3.12 Form and area of links in beams (Table 3.7, BS 8110)

Values of v (N /mm?)

Avrea of shear reinforcement to be provided

v < 0.5v, throughout the beam

No links required but normal practice to provide nominal links in

members of structural importance

0.5, <V < (v, +0.4)

(L. +04) <v< 08\17Cu or 5 N/mm?

Nominal (or minimum) links for whole length of beam A4, > 0.4bs,
0.87f,
Design links A4, > s, 0 —v.)
0.871,,

Example 3.3 Design of shear reinforcement for a beam (BS 8110)

Design the shear reinforcement for the beam shown in Fig. 3.24 using high yield steel (f, = 500 Nmm™) links for the

following load cases:

(i) =0
(i) g.=10 kNm™
(i) g, =29 kNm™

(iv) g =45 kNm™

g=10kN m™’

<—
+ 225 mm + 225 mm

le >l
< >

Fig. 3.24
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Example 3.3 continued
DESIGN CONCRETE SHEAR STRESS, v,

100A, 100 X 1960 _

=1.10
bd 325 x 547
From Table 3.11, v. = 0.65 Nmm™ (see below)
T00A, Effective depth (mm)
bd
300 > 400
Nmm™ Nmm~™2
1.00 0.68 0.63
1.10 0.65
1.50 0.78 0.72
() g=0
Design shear stress (v)
gc=10kN m™

M

R om R

v~
\IV

Shear force diagram

Total ultimate load, W, is
W= (1.4g, + 1.6qJ)span = (1.4 x 10 + 1.6 x 0)6 = 84 kN
Since beam is symmetrically loaded
R, = Ry = W2 =42 kN
Ultimate shear force (V) = 42 kN and design shear stress, v, is

% 42 x10°
vV=—=———=0.24 Nmm~
bd 325 x 547

Diameter and spacing of links
By inspection

V< V2

i.e. 0.24 Nmm™ < 0.32 Nmm™ Hence from Table 3.12, shear reinforcement may not be necessary.

Beams
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Example 3.3 continued

(I g, =10 kNm™
Design shear stress (v)

ﬁ:o i, m71 / k= 10kN m71
OO Y Y Y Y Y Y YYD

Y Y Y YYYYY YY)

R om R
7
\IV

Total ultimate load, W, is
W= (1.4g, + 1.6q)span = (1.4 X 10 + 1.6 x 10)6 = 180 kN
Since beam is symmetrically loaded
R, = Ry = Wf2 =90 kN
Ultimate shear force (V) = 90 kN and design shear stress, v, is

V. 90 x10°
V=—=—"——=051 Nmm~
bd 325 x 547

Diameter and spacing of links
By inspection
V2 <V < (v, +0.4)
i.e. 0.32 < 0.51< 1.05. Hence from Table 3.12, provide nominal links for whole length of beam according to
A 0.4b 0.4 x 325

sv _

s, 087f, 0.87 x 500

This value has to be translated into a certain bar size and spacing of links and is usually achieved using shear
reinforcement tables similar to Table 3.13. The spacing of links should not exceed 0.75d = 0.75 X 547 = 410 mm.
From Table 3.13 it can be seen that 8 mm diameter links spaced at 300 mm centres provide a A/s, ratio of 0.335 and
would therefore be suitable. Hence provide H8 links at 300 mm centres for whole length of beam.

Table 3.13 Values of A, /s,

Diameter Spacing of links (mm)
(mm)
85 90 100 125 150 175 200 225 250 275 300
8 1.183 1.118 1.006 0.805 0.671 0.575 0.503 0.447 0.402 0.366 0.335
10 1.847 1.744 1.57 1.256 1.047 0.897 0.785 0.698 0.628 0.571 0.523
12 2.659 2.511 2.26 1.808 1.507 1.291 1.13 1.004 0.904 0.822 0.753
16 4,729 4.467 4.02 3.216 2.68 2.297 2.01 1.787 1.608 1.462 1.34
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Example 3.3 continued

2H12 (hanger bars)

21H8 links at 300

la »l

< g

| L — H8 links

[\

4H25
(I g, =29 kNm™
Design shear stress (v)
G=29 kN m-'

Q:O kN m~’ ;
S,

R Rg

d

K
Total ultimate load, W, is
W= (1.4g, + 1.6g)span = (1.4 x 10 + 1.6 X 29)6 = 362.4 kN
Since beam is symmetrically loaded
R, = Ry = W[2 =181.2 kN
Ultimate shear force (V) = 181.2 kN and design shear stress, v, is
vV 181.2x10°
V=—=—""_" =102 Nmm™
bd 325 X 547

Diameter and spacing of links
By inspection
V. /2 <v < (v, +0.4)
i.e. 0.32 < 1.02 < 1.05. Hence from Table 3.12, provide nominal links for whole length of beam according to
A, 04b  04x325
s, 087f, 087x500

Therefore as in case (ii) (g, = 10 kNm™), provide H8 links at 300 mm centres.

(IV) g, = 45 kNm™

gk =45 kN m™’

Qz‘m kN m™ :

Y Y Y Y Y Y Y Y

R om R
Vl\
T~V
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Example 3.3 continued

Design shear stress (v)
Total ultimate load, W, is

W= (1.4g, + 1.6q)span = (1.4 X 10 + 1.6 x 45)6 = 516 kN
Since beam is symmetrically loaded

Ry = Ry = W2 = 258 kN
Ultimate shear force (V) = 258 kN and design shear stress, v, is

V. 258x10°
" bd 325 x 547

=1.45 Nmm= < permissible = 0.8v/25 = 4 Nmm™
Diameter and spacing of links

A,  04b

Where v < (v, + 0.4) = 0.65 + 0.4 = 1.05 Nmm™, nominal links are required according to

_ 04x325 .
s, 087f, 0.87 x500
mid-span of beam.

Hence, from Table 3.13, provide H8 links at 300 mm centres where v < 1.05 Nmm™, i.e. 2.172 m either side of the

e 3m—pe—3m—* Né
e :

x/1.05=23/1.45
— x— 5
1.05 N mm= {

x=2172m

Where v > (v . + 0.4) = 1.05 Nmm™ design links required according to
A

SV

blv —v.)  325(1.45 — 0.65)
SV

0.87f,,
from both supports.

= 0.598
0.87 x 500
Hence, from Table 3.13, provide H8 links at 150 mm centres (A,,/s, = 0.671) where v > 1.05 Nmm™, i.e. 0.828 m in

Grade of steel
Number Diameter 2H12 (hanger bars)
of links \i i/ of links
7H8 at 150 13H8 at 300 7H8 at 150
L] I

Centre-to-centre

H8 links
distance between
links

4H25



3.9.1.4 Deflection (clause 3.4.6, BS 8110)

In addition to checking that failure of the member
does not arise due to the ultimate limit states of
bending and shear, the designer must ensure that
the deflections under working loads do not adversely
affect either the efficiency or appearance of the
structure. BS 8110 describes the following criteria
for ensuring the proper performance of rectangular
beams:

1. Final deflection should not exceed span/250.

2. Deflection after construction of finishes and
partitions should not exceed span/500 or 20 mm,
whichever is the lesser, for spans up to 10 m.

However, it is rather difficult to make accurate
predictions of the deflections that may arise in con-
crete members principally because the member may
be cracked under working loads and the degree
of restraint at the supports is uncertain. Therefore,
BS 8110 uses an approximate method based on
permissible ratios of the span/effective depth. Before
discussing this method in detail it is worth clarifying
what is meant by the effective span of a beam.

(i) Effective span (clause 3.4.1.2, BS 8110). All
calculations relating to beam design should be based
on the effective span of the beam. For a simply
supported beam this should be taken as the lesser
of (1) the distance between centres of bearings, A,
or (2) the clear distance between supports, D, plus
the effective depth, d, of the beam (Fig. 3.25). For
a continuous beam the effective span should nor-
mally be taken as the distance between the centres
of supports.

(ii) Spanl/effective depth ratio. Generally, the
deflection criteria in (1) and (2) above will be satis-
fied provided that the span/effective depth ratio of
the beam does not exceed the appropriate limiting
values given in Table 3.14. The reader is referred
to the Handbook to BS 8110 which outlines the
basis of this approach.

The span/effective depth ratio given in the table
apply to spans up to 10 m long. Where the span
exceeds 10 m, these ratios should be multiplied by

$d

Fig. 3.25 Effective span of simply supported beam.

Beams

Table 3.14 Basic span/effective depth ratio
for rectangular or flanged beams (Table 3.9,
BS 8110)

Support conditions  Rectangular ~ Flanged beams with
sections w.zdth of beam <03
width of flange
Cantilever 7 5.6
Simply supported 20 16.0
Continuous 26 20.8

Table 3.15 Modification factors for compression
reinforcement (Table 3.11, BS 8110)

100A47 rov Factor
bd

0.00 1.0
0.15 1.05
0.25 1.08
0.35 1.10
0.5 1.14
0.75 1.20
1 1.25
1.5 1.33
2.0 1.40
25 1.45
>3.0 1.5

10/span (except for cantilevers). The basic ratios
may be further modified by factors taken from
Tables 3.15 and 3.16, depending upon the amount
of compression and tension reinforcement respect-
ively. Deflection is usually critical in the design of
slabs rather than beams and, therefore, modifica-
tions factors will be discussed more fully in the
context of slab design (section 3.10).

3.9.1.5 Member sizing

The dual concepts of span/effective depth ratio and
maximum design concrete shear stress can be used
not only to assess the performance of members
with respect to deflection and shear but also for
preliminary sizing of members. Table 3.17 gives
modified span/effective depth ratios for estimating
the effective depth of a concrete beam provided
that its span is known. The width of the beam
can then be determined by limiting the max-
imum design concrete shear stress to around (say)
1.2 Nmm™.
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Table 3.16 Modification factors for tension reinforcement (based on Table 3.10, BS 8110)

Service stress M/bd?
0.50 0.75 1.00 1.50 2.00 3.00 4.00 5.00 6.00
100 2.00 2.00 2.00 1.86 1.63 1.36 1.19 1.08 1.01
150 2.00 2.00 1.98 1.69 1.49 1.25 1.11 1.01 0.94
(f, =250) 167 2.00 2.00 1.91 1.63 1.44 1.21 1.08 0.99 0.92
200 2.00 1.95 1.76 1.51 1.35 1.14 1.02 0.94 0.88
250 1.90 1.70 1.55 1.34 1.20 1.04 0.94 0.87 0.82
300 1.60 1.44 1.33 1.16 1.06 0.93 0.85 0.80 0.76
(f, =500) 323 1.41 1.28 1.18 1.05 0.96 0.86 0.79 0.75 0.72
Note 1. The values in the table derive from the equation:
477 - f)

Modification factor = 0.55 + < 2.0 (equation 7)

120{0.0 + 24
bd

where
/. is the design service stress in the tension reinforcement
M is the design ultimate moment at the centre of the span or, for a cantilever, at the support.
Note 2. The design service stress in the tension reinforcement may be estimated from the equation:

f. = > X @ X L (equation 8)

8 As,pmv Bb

where B, is the percentage of moment redistribution, equal to 1 for simply supported beams.
* As pointed out in Reynolds RC Designers Handbook the term 5/8 which is applicable to vy, = 1.15 is given incorrectly as 2/3

in BS 8110 which is applicable to y,,, = 1.05.

Table 3.17 Span/effective depth ratios for
initial design

Support condition Spanleffective depth
Cantilever 6
Simply supported 12
Continuous 15
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Example 3.4 Sizing a concrete beam (BS 8110)

A simply supported beam has an effective span of 8 m and supports characteristic dead (g,) and live (g,) loads of
15 kNm™ and 10 kNm™ respectively. Determine suitable dimensions for the effective depth and width of the beam.

OOYYYYYYYYYYYYYYNg o {0kNm~
Y Y Y Y Y Y Y Y Y Y Y Yy -
+—— g, =15kNm™’

——m——

From Table 3.17, span/effective depth ratio for a simply supported beam is 12. Hence effective depth, d, is

g = Span
12

=mz670mm

Total ultimate load = (1.4g, + 1.6qJspan = (1.4 X 15 + 1.6 X 10)8 = 296 kN
Design shear force (V) = 296/2 = 148 kN and design shear force, v, is

o= V. 148 x10°
bd 6700
Assuming v is equal to 1.2 Nmm™, this gives a beam width, b, of
V148 x10°
=—=———=185 mm
dv 670 %x1.2

Hence a beam of width 185 mm and effective depth 670 mm would be suitable to support the given design loads.

3.9.1.6 Reinforcement details (clause 3.12,

BS 8110)
The previous sections have covered much of the
theory required to design singly reinforced con-
crete beams. However, there are a number of code
provisions with regard to:

1. maximum and minimum reinforcement areas
2. spacing of reinforcement

3. curtailment and anchorage of reinforcement
4. lapping of reinforcement.

These need to be taken into account since they
may affect the final design.

1. Reinforcement areas (clause 3.12.5.3 and
3.12.6.1, BS 8110). As pointed out in section 3.8,
there is a need to control cracking of the concrete
because of durability and aesthetics. This is usually
achieved by providing minimum areas of reinforce-
ment in the member. However, too large an area
of reinforcement should also be avoided since it
will hinder proper placing and adequate compaction
of the concrete around the reinforcement.

For rectangular beams with overall dimensions &
and 4, the area of tension reinforcement, A, should
lie within the following limits:

0.24%bh < A, < 4%bh when f, = 250 Nmm™
0.13%bh < A, < 4%bh when f, = 500 Nmm™

2. Spacing of reinforcement (clause 3.12.11.1,
BS 8110). BS 8110 specifies minimum and max-
imum distances between tension reinforcement.
The actual limits vary, depending upon the grade
of reinforcement. The minimum distance is based
on the need to achieve good compaction of the con-
crete around the reinforcement. The limits on the
maximum distance between bars arise from the need
to ensure that the maximum crack width does not
exceed 0.3 mm in order to prevent corrosion of
embedded bars (section 3.8).

For singly reinforced simply supported beams
the clear horizontal distance between tension bars,
Sy should lie within the following limits:

h

+ 5 mm or bar size < s, < 280 mm
when f, =250 Nmm™

agg

h

+ 5 mm or bar size < s, < 155 mm
when f, =500 Nmm™

agg

where %, is the maximum size of the coarse

aggregate.
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o
/
X=0.146¢
i ¢ -
Y. As a2
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T T 7
k | 1
1
wf? ! wf?
ot - of?
16 of® 16
8
Fig. 3.26

3. Curtailment and anchorage of bars (clause
3.12.9, BS 8110). The design process for simply
supported beams, in particular the calculations re-
lating to the design moment and area of bending
reinforcement, is concentrated at mid-span. How-
ever, the bending moment decreases either side of
the mid-span and it follows, therefore, that it should
be possible to reduce the corresponding area of
bending reinforcement by curtailing bars. For the
beam shown in Fig. 3.26, theoretically 50 per cent
of the main steel can be curtailed at points A and
B. However, in order to develop the design stress
in the reinforcement (i.e. 0.87f, at mid-span), these
bars must be anchored into the concrete. Except at
end supports, this is normally achieved by extend-
ing the bars beyond the point at which they are
theoretically no longer required, by a distance equal
to the greater of (i) the effective depth of the mem-
ber and (ii) 12 times the bar size.

Where a bar is stopped off in the tension zone,
e.g. beam shown in Fig. 3.26, this distance should
be increased to the full anchorage bond length in
accordance with the values given in Table 3.18.
However, simplified rules for the curtailment of
bars are given in clause 3.12.10.2 of BS 8110. These
are shown diagrammatically in Fig. 3.27 for simply
supported and continuous beams.

The code also gives rules for the anchorage of
bars at supports. Thus, at a simply supported end
each tension bar will be properly anchored provided
the bar extends a length equal to one of the fol-
lowing: (a) 12 times the bar size beyond the centre
line of the support, or (b) 12 times the bar size
plus d/2 from the face of the support (Fig. 3.28).

Sometimes it is not possible to use straight bars
due to limitations of space and, in this case, an-
chorage must be provided by using hooks or bends
in the reinforcement. The anchorage values of hooks
and bends are shown in Fig. 3.29. Where hooks or
bends are provided, BS 8110 states that they should

60
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Fig. 3.27 Simplified rules for curtailment of bars in
beams: (a) simply supported ends; (b) continuous beam.

120 2

Fig. 3.28 Anchorage requirements at simple supports.

not begin before the centre of the support for rule
(a) or before d/2 from the face of the support for
rule (b).

4. Laps in reinforcement (clause 3.12.8, BS
8110). It is not possible nor, indeed, practicable
to construct the reinforcement cage for an indi-
vidual element or structure without joining some
of the bars. This is normally achieved by lapping
bars (Fig. 3.30). Bars which have been joined in
this way must act as a single length of bar. This
means that the lap length should be sufficiently
long in order that stresses in one bar can be trans-
ferred to the other.



Beams

Table 3.18 Anchorage lengths as multiples of
bar size (based on Table 3.27, BS 8110)

Jeo
r

(0]
a
(a) L,
4@ fu=25 30 35 40
> or more
r .
() Plain (250)
(b) Tension 43 39 36 34
Compression 34 32 29 27
For mild steel bars minimum r= 2® Deformed Type 1 (500)
For high yield bars minimum r=3® or Tension 55 50 47 44
40 for sizes 25 mm and above Compression 44 40 38 35
Def d T 2 (500
Fig. 3.29 Anchorage lengths for hooks and bends Te ormec Lype (500) 44 40 38 35
(@) anchorage length for 90° bend = 4r but not greater ension
Compression 35 32 30 28

than 12¢; (b) anchorage length for hook = 8r but not
greater than 24¢.

tension anchorage length, but will often need to
be increased as outlined in clause 3.12.8.13 of

o BS 8110. The anchorage length (L) is calculated
— using
H / Starter bars L=L,x® (3.17)
Kicker |
+ ] _! }d wherfz .
—_— ® is the diameter of the (smaller) bar

L, is obtained from Table 3.18 and depends
upon the stress type, grade of concrete and
reinforcement type.

Fig. 3.30 Lap lengths.

The minimum lap length should not be less
than 15 times the bar diameter or 300 mm. For
tension laps it should normally be equal to the

For compression laps the lap length should
be at least 1.25 times the compression anchorage
length.

Example 3.5 Design of a simply supported concrete beam (BS 8110)

A reinforced concrete beam which is 300 mm wide and 600 mm deep is required to span 6.0 m between the centres
of supporting piers 300 mm wide (Fig. 3.37). The beam carries dead and imposed loads of 25 kNm™ and 19 kNm™
respectively. Assuming f,, = 30 Nmm™, f, = f, = 500 Nmm~and the exposure class is XC1, design the beam.

<+—— g =19kNm™’

A —p h=600
| <+——— g, =25kNm™’
300 »f}e A—» 300
> 6m > le—>]
b=2300
Section A-A

Fig. 3.31
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Example 3.5 continued
DESIGN MOMENT, M

Loading

Dead
Self weight of beam = 0.6 x 0.3 X 24 = 4.32 kNm™
Total dead load (g,) = 25 + 4.32 = 29.32 kNm™

Imposed
Total imposed load (g,) = 19 kNm™

Ultimate load
Total ultimate load (W) = (1.4g, + 1.6qJspan
=(1.4%x29.32 + 1.6 X 19)6

= 428.7 kN
Design moment
We  428.7
Maximum design moment (M) = e = % =3215kNm

ULTIMATE MOMENT OF RESISTANCE, M,
Effective depth, d

-
J /2
‘L @

1\0

Assume diameter of main bars (®) = 25 mm
Assume diameter of links (@) =8 mm
From Table 3.6, cover for exposure class XC1 = 15 + Ac = 25 mm.

d=h—c—® — P/2
= 600 — 25 — 8 — 25/2 = 554 mm
Ultimate moment
M, = 0.156f,,bd? = 0.156 x 30 x 300 x 554
= 430.9 X 10° Nmm = 430.9 kNm > M

Since M, > M no compression reinforcement is required.
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Example 3.5 continued

MAIN STEEL, A,
M 321.5x10°

f,bd? 30 x 300 X 5542

z= d[0.5 + /(0.25 - K/0.9)] = 554[0.5 + /(0.25 — 0.116/0.9)] = 470 mm
M 3215x10°

=0.116

= = = 1573 mm?
0.87fyz 0.87 x 500 x 470
Hence from Table 3.10, provide 4H25 (A, = 1960 mm?).
SHEAR REINFORCEMENT
/WWVYWVWWY&YVV\
st -,
"4
|v

Ultimate design load, W = 428.7 kN
Shear stress, v
Since beam is symmetrically loaded
Ry= Ry = W2 =2144 kN

Ultimate shear force (V) = 214.4 kN and design shear stress, v, is

% 214.4 x 10°

V=—="""""— =129 Nmm~ < permissible = 0.84/30 = 4.38 Nmm™

bd 300 x 554

Design concrete shear stress, v,

1004, 100 X 1960 _
bd 300 x 554

1.18

From Table 3.11,
v, = (30/25)"® x 0.66 = 0.70 Nmm™
Diameter and spacing of links
Where v < (v, + 0.4) = 0.7 + 0.4 = 1.1 Nmm™, nominal links are required according to

A
w _ 04b _ 04x300 _ .
s, 087f, 087 x500

Beams

Hence from Table 3.13, provide H8 links at 300 mm centres where v < 1.10 Nmm™, i.e. 2.558 m either side of the

mid-span of beam.

Ae—3m—ple—3m—pd X - 2 _o558m

£ 3
£

= 110 1.2
g,v — x —p

i

>

(]

63



Design in reinforced concrete to BS 8110

Example 3.5 continued

Where v > (v, + 0.4) = 1.10 Nmm™ design links required according to

A, bl -v,) 300(1.29 - 0.70)
s, 087f, 087 x500

Maximum spacing of links is 0.75d = 0.75 x 554 = 416 mm. Hence from Table 3.13, provide 8 mm diameter links at

225 mm centres (A,/s, = 0.447) where v > 1.10 Nmm™, i.e. 0.442 m in from both supports.

EFFECTIVE SPAN

The above calculations were based on an effective span of 6 m, but this needs to be confirmed. As stated in section
3.9.1.4, the effective span is the lesser of (1) centre-to-centre distance between support, i.e. 6 m, and (2) clear
distance between supports plus the effective depth, i.e. 5700 + 554 = 6254 mm. Therefore assumed span length of
6 m is correct.

DEFLECTION

Actual span/effective depth ratio = 6000/554 = 10.8

M 3215x10°

= 0.407

— =227 -35
bd? 300 x 5542
and from equation 8 (Table 3.76)
5 Aseg 5 1573
f,==xf,x —= = = x 500 x —— = 251Nmm?
8 1960

s,prov
From Table 3.14, basic span/effective depth ratio for a simply supported beam is 20 and from Table 3.16, modification
factor = 0.97. Hence permissible span/effective depth ratio = 20 x 0.97 = 19 > actual (= 10.8) and the beam therefore
satisfies the deflection criteria in BS 8110.

REINFORCEMENT DETAILS

The sketch below shows the main reinforcement requirements for the beam. For reasons of buildability, the actual
reinforcement details may well be slightly different and the reader is referred to the following publications for further
information on this point:

1. Designed and Detailed (BS 8110: 1997), Higgins, J.B. and Rogers, B.R., British Cement Association, 1989.
2. Standard Method of Detailing Structural Concrete, the Concrete Society and the Institution of Structural Engin-
eers, London, 1989.

4H8 at 225 14H8 at 300 4H8 at 225
B e L

Ll I #+—Hi2
300 mm —» 5700 mm4>§<— 300 mm .
< <— H8 links
2H12
H25
100 mm
r=100 mm
H8 links — 554 mm 1
y
7 46 mm
4H25 <
150 mm:
300 mm ¢ of support
|
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Example 3.6 Analysis of a singly reinforced concrete beam (BS 8110)

A singly reinforced concrete beam in which f,, = 30 Nmm™ and f, = 500 Nmm™ contains 1960 mm? of tension
reinforcement (Fig. 3.32). If the effective span is 7 m and the density of reinforced concrete is 24 kNm™, calculate the
maximum imposed load that the beam can carry assuming that the load is (a) uniformly distributed and (b) occurs as
a point load at mid-span.

b =300

h =500
4H25
(A;=1960 mm?) —F-t0®®®
30 mm cover
Fig. 3.32
(A) MAXIMUM UNIFORMLY DISTRIBUTED IMPOSED LOAD, g,
Moment capacity of section, M
b £, = 0.0035 0.67 /Yo
o i
XI 7 O.QXI T Foo
B ey
z
eeooe | Y. L | Fype— ----Y.
&,

£/Yms = 500/1.15 -~~~ ,

200 kNmm

»
|

Effective depth, d, is
d = h — cover — ¢/2 = 500 — 30 — 25/2 = 457 mm
For equilibrium Fe=Fy4

0.9xb = 0.87f, A, (assuming the steel has yielded)
Ymc

0.67 x 30
1.5

0.9 X x x 300 = 0.87 x 500 X 1960 = x= 236 mm
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Example 3.6 continued

- . € €
From similar triangles e st
x d-x
0.0035 €
= &t = g, = 0.0033

236 457 — 236

f, 500/1.15
;= v/gms = / = 0.00217 < g

€
. 200x10°

Therefore the steel has yielded and the steel stress is 0.871, as assumed.
Lever arm, z, is

z=d — 0.45x =457 — 0.45 x 236 = 351 mm
Moment capacity, M, is

M= MO.Qxbz
Ymc
M= (%)09 X 236 x 300 x 351 x 107 = 299.7 kNm

Maximum uniformly distributed imposed load, g,

O — g«
OOCYYYYYYYYYYYYY NS
f | D

e—————— 7Tm————>

Dead load
Self weight of beam (g,) = 0.5 X 0.3 x 24 = 3.6 kNm™

Ultimate load
Total ultimate load (W) = (1.4g, + 1.6g)span
= (1.4 x 3.6 + 1.6q,)7

Imposed load

We (504 +1.6¢,)72
s 8
Hence the maximum uniformly distributed imposed load the beam can support is

299.7 x 8)[7* — 5.04
g = ( 1]é = 27.4 kNm™

(B) MAXIMUM POINT LOAD AT MID-SPAN, Q,

rv‘v‘v‘vwvljk‘vwvw‘vﬁ
+ *4— g« = 3.6 kN m™ (from above)
le

7m gl

Maximum design moment (M) = =299.7 kNm (from above)
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Loading

Ultimate load

Beams

Ultimate dead load (W,) = 1.4g, X span = 1.4 X 3.6 X 7 = 35.3 kN

Ultimate imposed load (W) = 1.6Q,

Imposed load
Maximum design moment, M, is
M= W?De + W—'€ (Example 2.5, beam B1-B3) =

353 x7
+

1.60, x 7

=299.7 kNm (from above)

Hence the maximum point load which the beam can support at mid-span is

Q,

_ (299.7 — 35.3 x 7/8)4

=96 kN

1.6 X7

3.9.2 DOUBLY REINFORCED BEAM DESIGN

If the design moment is greater than the ultimate
moment of resistance, i.e. M > M, or K > K’
where K = M/f.,bd*> and K’ = M /f..bd* the con-
crete will have insufficient strength in compression
to generate this moment and maintain an under-
reinforced mode of failure.

N\

Neutral axis

The required compressive strength can be
achieved by increasing the proportions of the beam,
particularly its overall depth. However, this may
not always be possible due to limitations on the
headroom in the structure, and in such cases it will
be necessary to provide reinforcement in the com-
pression face. The compression reinforcement will
be designed to resist the moment in excess of M,.
This will ensure that the compressive stress in the
concrete does not exceed the permissible value and
ensure an under-reinforced failure mode.

Beams which contain tension and compression
reinforcement are termed doubly reinforced. They
are generally designed in the same way as singly
reinforced beams except in respect of the calcula-
tions needed to determine the areas of tension and
compression reinforcement. This aspect is discussed
below.

3.9.2.1 Compression and tensile steel areas
(clause 3.4.4.4, BS 8110)

The area of compression steel (A4.) is calculated

from

’ _ M - Mu

*0.87f,(d—d")
where d’ is the depth of the compression steel from
the compression face (Fig. 3.33).

The area of tension reinforcement is calculated
from

(3.18)

M, A4’ (3.19)
0871,z

where z2=d[0.5 + /(0.25 - K’/0.9)] and K’ =0.156.

Equations 3.18 and 3.19 can be derived using
the stress block shown in Fig. 3.33. This is basic-
ally the same stress block used in the analysis of a
singly reinforced section (Fig. 3.17) except for the
additional compression force (F,.) in the steel.

In the derivation of equations 3.18 and 3.19 it is
assumed that the compression steel has yielded (i.e.
design stress = 0.87f) and this condition will be
met only if

S

’ ’

L <037 or —<0.19 wherex =
X d 0.45
If d’/x > 0.37, the compression steel will not
have yielded and, therefore, the compressive stress
will be less than 0.87f,. In such cases, the design
stress can be obtained using Fig. 3.9.

d-z

67



Design in reinforced concrete to BS 8110

b 0.0035 0.45f,
e f— f—
x , F.
e o] 1° ] —=
As x=d/2 §=0.9x ' :
gl -b—-— .| Neutral (P
axis z
ESC
X ° As . <
8st F
f—— :
Section Strains Stress block

Fig. 3.33 Section with compression reinforcement.

Example 3.7 Design of bending reinforcement for a doubly reinforced
beam (BS 8110)

The reinforced concrete beam shown in Fig. 3.34 has an effective span of 9 m and carries uniformly distributed dead

(including self weight of beam) and imposed loads of 4 and 5 kNm™ respectively. Design the bending reinforcement
assuming the following:

f,, = 30 Nmm™
f, = 500 Nmm™
Cover to main steel = 40 mm
2 <«— g=5kNm™ h=370 mm
— -1
C —PI A | —— g«=4 kN m
¢ —9m
fe—>
b=230 mm
Section A-A

Fig. 3.34

DESIGN MOMENT, M
Loading

Ultimate load
Total ultimate load (W) = (1.4g, + 1.6g)span
=(1.4x4+ 16 x5)9=1224 kN

Design moment

WE¢ 1224 %9
Maximum design moment (M) = e = TX =137.7 kNm
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Example 3.7 continued
ULTIMATE MOMENT OF RESISTANCE, M,

Effective depth, d
Assume diameter of tension bars (®) = 25 mm:

d=h— ®f2 — cover
=370 — 25/2 — 40 =317 mm

Ultimate moment
M, = 0.156f.,bd>
= 0.156 x 30 x 230 x 3172
= 108.2 x 10° Nmm = 108.2 kNm

Since M > M, compression reinforcement is required.

COMPRESSION REINFORCEMENT

Assume diameter of compression bars (¢) = 16 mm. Hence
d’ = cover + ¢/2 = 40 + 16/2 = 48 mm
z=d[0.5 + (025 - K’/0.9)] = 317[0.5 + {0.25 — 0.156/0.9)] = 246 mm
d—z 317 -246

X = = =158 mm
0.45 0.45
"4
d— = % = 0.3 < 0.37, i.e. compression steel has yielded.
— _ 6
= M- M, _ (137.7 = 108.2)10 — 252 mm?
0.87fy(d —d) 0.87 x500(317 — 48)
Hence from Table 3.10, provide 2H16 (A = 402 mm?)
(1) TENSION REINFORCEMENT
6
M, + Al = 108210 + 252 = 1263 mm?

S

087fz 087 X500 x 246
Hence provide 3H25 (A, = 1470 mm?).

2H16 ——n ® o

d’'=48

d=317

3H25 —»r @ . ° —_—
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0.5 1.0 1.5 2.0 25 3.0 35
14 : 40 x/d=0.3-------
13F 7 x/d=0.4 —-—--
: 7] 20 X/d=05———-
F 42415
12T i g
E 7%
“
11 4
104 2P 1.0
L 7
7
9 Za
E 4 d L 0.5
§ 2 B p—b—of
« 7 g ) N TN
S 4 < RANT
26 7~ 0o 8 d
S gigh =
5 y ] 41
,/“/ | 'As.
4 F T
: 4
C ]
2 £ o H f, 30
E | | /] I f, 500
1 7 1
E /| . did 0.15
0 0.5 1.0 1.5 2.0 25 3.0 35

100A./bd

Fig. 3.35 Design chart for doubly reinforced beams (based on chart 7, BS 8110: Part 3).

3.9.2.2 Design charts
Rather than solving equations 3.18 and 3.19 it is
possible to determine the area of tension and com-
pression reinforcement simply by using the design
charts for doubly reinforced beams given in Part 3
of BS 8110. Such charts are available for design
involving the use of concrete grades 25, 30, 35,
40, 45 and 50 and d’/d ratios of 0.1, 0.15 and
0.2. Unfortunately, as previously mentioned, BSI
issued these charts when grade 460 steel was the
norm rather than grade 500 and, therefore, use of
these charts will overestimate the steel areas by
around 10 per cent. Fig. 3.35 presents a modified
version of chart 7 for grade 500 reinforcement.
The design procedure involves the following
steps:

1. Check M, < M.

2. Calculate d’/d.

3. Select appropriate chart from Part 3 of BS 8110
based on grade of concrete and d’/d ratio.

4. Calculate M/bd>.

5. Plot M/bd* ratio on chart and read off corres-
ponding 100A4//bd and 100A4./bd values (Fig.
3.35)

6. Calculate A and A4..
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Using the figures given in Example 3.7, M, =
108.2 kNm < M = 137.7 kNm

Since d’/d (= 48/317) =0.15 and f., = 30 N/mm?,
chart 7 is appropriate. Furthermore, since the beam
is simply supported, no redistribution of moments
is possible, therefore, use x/d = 0.5 construction
line in order to determine areas of reinforcement.

M 137.7x10°
bd> 230 x 3172

1004//bd = 0.33 = A! = 243 mm?
1004,/bd = 1.72 = A, = 1254 mm?

=5.95

Hence from Table 3.10, provide 2H16 compres-
sion steel and 3H25 tension steel.

3.9.3 CONTINUOUS, L AND T BEAMS

In most real situations, the beams in buildings are
seldom single span but continuous over the sup-
ports, e.g. beams 1, 2, 3 and 4 in Fig. 3.36(a). The
design process for such beams is similar to that
outlined above for single span beams. However,
the main difference arises from the fact that with
continuous beams the designer will need to con-
sider the various loading arrangements discussed
in section 3.6.2 in order to determine the design
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Table 3.19 Design ultimate moments and shear forces for continuous beams (Table 3.5, BS 8110)

End support End span Penultimate support Interior span Interior support
Moment 0 0.09F¢ —0.11F¢ 0.07F¢ —0.08F¢
Shear 0.45F - 0.6F - 0.55F

F = 1.4G, + 1.6Q,; ¢ = effective span . . . .

design the beam as an L or T section by including

the adjacent areas of the slab (Fig. 3.36(b)). The

(@  actual width of slab that acts together with the

! X< | | l beam is normally termed the effective flange.

@ — = =r===x ===——gp— According to clause 3.4.1.5 of BS 8110, the effec-

X —
Effective ———+ +———— Effective flange (b)
flange
@ @T—beam@ @ L-beam
Section X-X

Fig. 3.36 Floor slab: (a) plan (b) cross-section.

moments and shear forces in the beam. The analy-
sis to calculate the bending moments and shear
forces can be carried out by moment distribution
as discussed in section 3.9.3.1 or, provided the
conditions in clause 3.4.3 of BS 8110 are satisfied
(see Example 3.10), by using the coefficients given
in Table 3.5 of BS 8110, reproduced as Table 3.19.
Once this has been done, the beam can be sized
and the area of bending reinforcement calculated
as discussed in section 3.9.1 or 3.9.2. At the inter-
nal supports, the bending moment is reversed and
it should be remembered that the tensile reinforce-
ment will occur in the top half of the beam and
compression reinforcement in the bottom half of
the beam.

Generally, beams and slabs are cast
monolithically, that is, they are structurally tied. At
mid-span, it is more economical in such cases to

tive flange width should be taken as the lesser of
(a) the actual flange width and (b) the web width
plus €,/5 (for T-beams) or ¢,/10 (for L-beams),
where €, is the distance between points of zero
moments which for a continuous beam may be
taken as 0.7 times the distance between the centres
of supports.

The depth of the neutral axis in relation to the
depth of flange will influence the design process
and must therefore be determined. The depth of the
neutral axis, x, can be calculated using equation
3.9 derived in section 3.9.1, i.e.

d-z
0.45

Where the neutral axis lies within the flange,
which will normally be the case in practice, the
beam can be designed as being singly reinforced
taking the breadth of the beam, b, equal to the
effective flange width. At the supports of a con-
tinuous member, e.g. at columns B2, B3, C2 and
C3, due to the moment reversal, b should be taken
as the actual width of the beam.

3.9.3.1 Analysis of continuous beams
Continuous beams (and continuous slabs that span
in one direction) are not statically determinate and
more advanced analytical techniques must be used
to obtain the bending moments and shear forces in
the member. A straightforward method of calculat-
ing the moments at the supports of continuous
members and hence the bending moments and
shear forces in the span is by moment distribu-
tion. Essentially the moment-distribution method
involves the following steps:

1. Calculate the fixed end moments (FEM) in each
span using the formulae given in Table 3.20 and
elsewhere. Note that clockwise moments are con-
ventionally positive and anticlockwise moments
are negative.
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Fig. 3.37 Stiffness factors for uniform beams: (a) pinned-
fixed beam = 4EI/L; (b) pinned-pinned beam = 3EI/L.

2. Determine the stiffness factor for each span. The
stiffness factor is the moment required to pro-
duce unit rotation at the end of the member. A
uniform member (i.e. constant EI) of length LL
that is pinned at one end and fixed at the other
(Fig. 3.37(a)) has a stiffness factor of 4EI/L. If
the member is pinned at both ends its stiffness
factor reduces to (3/4)4El/L (Fig. 3.37(b)).

3. Evaluate distribution factors for each member
meeting at a joint. The factors indicate what
proportion of the moment applied to a joint is
distributed to each member attached to it in order
to maintain continuity of slope. Distribution fac-
tors are simply ratios of the stiffnesses of indi-
vidual members and the sum of the stiffnesses
of all the members meeting at a joint. As such,
the distribution factors at any joint should sum
to unity.

4. Release each joint in turn and distribute the
out-of-balance moments between the members
meeting at the joint in proportion to their dis-
tribution factors. The out-of-balance moment is
equal in magnitude but opposite in sense to the
sum of the moments in the members meeting at
a joint.

Table 3.20 Fixed end moments for uniform
beams

Mg Mega

w
j i & i 2 WL WL
8
L/2 L2 8

o per unit length

l wl? wl?

/ 12 12
L2

5. Determine the moment developed at the far end
of each member via the carry-over factor. If the
far end of the member is fixed, the carry over
factor is half and a moment of one-half of the
applied moment will develop at the fixed end. If
the far end is pinned, the carry over factor is
zero and no moment is developed at the far end.

6. Repeat steps (4) and (5) until all the out of
balance moments are negligible.

7. Determine the end moments for each span by
summing the moments at each joint.

Once the end moments have been determined,
it is a simple matter to calculate the bending
moments and shear forces in individual spans using
statics as discussed in Chapter 2.

Example 3.8 Analysis of a two-span continuous beam using moment

distribution

Evaluate the critical moments and shear forces in the beams shown below assuming that they are of constant section

and the supports provide no restraint to rotation.

W=100 kN W=100 kN
| 5m | 5m |

FL=10m+L=10m4

A B C
Load case A
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W=100 kN W=100 kN

%—L=10m%L=10m—#
A c

B
Load case B



Example 3.8 continued
LOAD CASE A

Fixed end moments
From Table 3.20

WL —100><1O
My, = My = = = —83.33 kNm
TR 2 12

WL 100 x 10
Mgy = Mg = — = ——— =83.33 kNm

12 12

Stiffness factors

Beams

Since both spans are effectively pinned at both ends, the stiffness factors for members AB and BC (K,; and Kge

respectively), are (3/4)4El/10.

Distribution factors

Stiffness factor for member AB

Distribution factor at end BA = — -
Stiffness factor for member AB + Stiffness factor for member BC

__Ke  _ (3/4)4£1/10 ~
Kus+ Ksc  (3/4)4EI[10 + (3/4)4EI[10
Similarly the distribution factor at end BC = 0.5

End moments

Joint A B C

End AB BA BC CB
Distribution factors 0.5 0.5

FEM (kNm) -83.33 83.33 -83.33 83.33
Release A & C' +83.33 -83.33
Carry over’ T~ 41.66 —41.66/
Release B 0

Sum® (kNm) 0 125 —125 0
Notes:

'Since ends A and C are pinned, the moments here must be zero. Applying moments that

are equal in magnitude but opposite in sense to the fixed end moments, i.e. +83.33 kNm and
—83.33 kNm, satisfies this condition.

“Since joint B is effectively fixed, the carry-over factors for members AB and BC are both

0.5 and a moment of one-half of the applied moment will be induced at the fixed end.
*Summing the values in each column obtains the support moments.

Support reactions and mid-span moments
The support reactions and mid-span moments are obtained using statics.

W=100 kN =10 kN m™'
Mga =125 kN m

NN f\f\f\f\f\p
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Example 3.8 continued

Taking moments about end BA obtains the reaction at end A, R,, as follows
10R, = WL[2 — Mg, = 100 x (10/2) — 125 = 375 kNm=> R, = 37.5 kN

Reaction at end BA, Rgs = W — Ry = 100 — 37.5 = 62.5 kN. Since the beam is symmetrically loaded, the reaction at
end BC, Ry = Ry, Hence, reaction at support B, Ry = Ry + Ry = 62.5 + 62.5 = 125 kN.
The span moments, M,, are obtained from

M, = 37.5x — 10x%/2

Maximum moment occurs when dM/dx = 0, i.e. x=3.75 m = M = 70.7 kNm. Hence the bending moment and shear
force diagrams are as follows

NN LCNONONLNONON ONCNOY

%—L:10m+L:10m
A B
<—125kNm

62.5 kN

9]

70.7 kN\m\

<

/

/

-37.5kN
—-62.5 kN

The results can be used to obtain moment and reaction coefficients by expressing in terms of W and L, where
W is the load on one span only, i.e. 100 kN and L is the length of one span, i.e. 10 m, as shown in Fig. 3.38. The
coefficients enable the bending moments and shear forces of any two equal span continuous beam, subjected to
uniformly distributed loading, to be rapidly assessed.

-0.125WL
CONCNON ONONONONCONON CONCONON

0.07WL T 0.07WL

0.375W —p

0.375W
1.25W

Fig. 3.38 Bending moment and reaction coefficients for two equal span continuous beams subjected to a uniform load of W on
each span.

LOAD CASE B
Fixed end moments
My = Mye = _ZVL _ ~100x10 _ —125 kNm
WL 1 1
Mgy = Mg =?=—OOX 0 =125kNm
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Example 3.8 continued

Stiffness and distribution factors
The stiffness and distribution factors are unchanged from the values calculated above.

End moments

Joint A B C
End AB BA BC CB
Distribution factors 0.5 0.5

FEM (kNm) —-125 125 —-125 125
Release A & C +125 -125
Carry over \ 62.5 —-62.5 —
Release B 0

Sum 0 187.5 -187.5 0

Support reactions and mid-span moments
The support reactions and mid-span moments are again obtained using statics.

W=100 kN

i (‘5 Mgs=187.5 kN m

A BA

By taking moments about end BA, the reaction at end A, R,, is
10R, = WL[2 — M,, = 100 x (10/2) — 187.5 = 312.5 kNm = R, = 31.25 kN

The reaction at end BA, Rgs = W — R, = 100 — 31.25 = 68.75 kN = Ry.. Hence the total reaction at support B,
Rs = Rgn + Rsc = 68.75 + 68.75 = 137.5 kN
By inspection, the maximum sagging moment occurs at the point load, i.e. x=5 m, and is given by

M_s =31.25x = 31.25 X 5 = 156.25 kNm

The bending moments and shear forces in the beam are shown in Fig. 3.39. Fig. 3.40 records the moment and reaction
coefficients for the beam.

W=100 kN W=100 kN

! .
11

A B c
 _1875KNm
| |
| 1
— 156.25 kN m
—_68.75kN
31.25 kN—
—
L | _3125kN
—68.75 kN —

Fig. 3.39
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Example 3.8 continued

w w
¢ —~0.188 WL ¢
0.156 WL 0.156 WL

0.3125W —Pp»,
1.375W—»
0.3125 W —p

Fig. 3.40 Bending moment and reaction coefficients for a two equal span continuous beam subjected to concentrated loads of
W at each mid-span.

Example 3.9 Analysis of a three span continuous beam using moment
distribution

A three span continuous beam of constant section on simple supports is subjected to the uniformly distributed loads

shown below. Evaluate the critical bending moments and shear forces in the beam using moment distribution.

W=100 kN = 10 kN/m W=100 kN W=100 kN

f'\/'\/'\ ; NN NN i/’\f’\ NN i\/\f\

_10m$ —10m% _10m
A B C D

FIXED END MOMENTS (FEM)

WL 100 X 10
Mg = Mye = Moy = —m = — _8333kNm
AB BC CcD 12 12
WL 100 x 1
Mys = Mg = My = E=¥=83.33kNm

STIFFNESS FACTORS
The outer spans are effectively pinned at both ends. Therefore, the stiffness factors for members AB and CD (K, and
Ko respectively), are (3/4)4EI/10.

During analysis, span BC is effectively pinned at one end and fixed at the other and its stiffness factor, Ky, is
therefore 4EI/10.

DISTRIBUTION FACTORS

Stiffness factor for member AB
Stiffness factor for member AB + Stiffness factor for member BC

o Ke (3/4)4EIN0 B E
Ku + Kee  (3[4)4EI10 + 4EI[10 7
Stiffness factor for member BC

Stiffness factor for member AB + Stiffness factor for member BC
Kag B 4EI10 B i

" Ko+ Koo (BI4)4EIN0 + 4EI10 7
Similarly the distribution factors for ends CB and CD are, respectively, 4/7 and 3/7.

Distribution factor at end BA=

Distribution factor at end BC =
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Example 3.9 continued
END MOMENTS

Joint A B C D

End AB BA BC CB CcD DC
Distribution factors 3/7 47 47 3/7

FEM (kNm) —83.33 83.33 —83.33 83.33 —83.33 83.33
Release A & D +83.33 —83.33
Carry over \ 41.66 —41.66 /
Release B & C —17.86 -23.8 23.8 17.86

Carry over e << Tiig

Release B & C —5.1 —6.8 6.8 5.1

Carry over 3.4 >< -3.4

Release B & C —1.46 -1.94 1.94 1.46

Carry over 0.97 >< -0.97

Release B & C —0.42 —0.55 0.55 0.42

Carry over 0.28 >< -0.28

Release B & C —0.12 -0.16 0.16 0.12

Sum 0 100.04 —100.04 100.04 —100.04 0

SUPPORT REACTIONS AND MID-SPAN MOMENTS

Span AB
W=100 kN =10 kN/m

Mgs = 100 kN m

BA

A

Taking moments about end BA obtains the reaction at end A, R,, as follows
10R, = WLf2 — My, = 100 X (10/2) — 100 = 400 kNm = R, = 40 kN

Reaction at end BA, Ryy = W — Ry = 100 — 40 = 60 kN
The span moments, M,, are obtained from

M, = 40x — 104%[2

Maximum moment occurs when oM/dx =0, i.e. x=4.0 m = M = 80 kNm.

Span BC

W= 100 kN = 10 kN/m
Mga =100 kN m l Mga =100 kN m

k; NN NN f\f'\[ :
CcB

BC

77



Design in reinforced concrete to BS 8110

Example 3.9 continued

By inspection, reaction at end BC, Ry, = reaction at end CB, R = 50 kN
Therefore, total reaction at support B, Ry = Rgs + Rgc = 60 + 50 = 110 kN
By inspection, maximum moment occurs at mid-span of beam, i.e. x =5 m. Hence, maximum moment is given by

M,_s = 50x — 10x*/2 — 100 = 50 x 5 — 10 X 5%/2 — 100 = 25 kNm

The bending moment and shear force diagrams plus the moment and reaction coefficients for the beam are shown
below.

CONCNONCONONONCONONON ONONONCONONON NN

FLzmm%L:mm%L:mmﬁT

B C D

! — —100 kN m
N
|

80kN m

| |
‘ | — —40 kN

-0.1WL -0.1WL
CONCNON ONONONONONON ONCONONONONON NN

T 0.08 WL T 0.025WL 0.08 WL T
= 2
< <
o o

Example 3.10 Continuous beam design (BS 8110)

A typical floor plan of a small building structure is shown in Fig. 3.41. Design continuous beams 3A/D and B1/5 assum-
ing the slab supports an imposed load of 4 kNm™2 and finishes of 1.5 kNm™ The overall sizes of the beams and slab are
indicated on the drawing. The columns are 400 x 400 mm. The characteristic strength of the concrete is 35 Nmm™
and of the steel reinforcement is 500 Nmm™. The cover to all reinforcement may be assumed to be 30 mm.

GRID LINE 3

Loading
I|< 3750 >|I 150
¥ Z /
N 1400
300
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Example 3.10 continued

I il ! I
I /L i ih ill | 3.75m
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Fig. 3.41

Dead load, g, is the sum of

weight of slab = 0.15 x 3.75 x 24 =135
weight of downstand = 0.3 X 0.4 x 24 = 2.88
finishes = 1.5 x 3.75 = 5.625

22.0 kNm™

Imposed load, g, = 4 X 3.75 = 15 kNm™’

Design uniformly distributed load, ® = (1.4g, + 1.6g,) = (1.4 X 22 + 1.6 X 15) = 54.8 kNm™'
Design load per span, F= @ x span = 54.8 x 8.5 = 465.8 kN

Design moments and shear forces

From clause 3.4.3 of BS 8110, as g, > g, the loading on the beam is substantially uniformly distributed and the spans
are of equal length, the coefficients in Table 3.79 can be used to calculate the design ultimate moments and shear
forces. The results are shown in the table below. It should be noted however that these values are conservative
estimates of the true in-span design moments and shear forces since the coefficients in Table 3.719 are based on
simple supports at the ends of the beam. In reality, beam 3A/D is part of a monolithic frame and significant restraint
moments will occur at end supports.
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Position Bending moment Shear force
Support 3A 0 0.45 X 465.8 = 209.6 kN
Near middle of 3A/B 0.09 x 465.8 x 8.5 = 356.3 kNm 0

/ 0.6 x 465.8 = 279.5 kN (support 3B/A%)
T (.55 x 465.8 = 256.2 kN (support 3B/C™)

Middle of 3B/C 0.07 x 465.8 x 8.5 = 277.2 kNm 0

Support 3B —0.11 X 465.8 X 8.5 = —435.5 kNm

* shear force at support 3B towards A ** shear force at support 3B towards C

Steel reinforcement

Middle of 3A/B (and middle of 3C/D)
Assume diameter of main steel, ¢ = 25 mm, diameter of links, &’ = 8 mm and nominal cover, ¢ = 30 mm. Hence

. 25
Effective depth, d = h — % — ¢ — c=550 - =Y — 8 —30=499 mm

The effective width of beam is the lesser of

(a) actual flange width = 3750 mm
(b) web width + €,/5, where ¢, is the distance between points of zero moments which for a continuous beam may be
taken as 0.7 times the distance between centres of supports. Hence

€, = 0.7 x 8500 = 5950 mm and b = 300 + 5950/5 = 1490 mm (critical)

M 3563x10°

= = =0.0274
f,bd?> 35 x 1490 x 4992

z =d(0.5 + 4/(0.25 — K/0.9)) < 0.95d = 0.95 x 499 = 474 mm (critical)

= 499(0.5 + \5(0.25 — 0.0274/0.9)) = 499 x 0.969 = 483 mm
x = (d — 2)/0.45 = (499 — 474)/0.45 = 56 mm < flange thickness (= 150 mm). Hence

Mo 356.3 x 10°
0.87f,z  0.87 x 500(0.95 x 499)

Area of steel reinforcement, A, = = 1728 mm? = 1728 mm?

Provide 4H25 (A, = 1960 mm?).

499

eeee | €— 4H25

51
300

L
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At support 3B (and 3C)
Assume the main steel consists of two layers of 25 mm diameter bars, diameter of links, " = 8 mm and nominal
cover, ¢ = 30 mm. Hence

Effective depth, d=h— ¢ — ¢ — ¢ =550 — 25 — 8 — 30 = 487 mm
Since the beam is in hogging, b = 300 mm
M, = 0.156f,,bd* = 0.156 x 35 x 300 x 4872 x 107° = 388.5 kNm

Since M, < M (= 435.5 kNm), compression reinforcement is required.
Assume diameter of compression steel, ® = 25 mm, diameter of links, " = 8 mm, and cover to reinforcement, c, is
30 mm. Hence effective depth of compression steel d’ is

d=c+¢ +®2=30+8+25/2=51 mm
Lever arm, z = d(0.5 + +/(0.25 — K’/0.9)) = 487(0.5 + +/(0.25 — 0.156/0.9)) = 378 mm

Depth to neutral axis, x = (d — 2)/0.45 = (487 — 378)/0.45 = 242 mm
d’[x = 51/242 = 0.21 < 0.37. Therefore, the compression steel has yielded, i.e. f, = 0.87fy and

M—-M, (4355 —3885)10°
0.87f,(d — d’)  0.87 x 500(487 — 5)

Area of compression steel, A= = 248 mm?

Provide 2H25 (A = 982 mm?)

, ,  3885x10°

{= —————— + 248 = 2610 mm?
0.87f,z 0.87 x 500 x 378

Area of tension steel, A, =

Provide 6H25 as shown (A, = 2950 mm?)

63

a

8°° 8 <«——o6H2S
436

® ®| «—2H25

-

300

Middle of 3B/C

From above, effective depth, d = 499 mm and effective width of beam, b = 1490 mm.

Hence, A, is

M 277.2 x 10°
O.87fyz 0.87 x 500(0.95 x 499)

= 1344 mm?

S

Provide 3H25 (A, = 1470 mm?).
Fig. 3.42 shows a sketch of the bending reinforcement for spans 3A/B and 3B/C. The curtailment lengths indicated on
the sketch are in accordance with the simplified rules for beams given in clause 3.12.10.2 of BS 8110 (Fig. 3.27).
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Fig. 3.42

Shear

As discussed in section 3.9.1.3, the amount and spacing of shear reinforcement depends on the area of tensile steel
reinforcement present in the beam. Near to supports and at mid-spans this is relatively easy to asses. However, at
intervening positions on the beam this task is more difficult because the points of zero bending moment are
unknown. It is normal practice therefore to use conservative estimates of A, to design the shear reinforcement
without obtaining detailed knowledge of the bending moment distribution as illustrated below.

Span 3A/B (3B/C and 3C/D)
The minimum tension steel at any point in the span is 2H25. Hence A, = 980 mm? and

100A, 100 x 980

= = 0.655
bd 300 x 499
3135
From Table 3.11, v, = \2—5 x 0.54 = 0.6 Nmm™

Provide minimum links where V < (v, + 0.4)bd = (0.6 + 0.4)300 x 499 x 107 = 149.7 kN (Fig. 3.42), according to

A ) 4 %
o _ 040 04x300 0.276with s, < 0.75d = 373 mm
S, 0.87f,  0.87 x 500

From Table 3.13 select H8 at 300 centres (A,,[s, = 0.335)

Support 3A (and 3D)

According to clause 3.4.5.10 of BS 8110 for beams carrying generally uniform load the critical section for shear may
be taken at distance d beyond the face of the support, i.e. 0.2 + 0.499 = 0.7 m from the column centreline. Here the
design shear force, V, is

V, = Vy, — 0.700 = 209.6 — 0.7 X 54.8 = 171.3 kN

V. 171.3x 10°
Shear stress, v = % = —— "~ = 1,14 Nmm™

bd 499 x 300
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From Fig. 3.42 it can be seen that 50 per cent of main steel is curtailed at support A. The effective area of tension
100A,

steel is 2H25, hence A, = 980 mm?, = 0.655 and v, = 0.6 Nmm™

Since v > (v, + 0.4) provide design links according to
ﬁ S blv —v.) _ 300(1.14 — 0.6)
s, 087, 0.87 x 500

From Table 3.13 select H8 links at 250 mm centres (A, /s, = 0.402).
Note that the shear resistance obtained with minimum links, V;, is

= 0.372.

V, = (v, + 0.4)bd = (0.6 + 0.4)300 x 499 x 107 = 149.7 kN

This shear force occurs at x, = (V4 — V))/o = (209.6 — 149.7)/54.8 = 1.09 m (Fig. 3.42). Assuming the first link is
fixed 75 mm from the front face of column 3A (i.e. 275 mm from the centre line of the column), then five H8 links
at 250 mm centres are required.

Support 3B/A (and 3C/D)
Design shear force at distance d beyond the face of the support (= 0.2 + 0.487 = 0.687 m), V, is

Vy = Vygu— 0.687 = 279.5 — 0.687 X 54.8 = 241.9 kN

V. 2419 x 10°
Shear stress, v = > = —=" "~ = 1.66 Nmm™2

bd 300 x 487

i i 100A, 100 x 1960
Assume the tension steel is 4H25. Hence A, = 1960 mm? and > = =134
bd 300 x 487

3
From Table 3.11, v, = % % 0.69 = 0.77 Nmm™

Since v > (v, + 0.4) provide design links according to

Ay blv—v.) _ 300(1.66 — 0.77)

> = 0.614. Select H8 at 150 centres (A,,/s, = 0.671).
s, 087f, 0.87 x 500

To determine the number of links required assume H8 links at 200 mm centres (A,,/s, = 0.503) are to be provided
between the minimum links in span 3A/B (i.e. HB@300) and the design links at support 3B (H8@ 150). In this length,
the minimum tension steel is 2H25 and from above v, = 0.6 Nmm™ The shear resistance of H8 links at 200 mm
centres plus concrete, V,, is

A
V,= (( e J0.87fy + bvc]d
SV

= (0.503 x 0.87 x 500 + 300 x 0.6)499 x 10~ = 199 kN

Assuming the first link is fixed 75 mm from the front face of column 3B then nine H8 links at 150 mm centres are
required. The distance from the centre line of column 3B to the ninth link (x,) is (200 + 75) + 8 X 150 = 1475 mm.
Since x, < 2125 mm the tension steel is 4H25 as assumed. The shear force at x, is

Vx, = 279.5 — 1.475 x 54.8 = 198.7 kN < V, 0K

From above shear resistance of minimum links = 149.7 kN. This occurs at x,, = (279.5 — 149.7)/54.8 = 2.368 m
(Fig. 3.42). Therefore provide five H8 links at 200 mm centres and fifteen H8 links at 300 centres arranged as shown
in Fig. 3.43.
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(d) Support 3B/C (and 3C/B)
Shear force at distance d from support 3B/C, V, is
V= Vygu— 0.687 = 256.2 — 0.687 x 54.8 = 218.6 kN

Vi 218. 10°
D _ M = 1.50 Nmm™

bd 300 x 487 {004
Again, assume the tension steel is 4H25. Hence A, = 1960 mm?, T = 1.34, and v, = 0.77 Nmm™,

Shear stress, v, =

Since v > (v, + 0.4) provide design links according to
A blv —v.) _ 300(1.50 — 0.77)
s, 087f, 0.87 x 500

To determine the number of links required assume H8 links at 225 mm centres (A, /s, = 0.447) are to be provided
between the minimum links in span 3B/C and the design links at support 3B. In this length the minimum tension steel
is 2H25 and from above v, = 0.6 Nmm™ The shear resistance of H8 links at 225 mm centres plus concrete, V;, is

A
V,= (( SV]0.877‘y + bchd
SV

= (0.447 x 0.87 x 500 + 300 x 0.6)499 x 10~ = 186.8 kN

Assuming the first link is fixed 75 mm from the front face of column 3B then eight H8 links at 150 mm centres are
required. The distance from the centre line of column 3B to the eight link (x;) is (200 + 75) + 7 X 150 = 1325 mm.
Since x; < 2125 mm the tension steel is 4H25 as assumed. The shear force at x; is

Vx; = 256.2 — 1.325 X 54.8 = 183.6 kN < V, OK

From above shear resistance of minimum links = 149.7 kN. This occurs at x;; = (256.2 — 149.7)/54.8 = 1.943 m
(Fig. 3.42). Therefore provide four H8 links at 225 mm centres and thirteen H8 links at 300 centres arranged as shown
in Fig. 3.43.

Fig. 3.43 shows the main reinforcement requirements for spans 3A/B and 3B/C. Note that in the above calculations
the serviceability limit state of cracking has not been considered. For this reason as well as reasons of buildab-
ility, the actual reinforcement details may well be slightly different to those indicated in the figure. As previously
noted the beam will be hogging at end supports and further calculations will be necessary to determine the area

of steel required in the top face.

= 0.503. Select H8 at 150 centres (A, /s, = 0.671).

®

o o o o [Te) [Te) o
Q Q L 2 N =
® ® ® ® ® ® ®
2 £ 2 2 2 2 2
6 15H8@300 275 _l 5 > 3 = 13H8@300 = ©
| | <—> <—>
i 275 2H25 200} B it 225 225 t 1t
4H25
l l T 2H25 +
/ v A
2754 - <+
.‘L\ |4 .T. h u
2H25
850 4H25 1275 | | 2H25 3H25
8100 [ 400 8100 400 _\I/|
S <A

Fig. 3.43
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Deflection
span _ 8500

= 17
effective depth 499

Actual

By inspection, exterior span is critical.

b, 300 . . .

" = 1490 = 0.2 < 0.3 = basic span/effective depth ratio of beam = 20.8 (Table 3.12)
Service stress, f,, is

5_A 5 1728

f,= =f,—= = = x 500 x —— = 276 Nmm™2
8" Ao 8 1960
e 447 — f, 477 — 276
modification factor = 0.55 + —SM = 0.55 + 3563 X 10° =1.45
120109 + — 120 0.9+;
bad? 1490 x 4992

Therefore,
span

permissible = basic ratio X mod.factor = 20.8 x 1.45 = 30 > actual 0K

effective depth
PRIMARY BEAM ON GRID LINE B

Raoga+ Raegic Rupa+ Rase

’ | Self-weight of downstand

B 14 B2 +BS B4 +BS

L=75m L=75m

Design load on beam = uniformly distributed load from self weight of downstand
+ reactions at B2 and B4 from beams 2A/B, 2B/C, 4A/B and 4B/C,
i.e. Ryga Rogic Rignand Rygc

Fig. 3.44

- iwo

Loading

Uniform loads
Dead load from self weight of downstand, g, = 0.4 x (0.675 — 0.15) X 24 = 5.04 kNm™

= 5.04 x 7.5 = 37.8 kN on each span.
Imposed load, g, =0
Point loads
Dead load from reactions Ryg, and Rygc (and R,z and Rygd), G, is
G, =22 x (0.6 x 8.5) + 22 x 4.25 = 205.7 kN

Beams
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Imposed load from reactions Ry, and Rgc (and Ryga and Ryg), Q,, is

Q, =15 X (0.6 x 8.5) + 15 x 4.25 = 140.3 kN

Load cases

Since the beam does not satisfy the conditions in clause 3.4.3, the coefficients in Table 3.79 cannot be used to
estimate the design moments and shear forces. They can be obtained using techniques such as moment distribution,
as discussed in section 3.9.3.1. As noted in section 3.6.2 for continuous beams, two load cases must be considered:
(1) maximum design load on all spans (Fig. 3.45(a)) and (2) maximum and minimum design loads on alternate spans
(Fig. 3.45(b)). Assume for the sake of simplicity that the ends of beam B1/5 are simple supports.

Maximum design load = uniform load (W’ = 1.4¢g, + 1.6¢, = 1.4 X 37.8 + 0 = 52.9 kN)
+ point load (W” = 1.4G, + 1.60, = 1.4 X 205.7 + 1.6 x 140.3 = 512.5 kN)

Minimum design load = uniform load (W = 1.0g, = 1.0 x 37.8 = 37.8 kN)
+ point load (W”” = 1.0G, = 1.0 X 205.7 = 205.7 kN)

512.5 kN 512.5 kN

52.9 kN | 52.9 kN

A X A

B1 B3 B5
(a)
512.5 kN 205.7 kN
52.9 kN 37.8 kN
B1 B3 B5

Fig. 3.45 Load cases: (a) load case 1 (b) load case 2.

Load case 1

Fixed end moments
From Table 3.20

w’L 3 w”L 529 X7.5 5125X75 _

Msyjs = Myss = = =-5135kNm
B1/3 B3/5 12 8 12 8
WL Ww”L
Mgy = Mggjs = 7Y + =513.5kN m

Stiffness and distribution factors
Referring to Example 3.8 it can be seen that the stiffness factors for members B3/1 and B3/5 are both (3/4)4El[7.5.
Therefore the distribution factor at end B3/1 and end B3/5 are both 0.5.
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End moments

Joint B1 B3 B5
End B1/3 B3/1 B3/5 B5/3
Distribution factors 0.5 0.5

FEM (kNm) —-513.5 513.5 —-513.5 5135
Release B1 & B5 +513.5 -513.5
Carry over \ 256.8 —256.8 —

Sum (kNm) 0 770.3 -770.3 0

Span moments and reactions

The support reactions and mid-span moments are obtained using statics.

W=52.9 kN

o

512.5 kN

/L A‘A 770.3 kN m
JaVavavaY. Yavate

PL:ISmJ

B1/3

B3/1

Taking moments about end B3/1 obtains the reaction at end B1/3, Ry, as follows

7.5Rg,; = 512.5 x (7.5/2) + 52.9 x (7.5/2) — 770.3 = 1350 kNm = Rg,;; = 180 kN

Beams

Reaction at end B3/1, Ry, = 512.5 + 52.9 — 180 = 385.4 kN. Since the beam is symmetrically loaded, the reaction
at end B3/5 is 385.4 kN and end B5/3 is 180 kN.

By inspection, the maximum sagging moment occurs at the point load, i.e. x=3.75 m, and is given by

Load case 2

Fixed end moments

MB3/5 = _Msslz =

M

 sem = 180x — (52.9/7.5)x%/2 = 625.4 kNm

WL Ww”L 529x75 5125x%x75
— = - = —513.5kNm
12 8 12
Ww”L WL 7. 7. 205.7 x 7.
3 _ 37.8 x 5_ 05.7 x 5:—216.5kNm

12

Stiffness and distribution factors
The stiffness and distribution factors are unchanged from the values calculated above.

8 12
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End moments

Joint B1 B3 B5
End B1/3 B3/1 B3/5 B5/3
Distribution factors 0.5 0.5

FEM (kNm) —-513.5 5135 -216.5 216.5
Release B1 & B5 +513.5 -216.5
Carry over \ 256.8 -108.3 /
Release B3 —222.8* —222.8

Sum (kNm) 0 547.5 —547.6 0

* 0.5 [-(513.5 — 216.5 + 256.8 — 108.3)]

Span moments and reactions
The support reactions and mid-span moments are obtained using statics.

52.9 kN 512.5 kN 5476 KN m

SO S

B1/3 B3/1

W=205.7

547.6 KN m

B3/5 B5/3

Taking moments about end B3/1 of beam B1/3, the reaction at end B1/3, Ry, is
7.5RB1,3 =512.5 X (7.5/2) + 52.9 x (7.5/2) — 547.6 = 1572.7 kNm
Ryys = 209.7 kN

Hence, reaction at end B3/1, Ry, = 512.5 + 52.9 — 209.7 = 355.7 kN.
Similarly for beam B3/5, the reaction at end B5/3, Rggps, is

7.5R;s5; = 205.7 X (7.5/2) + 37.8 x (7.5/2) — 547.6 = 365.5 kNm
Resis = 48.7 kN
and Rgys= 205.7 + 37.8 — 48.7 = 194.8 kN
By inspection, the maximum sagging moment in span B1/3 occurs at the point load and is given by
M _,,s = 209.7x — (52.9/7.5)x*[2 = 736.8 kNm

Similarly, the maximum sagging moment in span B3/5 is
M,_, .. = 194.8x — (37.8/7.5)x%/2 — 547.6 = 147.5 kNm

X
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Design moments and shear forces

Beams

The bending moment and shear force envelops for load cases 1 and 2 are shown below. It can be seen that the design
sagging moment is 736.8 kNm and the design hogging moment is 770.3 kNm. The design shear force at supports B1
and B5 is 209.7 kN and at support B3 is 385.4 kN.

?

T

T

209.7kN — = = - .

B1 B3 B5
— —770.3 kN m
Load case 2
| /7
pd ~
/ N o =V
’\\/ 4&——— Loadcase 1
736.8 kN ——"  385.4 kN
—===a__ 3854kN

Steel reinforcement

Middle of span B1/3 (and B3/5)

Assume the main steel consists of two layers of 25 mm diameter bars, diameter of links, " = 10 mm and nominal
cover, ¢ = 30 mm. Hence effective depth, d, is

d=h-(0+¢ + d=675—-(25+ 10+ 30) = 610 mm
From clause 3.4.1.5 of BS 8110 the effective width of beam, b, is
b=1b,+ 0.7¢/5 = 400 + 0.7 x 7500/5 = 1450 mm

M

736.8 x 108

K =
f..bd?

35 X 1450 x 610?
z =d(0.5 + 4/(0.25 — K[0.9)) < 0.95d = 0.95 x 610 = 580 mm (critical)

0.039

=610(0.5 + \5(0.25 —0.039/0.9)) = 610 x 0.955 = 583 mm
x = (d — 2)/0.45 = (610 — 580)/0.45 = 67 mm < flange thickness (= 150 mm). Hence
736.8 x 108

M

Area of tension steel, A, =

Provide 6H25 (A, = 2950 mm?).

= = 2923 mm?
O.87fyz 0.87 % 500(0.95 x 610)
610
$ee8 | «—56H25
_N
65 400
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At support B3
Again, assuming that the main steel consists of two layers of 25 mm diameter bars, diameter of links, ¢’ = 10 mm and
nominal cover, ¢ = 30 mm, implies effective depth, d =610 mm
Since the beam is in hogging, effective width of beam, b = b, = 400 mm
M 7703 x10°

" f,bd? 35 x 400 X 6102

z = d(0.5 + /(0.25 = K/0.9)) = 610(0.5 + ~/(0.25 — 0.148/0.9)) = 483 mm
M 770.3 x 108

= = = 3666 mm?

0.87fyz 0.87 x 500 x 483

Provide 8H25 (A, = 3930 mm?).

=0.148

S

A — 8888 &—H25

400

Note that, in practice, it would be difficult to hold bars 1 in place and a spacer bar would be needed between the two
layers of reinforcement. This would reduce the value of the effective depth, but this aspect has been ignored in the
calculations.

The simplified rules for curtailment of bars in continuous beams illustrated in Fig. 3.27 do not apply as the loading
on the beam is not predominantly uniformly distributed. However, the general rule given in clause 3.12.9.1 can be
used as discussed below with reference to bar marks 1 and 2.

The theoretical position along the beam where mark 1 bars (i.e. 2H25 from the inner layer of reinforcement) can
be stopped off is where the moment of resistance of the section considering only the continuing bars (see sketch), M,
is equal to the design moment, M.

__8°°3 Fs

T

For equilibrium Fe=Fy

0.67f,
= 0.9xb = 0.87f A,

mc

0.67 x 35
1.5

0.9 X x x 400 = 0.87 x 500 x 2950

Hence x = 228 mm
Also, z=d — 0.9x/2 = 610 — 0.9 x 228/2 = 507 mm
Moment of resistance of section, M, is

0.67f. 0.67 x 35 _
M, =F.z = (—“o.9xb)z = (% 0.9 x 229 x 400) 505 x 107 = 650 kNm

Ymc
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The design moment along the beam from end B3/1, M, is

W=152.9 kN
=7.05 kN/m
512.5 kN
’ ,L M A(“b 770.3 kN m
?mr\ i M \%
B1/3 <X > R, =3854kN
7.05x?

M =770.3 — 385.4x + . Solving for M = 651 kNm implies that the theoretical cut-off point of mark 1 bars

from the centre-line of support B3 is 0.31 m.

According to clause 3.12.9.1, the actual cut-off point of bars in the tension zone is obtained by extending the bars
an anchorage length (= 38¢ from Table 3.27 of BS 8110 assuming f,, = 35 Nmm~ and f, = 500 nmm™, deformed type
2 bars) beyond the theoretical cut-off point (i.e. 310 mm + 38 x 25 = 1260 mm) or where other bars continuing past
provide double the area required to resist the moment at the section i.e. where the design moment is '[2M = 325.5
kNm. The latter is obtained by solving the above expression for x assuming M = 325.5 kNm. This implies that the
actual cut-off point of the bars is 1.17 m. Hence the 2H25 bars can be stopped off at, say, 1.3 m from support B3.

The cut-off point of mark 2 bars can be similarly evaluated. Here A, is 1960 mm?. Hence x = 152 mm, z= 552 mm
assuming d = 620 mm and M, = 471 kNm. The theoretical cut-off point of the bars is 0.78 m from the centre-line
of support B3. The actual cut-off point is then either 780 + 38 x 25 = 1730 mm or where the design moment is
235.5 kNm, i.e. 1.406 m. Thus it can be assumed the mark 2 bars can be stopped off at, say, 1.8 m from the centre-
line of support B3.

Repeating the above procedure will obtain the cut-off points of the remaining sets of bars. Not all bars will need
to be curtailed however. Some should continue through to supports as recommended in the simplified rules for
curtailment of reinforcement for beams. Also the anchorage length of bars that continue to end supports or are
stopped off in the compression zone will vary and the reader is referred to the provisions in clause 3.12.9.1 for further
details. Fig. 3.46 shows a sketch of the bending reinforcement for the beam.

300 300
4H25 4800
o5 2H25 3600
4H2s| [ | 2600 2'125
v 2H25 Y )
2l L 4 a |
1200 2H25 2100 2H25
4H25 4H25
1300 400 400
7100 T 7100 o
1< <21

Fig. 3.46
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Example 3.10 continued
Shear

Support B1(and B5)
209.7 x 10°
Shear stress, v = 1 o XD
bd 400 x 620

From Fig. 3.46 it can be seen that the area of tension steel is 4H25. Hence A, = 1960 mm? and

= 0.85Nmm~ < 0.8,/f,, = 0.8v35 = 47Nmm2 0K

100A, 100 x 1960 _

=0.79
bd 400 x 620

3fag
From Table 3.11, v, = \§§ x 0.58 = 0.65 Nmm™2
| 25
Since v < (v, + 0.4) minimum links are required according to
A 0.4b 0.4 x 400
= = 0.368

s, 087f, 0.87x500

sV _

Provide H10-300 (A,/s, = 0.523)

Support B3

4 385.4 x 10°
Shear stress, V= — = ————— = 1.55 Nmm™ < O.SJE =0.84/35 = 47 Nmm=2 0K

bd 400 X 620

From Fig. 3.46 it can be seen that the minimum tension steel at any point between B3 and B2 is 2H25. Hence A, =
980 mm? and

100A, 100 x 980 _
bd 400 x 620

0.40

3
From Table 3.11, v, = % x 0.46 = 0.52 Nmm™

Since v > (v, + 0.4) provide design links according to

A - 55 -0.
As g blv —v,) _ 400(1.55 — 0.52) — 0.947
S, 0.87f,, 0.87 x 500

Provide H10-150 (A, /s, = 1.047)

Fig. 3.47 shows the main reinforcement requirements for beam B1/5. Note that in the above calculations the
serviceability limit state of cracking has not been considered. For this reason as well as reasons of buildability, the
actual reinforcement details may well be slightly different to those shown. As previously noted, the beam will be
hogging at end supports and further calculations will be necessary to determine the area of steel required in the top
face.

Deflection
Actual >pan = 7500 =123
effective depth 610
b, 400 . . :
" = 1450 = 0.276 < 0.3 = basic span/effective depth ratio of beam = 20.8 (Table 3.12)
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Slabs

12H10-300 , 23H10-150 23H10-150 12H10-300
4H25 4800
2H255° ’ 2H25 3600 450
4H25 [ | ][ 2600 2'125
- v
4 N N
275 |- |
1 1 A
1200 2H25 2100 2H25
4H25 4H25
1300 400 400
7100 7100
S S
Fig. 3.47
Service stress, f,, is
5 Ay 5 2923
f,= =f,—= = = X 500 x =310 Nmm™
8 Aoy 8 2950
L. 477 — f. 477 — 310
Modification factor = 0.55 + —SM = 0.55 + 368 X 10° =12
.0 X
120109 + — 120109 + ——
bd? 1450 x 6102
span

Therefore, permissible ———
effective depth

= basic ratio x modification factor

=20.8 x 1.2 = 25 > actual OK

3.9.4 SUMMARY FOR BEAM DESIGN

Figure 3.48 shows the basic steps that should be
followed in order to design reinforced concrete
beams.

3.10 Slabs

If a series of very wide, shallow rectangular beams
were placed side by side and connected transversely
such that it was possible to share the load between
adjacent beams, the combination of beams would
act as a slab (Fig. 3.49).

Reinforced concrete slabs are used to form a
variety of elements in building structures such as
floors, roofs, staircases, foundations and some types
of walls (Fig. 3.50). Since these elements can be
modelled as a set of transversely connected beams,
it follows that the design of slabs is similar, in
principle, to that for beams. The major difference
is that in slab design the serviceability limit state of
deflection is normally critical, rather than the ulti-
mate limit states of bending and shear.
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Select:

Concrete strength class (say C28/35)

Longitudinal reinforcement grade (say 500 Nmm™2)
Shear reinforcement grade (say 500 Nmm~)

Estimate:
Characteristic dead load
Characteristic imposed load

Minimum member size (see Fig. 3.11) self weight
Thickness of concrete cover (see 3.8)
Y
Calculate:
\ Ultimate loads
Design moment (M)
Design shear force
Y
Estimate effective depth and -
width of beam (see 3.9.1.5) -
Y
Calculate ultimate moment
of resistance, M, = 0.156f,,bd?
Y
Beam is doubly Beam is singly
reinforced —<¢—— NO — Is YES —p— reinforced
(see 3.9.2) M,>M (see 3.9.1.1)
Y Y

Design shear
(see 3

Y

reinforcement
9.1.3)

Check d
(see 3

eflection
.9.1.4)

Produce reinforcement details
(see 3.9.1.6)

Fig. 3.48 Beam design procedure.

3.10.1 TYPES OF SLABS

Slabs may be solid, ribbed, precast or in-situ and if
in-situ they may span two-ways. In practice, the
choice of slab for a particular structure will largely
depend upon economy, buildability, the loading
conditions and the length of the span. Thus for
short spans, generally less than 5 m, the most
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A

economical solution is to provide a solid slab of
constant thickness over the complete span (Fig.
3.51).

With medium size spans from 5 to 9 m it is
more economical to provide flat slabs since they are
generally easier to construct (Fig. 3.52). The ease
of construction chiefly arises from the fact that the



Slabs

Fig. 3.49 Floor slab as a series of beams connected

transversely.
Flat roof
i
Floor slab
il
4‘7
Laterally loaded
walls /
2 Stairway
Ground slab
<—— Column/wall
footing

Fig. 3.50 Various applications for slabs in reinforced

concrete structures.

Fig. 3.51 Solid slab.

Fig. 3.52 Flat slab.

floor has a flat soffit. This avoids having to erect
complicated shuttering, thereby making possible
speedier and cheaper construction. The use of flat
slab construction offers a number of other advan-
tages, absent from other flooring systems, including
reduced storey heights, no restrictions on the posi-
tioning of partitions, windows can extend up to the
underside of the slab and ease of installation of
horizontal services. The main drawbacks with flat
slabs are that they may deflect excessively and are
vulnerable to punching failure. Excessive deflection
can be avoided by deepening slabs or by thicken-
ing the slab near the columns, using drop panels.

Punching failure arises from the fact that high live
loads results in high shear stresses at the supports
which may allow the columns to punch through
the slab unless appropriate steps are taken. Using
deep slabs with large diameter columns, providing
drop panels and/or flaring column heads (Fig. 3.53),
can avoid this problem. However, all these methods
have drawbacks, and research effort has therefore
been directed at finding alternative solutions. The
use of shear hoops, ACI shear stirrups, shear
ladders and stud rails (Fig. 3.54) are just a few of
the solutions that have been proposed over recent
years. All are designed to overcome the problem of
fixing individual shear links, which is both labour
intensive and a practical difficulty.

Shear hoops are prefabricated cages of shear
reinforcement which are attached to the main steel.
They are available in a range of diameters and are
suitable for use with internal and edge columns.
Although superficially attractive, use of this system
has declined significantly over recent years.

The use of ACI shear stirrups is potentially
the simplest and cheapest method of preventing
punching shear in flat slabs. The shear stirrups are
arrangements of conventional straight bars and links
that form a ‘4’, “T” or ‘L’ shape for an internal,
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TaT

(a) (b) (©

Fig. 3.53 Methods of reducing shear stresses in flat slab construction: (a) deep slab and large column; (b) slab with flared
column head; (c) slab with drop panel and column head.

Direction of T1 slab
reinforcement

==

+— Shear hoop type SS Lacer bars

,.
LI S

“T>05d
[ Shear ladder
A

Shear hoop type SS Direction of T1

slab reinforcement | |

@ m
I !

||
o o o 1
| )
Spacing bar \ ( /
- P
/ g _s—a—o-, =—=—=o g
A W High tensile b
| | ribbed steel bars q
< B850 @ o R Stud rail \/\

(b) (d)

I O
P
o
<

Fig. 3.54 Prefabricated punching shear reinforcement for flat slabs: (a) shear hoops (b) ACI shear stirrups (c) shear
ladders (d) stud rails. Typical arrangements for an internal column.

edge or corner column respectively. The stirrups Shear ladders are rows of traditional links that
work in exactly the same way as conventional shear are welded to lacer bars. The links resist the shear
reinforcement but can simply be attached to the stresses and the lacer bars anchor the links to
main steel via the straight bars. the main steel. Whilst they are simple to design
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Fig. 3.55 Ribbed slab.

and use they can cause problems of congestion of
reinforcement.

Stud rails are prefabricated high tensile ribbed
headed studs, which are held at standard centres
by a welded spacer bar. These rails are arranged in
a radial pattern and held in position during the
concrete pour by tying to either the top or bottom
reinforcement. The studs work through direct
mechanical anchorage provided by their heads.
They are easy to install but quite expensive.

With medium to long spans and light to moderate
live loads from 3 to 5 kIN/m?, it is more economical
to provide ribbed slabs constructed using glass
reinforced polyester, polypropylene or encapsu-
lated expanded polystyrene moulds (Fig. 3.55).
Such slabs have reduced self-weight compared to
solid slabs since part of the concrete in the tension
zone is omitted. However, ribbed slabs have higher
formwork costs than the other slabs systems men-
tioned above and, generally, they are found to be
economic in the range 8 to 12 m.

With the emphasis on speed of erection and
economy of construction, the use of precast con-
crete floor slabs is now also popular with both
clients and designers. Fig. 3.56 shows two types of
precast concrete units that can be used to form
floors. The hollow core planks are very common
as they are economic over short, medium and long
spans. If desired the soffit can be left exposed
whereas the top is normally finished with a level-
ling screed or appropriate flooring system. Cranage
of large precast units, particularly in congested city
centre developments, is the biggest obstacle to this
type of floor construction.

The span ranges quoted above generally assume
the slab is supported along two opposite edges, i.e.
it is one-way spanning (Fig. 3.57). Where longer

Slabs

100000000000]
@

(0)

Fig. 3.56 Precast concrete floor units: (a) hollow core
plank (b) double ‘T’ unit.

in-situ concrete floor spans are required it is usu-
ally more economical to support the slab on all
four sides. The cost of supporting beams or walls
needs to be considered though. Such slabs are
referred to as two-way spanning and are normally
designed as two-dimensional plates provided the
ratio of the length of the longer side to the length
of the shorter side is equal to 2 or less (Fig. 3.58).

This book only considers the design of one-way
and two-way spanning solid slabs supporting uni-
formly distributed loads. The reader is referred to
more specialised books on this subject for guid-
ance on the design of the other slab types described
above.

3.10.2 QLEAS|BGN OF ONE-WAY SPANNING SOLID
The general procedure to be adopted for slab
design is as follows:

1. Determine a suitable depth of slab.

2. Calculate main and secondary reinforcement
areas.

3. Check critical shear stresses.

4. Check detailing requirements.

3.10.2.1 Depth of slab (clause 3.5.7, BS 8110)
Solid slabs are designed as if they consist of a
series of beams of | metre width.

The effective span of the slab is taken as the
smaller of

Fig. 3.57 One-way spanning solid slab: (a) plan; (b) elevation.
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Wall B

Load on:
wall C

:_.';‘//,,;-/ o L s
z%/%?%%//o{/
% /ff/ wall A %/

DN

Wall D
>

Wall C

Fig. 3.58 Plan of two-way spanning slab. I length of shorter side, I, length of longer side. Provided L /I, < 2 slab will span

n two directions as indicated.

[X

D

)

"
g
Fig. 3.59 Effective span of simply supported slab.

(a) the distance between centres of bearings, A,
or

(b) the clear distance between supports, D, plus
the effective depth, d, of the slab (Fig. 3.59).

The deflection requirements for slabs, which are
the same as those for beams, will often control the
depth of slab needed. The minimum effective depth
of slab, d_;,, can be calculated using
span

d

min — . . . . (320)

basic ratio X modification factor

The basic (span/effective depth) ratios are given
in Table 3.14. The modification factor is a function
of the amount of reinforcement in the slab which is
itself a function of the effective depth of the slab.
Therefore, in order to make a first estimate of the
effective depth, d,;,, of the slab, a value of (say)
1.4 is assumed for the modification factor. The
main steel areas can then be calculated (section
3.10.2.2), and used to determine the actual value
of the modification factor. If the assumed value
is slightly greater than the actual value, the depth
of the slab will satisfy the deflection requirements
in BS 8110. Otherwise, the calculation must be
repeated using a revised value of the modification
factor.
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3.10.2.2 Steel areas (clause 3.5.4, BS 8110)
The overall depth of slab, %, is determined by
adding allowances for cover (Table 3.6) and half
the (assumed) main steel bar diameter to the effec-
tive depth. The self-weight of the slab together with
the dead and live loads are used to calculate the
design moment, M.

The ultimate moment of resistance of the slab,
M,, is calculated using equation 3.11, developed
in section 3.9.1.1, namely

M, = 0.156f,,bd>

If M, 2 M, which is the usual condition
for slabs, compression reinforcement will not be
required and the area of tensile reinforcement, A4,
is determined using equation 3.12 developed in
section 3.9.1.1, namely

M

0.87f,z
where z = d[0.5 + /(0.25 — K/0.9)] in which K =
MIf. bd>.

Secondary or distribution steel is required in the
transverse direction and this is usually based on

the minimum percentages of reinforcement (A, ;)
given in Table 3.25 of BS 8110:

A pin = 0.24% A, when f, = 250 N/mm®
A pin = 0.13% A, when f, = 500 N/mm®

where A_ is the total area of concrete.

S

s min

s min

3.10.2.3 Shear (clause 3.5.5 of BS 8110)

Shear resistance is generally not a problem in solid
slabs subject to uniformly distributed loads and,
in any case, shear reinforcement should not be pro-
vided in slabs less than 200 mm deep.



As discussed for beams in section 3.9.1.3, the
design shear stress, v, is calculated from

_
bd

The ultimate shear resistance, v, is determined
using Table 3.11. If v < v, no shear reinforce-
ment is required. Where v > v, the form and area
of shear reinforcement in solid slabs should be
provided in accordance with the requirements
contained in Table 3.21.

v

Table 3.18 Form and area of shear
reinforcement in solid slabs (Table 3.16,
BS 8110)

Values of v (N/mm?) Area of shear reinforcement

to be provided

v < 7,
V. <V < (v, +0.4)

None required
Minimum links in
areas where v > v,

o A,, > 0.4bs,/0.87f,,

(0, + 0.4) <v <0.8f, Design links

or 5 N/mm? A, 2 bs,(v — v.)/0.87f,,

sv =

3.10.2.4 Reinforcement details (clause 3.12,

BS 8110)
For reasons of durability the code specifies limits
in respect of:

1. minimum percentage of reinforcement
2. spacing of reinforcement
3. maximum crack widths.

These are outlined below together with the
simplified rules for curtailment of reinforcement.

1. Reinforcement areas (clause 3.12.5, BS
8110). The area of tension reinforcement, A,
should not be less than the following limits:

A, > 0.24%A, when f, = 250 N/mm”®
A, 20.13%A, when f, = 500 N/mm’

where A_ is the total area of concrete.

2. Spacing of reinforcement (clause 3.12.11.2.7,
BS 8110). The clear distance between tension bars,
s> should lie within the following limits: 4,,, + 5 mm
or bar diameter < s, < 3d or 750 mm whichever is
the lesser where 4, is the maximum aggregate size.
(See also below section on crack widths.)

Slabs

3. Crack width (clause 3.12.11.2.7, BS 8110).
Unless the actual crack widths have been checked
by direct calculation, the following rules will
ensure that crack widths will not generally exceed
0.3 mm. This limiting crack width is based on
considerations of appearance and durability.

(1) No further check is required on bar spacing if

either:

(a) f,=250 N/mm” and slab depth < 250 mm,
or

(b) f, =500 N/mm? and slab depth < 200 mm,
or

(c) the reinforcement percentage (100A4./bd)
< 0.3%.

(ii) Where none of conditions (a), (b) or (c) apply
and the percentage of reinforcement in the slab
exceed 1 per cent, then the maximum clear
distance between bars (s,,,,) given in Table 3.28
of BS 8110 should be used, namely:

Smax < 280 mm  when f, = 250 N/mm”

max —

Smax < 155 mm  when f, = 500 N/mm?
4. Curtailment of reinforcement (clause
3.12.10.3, BS 8110). Simplified rules for the cur-
tailment of reinforcement are given in clause
3.12.10.3 of BS 8110. These are shown diagram-
matically in Fig. 3.60 for simply supported and
continuous solid slabs.

40% 100% L 40%
0.1¢ . 0.1¢
(a
0.15¢ 0.3¢
$45g 0.15¢| 100%
s K e A
|,40%‘ ’ 100% 50% ° 7 Ph% <&
0.1¢ 0.2¢

()

Fig. 3.60 Simplified rules for curtailment of bars in slabs:
(@) simply supported ends; (b) continuous slab (based on
Fig. 3.25, BS 8110).
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Example 3.11 Design of a one-way spanning concrete floor (BS 8110)
A reinforced concrete floor subject to an imposed load of 4 kNm™ spans between brick walls as shown below. Design
the floor for exposure class XC1 assuming the following material strengths:

f,, =35 Nmm™

f, =500 Nmm™

—>| 150 mm

| 4250 mm

DEPTH OF SLAB AND MAIN STEEL AREA

Overall depth of slab, h
span

basic ratio x modification factor

4250

20 % (say)1.4

Hence, assume effective depth of slab (d) = 155 mm. Assume diameter of main steel (®) = 10 mm. From Table 3.6,
cover to all steel (c) for exposure class XC1 = 25 mm.

T

_q) — ¢

Minimum effective depth, d;, =

=152mm

Overall depth of slab (h) = d + ®/2 + ¢
= 155+ 10/2 + 25 = 185 mm

LOADING

Dead
Self weight of slab (g) = 0.185 x 24 kNm™ = 4.44 kNm™

Imposed
Total imposed load (g) = 4 kNm™

Ultimate load
For 1 m width of slab total ultimate load, W, is
= (1.4g, + 1.6g) width of slab x span
= (1.4 X 444 + 1.6 x 4)1 x 4.25 = 53.62 kN

Design moment
WE 5362 x 4.25

M=-—=————=285kNm
8 8
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Example 3.11 continued

Ultimate moment
M, = 0.156f,,bd*
= 0.156 X 35 X 10° x 155
=131.2 x 10° = 131.2 kNm

Since M < M,, no compression reinforcement is required.

Main steel

M 28.5 x 108
K = = = 0.0339
f,bd*>  35x10°x 1552

z=d[0.5 + ./(0.25 — K/0.9)]

= 155[0.5 + /(0.25 — 0.0339/0.9)]
= 155 x 0.96 < 0.95d (= 147 mm)

Hence z= 147 mm.

M 285x10°
0.87f,z  0.87 X 500 X 147

For detailing purposes this area of steel has to be transposed into bars of a given diameter and spacing using
steel area tables. Thus from Table 3.22, provide 10 mm diameter bars spaced at 150 mm, i.e. H10 at 150 centres
(A,= 523mm?/m).

= 446 mm?/m width of slab

N

Table 3.22 Cross-sectional area per metre width for various bar spacing (mm?)

Bar size Spacing of bars
(mm)

50 75 100 125 150 175 200 250 300
6 566 377 283 226 189 162 142 113 94.3
8 1010 671 503 402 335 287 252 201 168
10 1570 1050 785 628 523 449 393 314 262
12 2260 1510 1130 905 754 646 566 452 377
16 4020 2680 2010 1610 1340 1150 1010 804 670
20 6280 4190 3140 2510 2090 1800 1570 1260 1050
25 9820 6550 4910 3930 3270 2810 2450 1960 1640
32 16100 10700 8040 6430 5360 4600 4020 3220 2680
40 25100 16800 12600 10100 8380 7180 6280 5030 4190

Actual modification factor
The actual value of the modification can now be calculated using equations 7 and 8 given in Table 3.16 (section
3.9.1.4).

51, A, )
Design service stress, f,= ——"2 (equation 8, Table 3.16)

s,prov

_ 5% 500 x 446
8 x 523

= 266.5 Nmm™2
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Example 3.11 continued

oL 477 —f. .
Modification factor = 0.55 + (—53\4 <20 (equation 7, Table 3.16)
120109 + —
477 — 266.
= 0.55 + ( 66.5) =1.39

28.5 x 108

12009 + ——
10% x 1552

Hence,
42
New d,,;, = 4250 = 153 mm < assumed d = 155 mm
20 x 1.39

Minimum area of reinforcement, A, ... is equal to
A win = 0.13%bh = 0.13% x 10° x 185 = 241 mm*/m < A
Therefore take d = 155 mm and provide H10 at 150 mm centres as main steel.

SECONDARY STEEL

Based on minimum steel area = 241 mm?/m. Hence from Table 3.22, provide H8 at 200 mm centres (A, = 252 mm?*/m).

s min s

Secondary
d= 16&'1 > % steel
E \ Main
steel
SHEAR REINFORCEMENT
w

R, [f¢———— 425 m——»{R,

Design shear stress, v
Since slab is symmetrically loaded

R, = Ry = W2 = 26.8 kN
Ultimate shear force (V) = 26.8 kN and design shear stress, v, is
V 268 x10°

V=—="""=0.17 Nmm™
bd 10° x 155

Design concrete shear stress, v,
Assuming that 50 per cent of main steel is curtailed at the supports, A, = 523/2 = 262 mm?*/m
100A, 100 X 262 _

= 0.169
bd 103 % 155
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Example 3.11 continued

From Table 3.11, design concrete shear stress for grade 25 concrete is 0.44 Nmm™. Hence
v, = (35/25)"® x 0.44 = 0.52 Nmm™

From Table 3.16 since v < v, no shear reinforcement is required.

REINFORCEMENT DETAILS

The sketch below shows the main reinforcement requirements for the slab. For reasons of buildability the actual
reinforcement details may well be slightly different.

23-H08-200

le >l
[ >
01-H10-150
N 01 01 Alternate
N bars
reversed
01-H10-150
! 40 | 155

H08-200

08 |
[/"7 O 4
T 1 30
01
IR 425 mm E\\q . \
150
AN AN
01-H10-150 Alternate bars
reversed
N R I
| ! e N
; : =
: C —
1 I~ 23-H08-200
ol r |
|
: !
1 y 1
1 y 1
! |
‘—‘\/1,_‘ 1
e U T N

Check spacing between bars
Maximum spacing between bars should not exceed the lesser of 3d (= 465 mm) or 750 mm. Actual spacing = 150 mm
main steel and 200 mm secondary steel. 0K

Maximum crack width
Since the slab depth does not exceed 200 mm, the above spacing between bars will automatically ensure that the
maximum permissible crack width of 0.3 mm will not be exceeded.
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Example 3.12 Analysis of a one-way spanning concrete floor (BS 8110)

A concrete floor reinforced with 10 mm diameter mild steel bars (f, = 250 N/mm?) at 125 mm centres (A, = 628 mm’
per metre width of slab) between brick walls as shown in Fig. 3.67. Calculate the maximum uniformly distributed
imposed load the floor can carry.

3 h=150 mm

—N\\J*— 150 mm

3000 mm

y WA

f..=30 N mm=2
115 mm _
Eh—150mm 0. = 24 kN m3

10 mm bar
at 125 c/c Cover =25 mm

Fig. 3.61

EFFECTIVE SPAN
Effective depth of slab, d, is

d = h — cover — ®/2
=150 — 25 — 10/2 = 120 mm
Effective span is the lesser of

(a) centre to centre distance between bearings = 3000 mm
(b) clear distance between supports plus effective depth = 2850 + 120 = 2970 mm.

Hence effective span = 2970 mm.

MOMENT CAPACITY, M
Assume z=0.95d =0.95 X 120 = 114 mm

M
0.87f,z

S

Hence
M= A;0.87fz =628 x 0.87 x 250 x 114
= 15.5 x 10° Nmm = 15.5 kNm per metre width of slab

MAXIMUM UNIFORMLY DISTRIBUTED IMPOSED LOAD (q,)
Loading

Dead load
Self weight of slab (g) = 0.15 x 24 kNm™ = 3.6 kNm™
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Example 3.12 continued

Ultimate load
Total ultimate load (W) = (1.4, + 1.6qJspan

= (1.4 x 3.6 + 1.6¢)2.970

Imposed load

) We
Design moment (M) = ra

2.9702
From above, M = 15.5 kNm = (5.04 + 1.6q,) 970

Rearranging gives

155X 8/2.970% — 5.04

Slabs

g, = = 5.6 kNm=
1.6
Lever arm (2)
Check that assumed value of z is correct, i.e. z= 0.954d.
M 15. 108
= = 55x10 = 0.0359
f.bd> 30 x 10%x 1202

z=d[05+ \;(0.25 —KJ0.9)] < 0.95d

= d[0.5 + +/(0.25 — 0.0359/0.9)] = 0.958d

Hence, assumed value of z is correct and the maximum uniformly distributed load that the floor can carry is

5.6 kNm™.

3.10.3 CONTINUOUS ONE-WAY SPANNING
SOLID SLAB DESIGN

The design of continuous one-way spanning slabs
is similar to that outlined above for single-span
slabs. The main differences are that (a) several
loading arrangements may need to be considered
and (b) such slabs are not statically determinate.
Methods such as moment distribution can be
used to determine the design moments and shear
forces in the slab as discussed in section 3.9.3.1.
However, where the following conditions are
met, the moments and shear forces can be calcu-
lated using the coefficients in Table 3.12 of BS
8110, part of which is reproduced here as Table
3.23.

1. There are three or more spans of approximately
equal length.
2. The area of each bay exceeds 30 m?* (Fig. 3.62).

3. The ratio of the characteristic imposed load to the
characteristic dead load does not exceed 1.25.

4. The characteristic imposed load does not exceed
5 kN/m? excluding partitions.

&
:
)
]
v .
=T |
B s .
L
[ | B $/’
/.

Fig. 3.62 Definition of panels and bays (Fig. 3.7,
BS 8110).
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Table 3.23 Ultimate bending moments and shear forces in one-way spanning slabs with simple end
supports (Table 3.12, BS 8110)

End support End span Penultimate support Interior span Interior support
Moment 0 0.086F¢ —0.086F¢ 0.063F¢ —0.063F¢
Shear 0.4F - 0.6F - 0.5F

F =1.4G, + 1.60Q,; ¢ = effective span

Example 3.13 Continuous one-way spanning slab design (BS 8110)

Design the continuous one-way spanning slab in Example 3.10 assuming the cover to the reinforcement is 25 mm
(Fig. 3.63).

150 mm

A
I-E 375 W 375 W 375 W a7s L\J T
O] ) ® ® ®

Fig. 3.63

Loading
Dead load, g, = self-weight of slab + finishes = 0.15 x 24 + 1.5 = 5.1 kNm™
Imposed load, g, = 4 kNm™
For a 1 m width of slab, total ultimate load, F= (1.4g, + 1.6g)width of slab x span = (1.4 X 5.1 + 1.6 X 4)1 x 3.75
= 50.8 kN

Design moments and shear forces
Since area of each bay (= 8.5 X 15 = 127.5 m? > 30 m% qJ/g, (= 4/5.1 = 0.78) < 1.25 and ¢, < 5 kNm™, the
coefficients in Table 3.23 can be used to calculate the design moments and shear forces in the slab.

Position Bending moments (kNm) Shear forces (kN)
Supports 1 & 5 0 0.4 x 50.8 = 20.3
Near middle of spans 1/2 & 4/5 0.086 x 50.8 x 3.75 = 16.4

Supports 2 & 4 —0.086 x 50.8 X 3.75 = —-16.4 0.6 x 50.8 = 30.5
Middle of spans 2/3 & 3/4 0.063 x 50.8 x 3.75 = 12

Support 3 —0.063 x 50.8 X 3.75 = —12 0.5 x 50.8 =254

Steel reinforcement

Middle of span 1/2 (and 4/5)

Assume diameter of main steel, = 10 mm

Effective depth, d = h, — (0/2 + ¢ = 150 — (10/2 + 25) = 120 mm
M 16.4 x 108

K = = =0.0325
f,bd?> 35 x 1000 x 1202
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Example 3.13 continued

z = d(0.5 + /(0.25 - K/0.9)) = 120(0.5 + /(0.25 — 0.0325/0.9)) = 115.5 < 0.95d = 114 mm
6
A - M __ 164x10 31mm > A
0.87 xf, xz 0.87 x500 x 114

From Table 3.22, provide H10@200 mm centres (A, = 393 mm?/m) in the bottom of the slab.

= 0.13%bh = 195 mm?> 0K

s,min

Support 2 (and 4)
M = —16.4 kNm. Therefore, provide H10@200 mm centres in the top of the slab.

Middle of span 2/3 (and 3/4)
M =12 kNm and z=0.95d = 114 mm. Hence

_ M B 12 x 108
0.87 xf, xz 0.87 x500x 114

Provide H10@300 mm centres (A, = 262 mm?/m) in bottom face of slab.

=242mm?>> A (0] ¢

s s,min

Support 3
Since M =—-12 kNm provide H10@300 mm centres in top face of slab.

Support 1 (and 5)
According to clause 3.12.10.3.2 of BS 8110, although simple supports may have been assumed at end supports for
analysis, negative moments may arise which could lead to cracking. Therefore an amount of reinforcement equal to
half the area of bottom steel at mid-span but not less than the minimum percentage of steel recommended in Table
3.25 of BS 8110 should be provided in the top of the slab. Furthermore, this reinforcement should be anchored at the
support and extend not less than 0.15¢ or 45 times the bar size into the span.

From above, area of reinforcement at middle of span 1/2 is 330 mm?/m. From Table 3.25 of BS 8110, the minimum
area of steel reinforcement is 0.13%bh = 0.0013 x 1000 x 150 = 195 mm?/m. Hence provide H10 at 300 mm centres
(A, = 262 mm?/m) in the top of the slab.

Distribution steel
Based on the minimum area of reinforcement = 195 mm?/m. Hence, provide H10 at 350 centres (A, = 224 mm?/m).

Shear reinforcement
Support 2 (and 4)

Design shear force, V= 30.5 kN
v—l— 30.5 x 10°
bd 1000 x 120

1
00A, _ 100 x 393 - 033
bd 1000 x 120

= 0.25 Nmm

3[35 s
Vo= |— X 0.57 = 0.64 Nmm=2 > v.
25
From Table 3.217, no shear reinforcement is required.

Support 3
Design shear force, V= 25.4 kN
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Example 3.13 continued
yo Y _ 25410
bd 1000 x 120
1OOAS= 100 x 262 - 022
bd 1000 x 120

=0.21Nmm

3/35
V. = 3—5 x 0.51 =057 Nmm?>v 0K
\ 25
No shear reinforcement is necessary.
Deflection
3750
Actual s-pan = =31.25
effective depth 120
Exterior spans
Steel service stress, f,, is
5  Ageq 5 331
f,= =f,—=% = = x 500 X — = 263.2 Nmm™
8 Ay 8 393
477 — f, 477 — 263.2
Modification factor = 0.55 + SM =0.55+ 63 = = 1.42
no(o.g v 120[ 09+ 184X10°
bd 10° x 120?

From Table 3.74, basic span to effective depth ratio is 26. Hence

. span . .
permissible P = basic ratio X mod. factor = 26 X 1.42 =37 > 31.25 OK

effective depth

Interior spans
Steel service stress, f,, is

5 Asre 5 242
f = _fy_'q = — X 500 x — = 288.6 Nmm™
8 As,prov 8 262
477 — f 477 — 2886

: =055+ =145

M 12 x 108
120/ 09 + — 120/ 0.9 + ———
[ bdz) ( 103><1202)

= basic ratio X mod. factor = 26 x 1.45=37.7 > 31.25 OK

Modification factor = 0.55 +

Hence permissible __Skan
effective depth

108
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Distribution steel is H10-350 (A = 224 mm?/m)



3.10.4 TWO-WAY SPANNING RESTRAINED
SOLID SLAB DESIGN

The design of two-way spanning restrained slabs
(Fig. 3.64) supporting uniformly distributed loads
is generally similar to that outlined above for one-
way spanning slabs. The extra complication arises
from the fact that it is rather difficult to determine
the design bending moments and shear forces in
these plate-like structures. Fortunately BS 8110
contains tables of coefficients (B, By Bwo By) that
may assist in this task (Tables 3.24 and 3.25). Thus,
the maximum design moments per unit width of
rectangular slabs of shorter side ¢, and longer side
¢, are given by

(3.21)
(3.22)

_ 2
my = Bsxnix
_ 2
my, = Bynt;

where

m,, maximum design ultimate moments either

over supports or at mid-span on strips of

unit width and span ¢, (Fig. 3.65)

maximum design ultimate moments either

over supports or at mid-span on strips of

unit width and span ¢

n total design ultimate load per unit area =
1.4g, + 1.6q,

Similarly, the design shear forces at supports
in the long span direction, v,,, and short span
direction, v, may be obtained from the following

expressions
v, = Bty (3.23)

Uy, = Bttt (3.24)

Slabs

“

Fig. 3.64 Bending of two-way spanning slabs.

| S

6
L & D
-

\y

Fig. 3.65 Locarion of moments.

These moments and shears are considered to act
over the middle three quarters of the panel width.
The remaining edge strips, of width equal to one-
eight of the panel width, may be provided with
minimum tension reinforcement. In some cases,
where there is a significant difference in the sup-
port moments calculated for adjacent panels, it may
be necessary to modify the mid-span moments in
accordance with the procedure given in BS 8110.

Table 3.24 Bending moment coefficients, B, and B, for restrained slabs (based on Table 3.14,

BS 8110)

Type of panel and moments considered

1.0 1.1 1.2

Short span coefficients, Py, Long span
Values of €, /€, coefficients,
By for all

1.3 1.4 1.5 1.75 2.0 values of £,/€,

Interior panels

Negative moment at continuous edge 0.031 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
One long edge discontinuous

Negative moment at continuous edge 0.039 0.049 0.056 0.062 0.068 0.073 0.082 0.089 0.037
Positive moment at mid-span 0.030 0.036 0.042 0.047 0.051 0.055 0.062 0.067 0.028
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 0.045
Positive moment at mid-span 0.036 0.042 0.047 0.051 0.055 0.059 0.065 0.070 0.034
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Table 3.25 Shear force coefficients, B, and [.’)Vy, for restrained slabs (based on Table 3.15, BS 8110)

Type of panel and location Box for values of €,/€, By
1.0 1.1 1.2 1.3 1.4 1.5 1.75 2.0

Four edges continuous

Continuous edge 0.33 0.36 0.39 0.41 0.43 0.45 0.48 0.50 0.33

Omne long edge discontinuous

Continuous edge 0.36 0.40 0.44 0.47 0.49 0.51 0.55 0.59 0.36

Discontinuous edge 0.24 0.27 0.29 0.31 0.32 0.34 0.36 0.38 -

Two adjacent edges discontinuous

Continuous edge 0.40 0.44 0.47 0.50 0.52 0.54 0.57 0.60 0.40

Discontinuous edge 0.26 0.29 0.31 0.33 0.34 0.35 0.38 0.40 0.26

Example 3.14 Design of a two-way spanning restrained slab (BS 8110)

Fig. 3.66 shows a part plan of an office floor supported by monolithic concrete beams (not detailed), with individual slab
panels continuous over two or more supports. The floor is to be designed to support an imposed load of 4 kNm™ and
finishes plus ceiling loads of 1.25 kNm™. The characteristic strength of the concrete is 30 Nmm™ and the steel
reinforcement is 500 Nmm™ The cover to steel reinforcement is 25 mm.

(a) Calculate the mid-span moments for panels AB2/3 and BC1/2 assuming the thickness of the floor is 180 mm.
(b) Design the steel reinforcement for panel BC2/3 (shown hatched) and check the adequacy of the slab in terms of
shear resistance and deflection. lllustrate the reinforcement details on plan and elevation views of the panel.

External
edge of
floor

Fig. 3.66

MID-SPAN MOMENTS
Loading

Total dead load, g, = finishes etc. + self-weight of slab = 1.25 + 0.180 x 24 = 5.57 kNm™

Imposed load, g, = 4 kNm™

3.75m

3.75m

Design load, n = 1.4g, + 1.6¢, = 1.4 X 557 + 1.6 X 4 = 14.2 kNm™
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Example 3.14 continued

PANEL AB2/3

By inspection, panel AB2/3 has a discontinuous long edge. Also ¢,/¢, = 7[5 = 1.4
From Table 3.24,

short span coefficient for mid-span moment, 3, = 0.051
long span coefficient for mid-span moment, 3 = 0.028

Hence mid-span moment in the short span, m,, = B,n¢2 = 0.051 X 14.2 x 5 = 18.1 kNm and mid-span moment in
the long span, m,, = B,,nf; = 0.028 x 14.2 x 5* = 9.9 kNm

PANEL BC1/2
By inspection, panel BC1/2 has two adjacent discontinuous edges and ¢,/¢, = 7/3.75 = 1.87. From Table 3.24,

short span coefficient for mid-span moment, B, = 0.0675
long span coefficient for mid-span moment, B, = 0.034

Hence mid-span moment in the short span, m,, = B, nf2 = 0.0675 X 14.2 x 3.75> = 13.5 kNm and mid-span moment
in the long span, m,, = B, n¢% = 0.034 x 14.2 x 3.75” = 6.8 kNm

PANEL BC2/3

Design moment
By inspection, panel BC2/3 is an interior panel. £,/¢, = 7[5 = 1.4
From Table 3.24,

short span coefficient for negative (i.e. hogging) moment at continuous edge, f,,, = 0.05
short span coefficient for positive (i.e. sagging) moment at mid-span, B,,, = 0.037

long span coefficient for negative moment at continuous edge, f,,, = 0.032 and
long span coefficient for positive moment at mid-span, B, , = 0.024

Hence negative moment at continuous edge in the short span,

My = Poa€s = 0.05 X 14.2 x 52 = 17.8 kNm;
positive moment at mid-span in the short span,

My = Popnls = 0.037 x 14.2 X 52 = 13.1 kNm;
negative moment at continuous edge in the long span,

my,, = Byans = 0.032 X 14.2 X 5% = 11.4 kNm;
and positive moment at mid-span in the long span,

mg,, = B,,nl; = 0.024 x 14.2 x 5° = 8.5 kNm.
Steel reinforcement

Continuous supports

At continuous supports the slab resists hogging moments in both the short-span and long-span directions. Therefore
two layers of reinforcement will be needed in the top face of the slab. Comparison of design moments shows that the
moment in the short span (17.8 kNm) is greater than the moment in the long span (11.4 kNm) and it is appropriate
therefore that the steel in the short span direction (i.e. main steel) be placed at a greater effective depth than the
steel in the long-span direction (i.e. secondary steel) as shown.
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Example 3.14 continued

Main steel

i — <4— (in short span)
d d_T Secondary steel

(in long span)

Assume diameter of main steel, ® = 10 mm and nominal cover, c = 25 mm. Hence,

. . 10
Effective depth of main steel, d =h — % - c=180 - o 25 =150 mm

Assume diameter of secondary steel, ¢" = 10 mm. Hence,

. / 10
Effective depth of secondary steel, d’=h — ¢ — % -¢c=180-10 - o 25 = 140 mm

Main steel

17.8 x 10°
= Mo _ ~ 0.0264
f..bd?> 30 x 10° x 150?
z =d(0.5 + /(0.25 — K/0.9)) < 0.95d = 0.95 x 150 = 142.5 mm
=150(0.5 + /(0.25 — 0.0264/0.9)) = 150 x 0.97 = 146 mm
M 17.8 x 108
A= = =287 mm?/m > 0.13%bh = 234 mm?*m OK
0.87f,z  0.87 x 500(0.95 x 150)

Provide H10@250 centres (A, = 314 mm?/m) in short span direction.

Secondary steel

Myn 114 x10°
£.bd? 30 x 10° x 140°
z=d(0.5 + +/(0.25 — K/0.9)) < 0.95d = 0.95 x 140 = 133 mm

=140(0.5 + /(0.25 — 0.0194/0.9)) = 140 x 0.98 = 137 mm
(Note that for slabs generally, z = 0.95d)

mMgn 11.4 x 108
0.87 x fy X z - 0.87 x 500 x (0.95 x 140)
> 0.13%bh = 234 mm?*/m
Provide H10@300 centres (A, = 262 mm?/m) in long span direction.

K = = 0.0194

=197 mm?/m

s =

Mid-span

At mid-span the slab resists sagging moments in both the short-span and long-span directions, necessitating two
layers of reinforcement in the bottom face of the slab too. Comparison of mid-span moments shows that the moment
in the short span (13.1 kNm) is greater than the moment in the long span (8.5 kNm) and it is again appropriate
therefore that the steel in the short span direction (main steel) be placed at a greater effective depth than the steel

in the long span direction (secondary steel) as shown.

Secondary steel
d i in long span)
Mam steel

(in short span)
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Example 3.14 continued

Assume diameter of main steel, $ = 10 mm and nominal cover, c = 25 mm. Hence

. . 10
Effective depth of main steel, d = h — g —c=180 - 7 — 25 =150 mm

Assuming diameter of secondary steel, ¢’ = 10 mm. Hence

. / 10
Effective depth of secondary steel, " = h— ¢ — % - ¢c=180-10 - - 25 =140 mm
Main steel
mg, 13.1x 10¢
A=—2b_ = =211 mm?m
O.87fyz 0.87 x 500(0.95 x 150)
> Aqmin = 0.13%bh = 234 mm?/m

Provide H10@300 centres (A, = 262 mm?/m) in short span direction.
Secondary steel

m 8.5 x 10°

S - = = 147 mm?/m

087 xf,xz 087 %500 x (0.95 x 140)
> A = 0.13%bh = 234 mm?/m
Provide H10@300 centres (A, = 262 mm?/m) in long span direction.

Shear
From Table 3.25,

long span coefficient, B,, = 0.33 and
short span shear coefficient, B,, = 0.43

Design load on beams B2/3 and C2/3, v,, = B,,n€, = 0.33 x 14.2 x 5 = 23.4 kNm™’
Design load on beams 2B/C and 3B/C, v, = B,,nf, = 0.43 X 14.2 X 5 = 30.5 kNm™" (critical)

v 30.5 x 10°
Shear stress, v=—% =" =020 Nmm™
bd 10° x 150
100A 100 x 314
2 = =0.21
bd 10 x 150
3130 R
From Table 3.12, v = \52—5 x 0.48=0.51 Nmm

Since v.> v no shear reinforcement is required

Deflection

For two-way spanning slabs, the deflection check is satisfied provided the span/effective depth ratio in the shorter
span does not exceed the appropriate value in Table 3.74 multiplied by the modification factor obtained via equations
7 and 8 of Table 3.16

span _ 5000

Actua - =
effective depth 150

=333
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Example 3.14 continued

Service stress, f, is

1 lsr

5. A, 5 211
f,= —f,—= = = x 500 x — = 252 Nmm™
8 A 8 262
L 477 — f, 477 — 252
Modification factor = 0.55 + ————— = 0.55 + ~= 1.81
m
120/ 09 + =2 120 o.9+M
bad? 103 x 1502

span

——— =26 X 1.81 =47 > actual OK
effective depth

Permissible

Reinforcement details
Fig. 3.67 shows a sketch of the main reinforcement details for panel BC2/3. For reasons of buildability the actual
reinforcement details may well be slightly different.

Bar diameter

Bar type Bar spacing
Number of bars B— |

28H10-4-250T1

|
i —»B ‘ I— Bar location
H A A
T 14 i 14 T Bar mark
H : 4 L__]
@ —--—--—--—---Z—E-Z—f1-;:‘-_'-_'—_'-;'_;_75—_'-_'-_'—_'f__;_'€:' ;'-_'—_'-_'-_'—_'-;'_;E:—_'-_'-_'—_'-E:-_l--,_—_-_-:-
i i ¥
3 I
Al i oA
P LA
L T
:i;k k- 23H10-1-300B1
1l T
AV, [ BN | ]
S S
H 'l
Tl i e e
[N ] S 1 T
K VA | V/I i
; I—
17H10-3-300T2 | »>B
17H10-2-300B2
additional bars not
additional bars not shown on plan 3 shown on plan 4
k—s el | [ L1 e————
r rs .._._'_7_ v T T v
v ) | <« 2 : - : +— 1
il S T I Ny
1 ' 2
Section A-A Section B-B

Fig. 3.67
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Fig. 3.68 Loading on foundations.

3.11 Foundations

Foundations are required primarily to carry the dead
and imposed loads due to the structure’s floors,
beams, walls, columns, etc. and transmit and dis-
tribute the loads safely to the ground (Fig. 3.68).
The purpose of distributing the load is to avoid the
safe bearing capacity of the soil being exceeded
otherwise excessive settlement of the structure may
occur.

Foundation failure can produce -catastrophic
effects on the overall stability of a structure so that
it may slide or even overturn (Fig. 3.69). Such
failures are likely to have tremendous financial and
safety implications. It is essential, therefore, that
much attention is paid to the design of this element
of a structure.

3.11.1 FOUNDATION TYPES

There are many types of foundations which are
commonly used, namely strip, pad and raft. The

e
vt
FEFres
Plan 0o o o 0O

Elevation

(@)

Foundations

r‘E’ -:-. l
(a)

Fig. 3.69 Foundation failures: (a) sliding failure;
(b) overturning failure.

%,

(a) (b)
Fig. 3.70 Pad footing: (a) plan; (b) elevation.

foundations may bear directly on the ground or be
supported on piles. The choice of foundation type
will largely depend upon (1) ground conditions (i.e.
strength and type of soil) and (2) type of structure
(i.e. layout and level of loading).

Pad footings are usually square or rectangular
slabs and wused to support a single column
(Fig. 3.70). The pad may be constructed using mass
concrete or reinforced concrete depending on the
relative size of the loading. Detailed design of pad
footings is discussed in section 3.11.2.1.

Continuous strip footings are used to support
loadbearing walls or under a line of closely spaced
columns (Fig. 3.71). Strip footings are designed as
pad footings in the transverse direction and in the

A
|4

SRS

EEEEEEEEER
(b)

Fig. 3.71 Strip footings: (a) footing supporting columns; (b) footing supporting wall.
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n] m] O
< 0O m] o <
u] ] u}
Plan

() (©

Typical sections through
raft foundations

Fig. 3.72 Raft foundations. Typical sections through raft foundation: (a) flat slab; (b) flar slab and downstand;

(©) flat slab and upstand.

longitudinal direction as an inverted continuous
beam subject to the ground bearing pressure.

Where the ground conditions are relatively
poor, a raft foundation may be necessary in order
to distribute the loads from the walls and columns
over a large area. In its simplest form this may
consist of a flat slab, possibly strengthened by
upstand or downstand beams for the more heavily
loaded structures (Fig. 3.72).

Where the ground conditions are so poor that
it is not practical to use strip or pad footings but
better quality soil is present at lower depths, the
use of pile foundations should be considered
(Fig. 3.73).

The piles may be made of precast reinforced
concrete, prestressed concrete or in-situ reinforced
concrete. Loads are transmitted from the piles to

Soft
strata

Hard
strata

Fig. 3.73 Piled foundations.
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the surrounding strata by end bearing and/or fric-
tion. End bearing piles derive most of their carry-
ing capacity from the penetration resistance of the
soil at the toe of the pile, while friction piles rely
on the adhesion or friction between the sides of the
pile and the soil.

3.11.2 FOUNDATION DESIGN

Foundation failure may arise as a result of (a) allow-
able bearing capacity of the soil being exceeded,
or (b) bending and/or shear failure of the base.
The first condition allows the plan-area of the base
to be calculated, being equal to the design load
divided by the bearing capacity of the soil, i.e.

bearing
capacity of soil

Ground _ design load

pressure (3.25)

plan area

Since the settlement of the structure occurs dur-
ing its working life, the design loadings to be con-
sidered when calculating the size of the base should
be taken as those for the serviceability limit state
(i.e. 1.0G, + 1.0Q,). The calculations to determine
the thickness of the base and the bending and shear
reinforcement should, however, be based on ulti-
mate loads (i.e. .4G, + 1.6Q,). The design of a
pad footing only will be considered here. The reader
is referred to more specialised books on this sub-
ject for the design of the other foundation types
discussed above. However, it should be borne in
mind that in most cases the design process would
be similar to that for beams and slabs.

3.11.2.1 Pad footing
The general procedure to be adopted for the
design of pad footings is as follows:



Foundations

1. Calculate the plan area of the footing using ser-
viceability loads.
. . . shaded area
2. Determine the reinforcement areas required for to be used
bending using ultimate loads (Fig. 3.74). in design
3. Check for punching, face and transverse shear
failures (Fig. 3.75).

Load on —>

]

NN

Fig. 3.74 Critical section for bending.

AL, %

»4 ?— Punching shear %1 -O.d_ -

% 15001 perimeter = /‘_" '

% golgmn / 1 :: Face shear
3] A mme

Yirrrsrrsrds | %

Transverse shear

Fig. 3.75 Critical sections for shear. (Load on shaded areas to be used in design.)

Example 3.15 Design of a pad footing (BS 8110)

A 400 mm square column carries a dead load (G,) of 1050 kN and imposed load (Q,) of 300 kN. The safe bearing
capacity of the soil is 170 kNm™ Design a square pad footing to resist the loads assuming the following material
strengths:

f,, = 35 Nmm™ f, = 500 Nmm™

Axial loads: dead = 1050 kN
l imposed = 300 kN

PLAN AREA OF BASE
Loading
Dead load

Assume a footing weight of 130 kN
Total dead load (G,) = 1050 + 130 = 1180 kN

Serviceability load
Design axial load (N) = 1.0G, + 1.0Q, = 1.0 X 1180 + 1.0 x 300 = 1480 kN

Plan area

N 1480

. - — = =8.70 m?
bearing capacity of soil 170

Plan area of base =

Hence provide a 3 m square base (plan area = 9 m?)
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Example 3.15 continued
Self-weight of footing
Assume the overall depth of footing (h) = 600 mm
Self weight of footing = area X h X density of concrete
=9 x 0.6 X 24 =129.6 kN < assumed (130 kN)

BENDING REINFORCEMENT

Design moment, M

Total ultimate load (W) = 1.4G, + 1.6Q,

= 1.4 x 1050 + 1.6 x 300 = 1950 kN
w 1950

plan area of base 9

=217 kNm™

Earth pressure (p,) =

1300 [*%9 1300

y
A
A
\
A

EEREEEEEEEE

217 kN/m?

. . €2 217 x1.3002
Maximum design moment occurs at face of column (M) = pST = —

= 183 kNm/m width of slab
Ultimate moment
Effective depth

Base to be cast against blinding, hence cover (c) to reinforcement = 50 mm (see Table 3.8). Assume 20 mm diameter
(@) bars will be needed as bending reinforcement in both directions.

|
[0
—— X

Cover

Hence, average effective depth of reinforcement, d, is
d=h—-c— ® =600 - 50— 20 =530 mm

Ultimate moment
M, = 0.156f,,bd* = 0.156 x 35 x 10°® x 530°
= 1534 x 10° Nmm = 1534 kNm

Since M, > M no compression reinforcement is required.
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Example 3.15 continued

Main steel
M 183 x 108

K = - =0.0186
f,bd? 35X 1000x 5302

z = d[0.5 + 4/(0.25 — K/0.9)]
= d[0.5 + /(0.25 — 0.0186/0.9)]
= 0.979d < 0.95d = 0.95 x 530 = 504 mm

M 183x10°
087,z 0.87 x 500 x 504

= 835 mm?/m

Minimum steel area is
0.13%bh = 780 mm*/m < A, 0K

Hence from Table 3.22, provide H20 at 300 mm centres (A, = 1050 mm?/m) distributed uniformly across the full width
of the footing parallel to the x-x and y-y axis (see clause 3.11.3.2, BS 8110).

CRITICAL SHEAR STRESSES

Punching shear

Z s é— ol
7

Critical perimeter, py, is

= column perimeter + 8 x 1.5d

4 x 400 + 8 X 1.5 x 530 = 7960 mm

Area within perimeter is
(400 + 3d)* = (400 + 3 x 530)* = 3.96 x 10° mm?
Ultimate punching force, V, is
V = load on shaded area = 217 x (9 — 3.96) = 1094 kN
Design punching shear stress, v, is
v 1094 x 10°
- Do ~ 7960 x 530

1
00A, _ 100X 1050 _ o
bd 10° X 530

Hence from Table 3.11, design concrete shear stress, v, is
v, = (35/25)"® x 0.37 = 0.41 Nmm™?

v = 0.26 Nmm~™

Since v, > v, punching failure is unlikely and a 600 mm depth of slab is acceptable.
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Example 3.15 continued

Face shear
Maximum shear stress (v,,,) occurs at face of column. Hence
w 1950 x 10° . e
Vnax = 2.3 Nmm™ < permissible (= 0.8+/35 = 4.73 Nmm™)

" column perimeter X d " (4 x 400)x 530

Transverse shear 770 mm 530 mm

d

<> |

AN

Ultimate shear force (V) = load on shaded area = p,x area = 217(3 x 0.770) = 501 kN
Design shear stress, v, is

bV 501x10°
bd  3x10°x530
Hence no shear reinforcement is required.

REINFORCEMENT DETAILS

The sketch below shows the main reinforcement requirements for the pad footing.

= 0.32Nmm=2 < v,

01-11H20-300

alternate bars
reversed
A A
A _A
je 01-11H20-300
alternate bars
v reversed
o
X
S
X
0 i¢—— Column starter
—{ bars (not designed)
F
01 — 01

Lo ot 01 o1
Section A-A
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Natural ground

\ I\ . / slope
Retaining wall — &
avoid demolition AN
of building ) N
Existing ground level RN
NN
t’j Building

Fig. 3.76 Section through road embankment incorporating a retaining wall.

3.12 Retaining walls

Sometimes it is necessary to maintain a difference
in ground levels between adjacent areas of land.
Typical examples of this include road and railway
embankments, reservoirs and ramps. A common
solution to this problem is to build a natural slope
between the two levels. However, this is not always
possible because slopes are very demanding of
space. An alternative solution which allows an
immediate change in ground levels to be effected is
to build a vertical wall which is capable of resisting
the pressure of the retained material. These struc-
tures are commonly referred to as retaining walls
(F1g. 3.76). Retaining walls are important elements
in many building and civil engineering projects and
the purpose of the following sections is to briefly
describe the various types of retaining walls avail-
able and outline the design procedure associated
with one common type, namely cantilever retaining
walls.

3.12.1 TYPES OF RETAINING WALLS

Retaining walls are designed on the basis that they
are capable of withstanding all horizontal pressures
and forces without undue movement arising from
deflection, sliding or overturning. There are two

Mesh

reinforcement ”

Drainage layer
Weep holes

Porous pipe

main categories of concrete retaining walls (a) grav-
ity walls and (b) flexible walls.

3.12.1.1 Gravity walls

Where walls up to 2 m in height are required, it is
generally economical to choose a gravity retaining
wall. Such walls are usually constructed of mass
concrete with mesh reinforcement in the faces to
reduce thermal and shrinkage cracking. Other con-
struction materials for gravity walls include masonry
and stone (Fig. 3.77).

Gravity walls are designed so that the resultant
force on the wall due to the dead weight and the
earth pressures is kept within the middle third
of the base. A rough guide is that the width of
base should be about a third of the height of the
retained material. It is usual to include a granular
layer behind the wall and weep holes near the base
to minimise hydrostatic pressure behind the wall.
Gravity walls rely on their dead weight for strength
and stability. The main advantages with this type
of wall are simplicity of construction and ease of
maintenance.

3.12.1.2 Flexible walls
These retaining walls may be of two basic types,
namely (i) cantilever and (ii) counterfort.

Granular
backfill

Mass concrete
footing

Fig. 3.77 Gravity retaiming walls: (a) mass concrete wall; (b) masonry wall.
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l&—— Stem

Granular
J Weep holes
backfill and drain
-:D:
——|<€— Base
Heel I_hﬂroe

Key

Fig. 3.78 Cantilever wall.

(i) Cantilever walls. Cantilevered reinforced con-
crete retaining walls are suitable for heights up to
about 7 m. They generally consist of a uniform
vertical stem monolithic with a base slab (Fig. 3.78).
A key is sometimes incorporated at the base of the
wall in order to prevent sliding failure of the wall.
The stability of these structures often relies on the
weight of the structure and the weight of backfill
on the base. This is perhaps the most common
type of wall and, therefore, the design of such walls
is considered in detail in section 3.12.2.

(ii) Counterfort walls. In cases where a higher
stem is needed, it may be necessary to design
the wall as a counterfort (Fig. 3.79). Counterfort
walls can be designed as continuous slabs span-
ning horizontally between vertical supports known
as counterforts. The counterforts are designed as
cantilevers and will normally have a triangular or
trapezoidal shape. As with cantilever walls, stabil-
ity is provided by the weight of the structure and
earth on the base.

Counterforts

!

0
<
_—

Fig. 3.79 Counterfort retaining wall.
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3.12.2 DESIGN OF CANTILEVER WALLS
Generally, the design process involves ensuring
that the wall will not fail either due to foundation
failure or structural failure of the stem or base.
Specifically, the design procedure involves the fol-
lowing steps:

1. Calculate the soil pressures on the wall.
2. Check the stability of the wall.
3. Design the bending reinforcement.

As in the case of slabs, the design of retaining
walls is usually based on a 1 m width of section.

3.12.2.1 Soil pressures

The method most commonly used for determining
the soil pressures is based on Rankin’s formula,
which may be considered to be conservative but is
straightforward to apply. The pressure on the wall
resulting from the retained fill has a destabilising
effect on the wall and is normally termed active
pressure (Fig. 3.80). The earth in front of the wall
resists the destabilising forces and is termed passive
pressure.

The active pressure (p,) is given by

P = pk.z (3.26)
where
p = unit weight of soil (kN/m?)
k, = coefficient of active pressure
z = height of retained fill.
Here %, is calculated using
.= ﬂ (3.27)
1+sin¢

where ¢ is the internal angle of friction of retained
soil. Typical values of p and ¢ for various soil types
are shown in Table 3.26.

Active pressure

z
Fa
§<‘\ y
Fo Surfaces —*
ive “Vh—t cast against J
E?esssél\é‘rae P, undisturbed ground P

Fig. 3.80 Active and passive pressure acting on a wall.



Table 3.26 Values of p and ¢

Material p (kN/m?) [0}
Sandy gravel 17-22 35°-40°
Loose sand 15-16 30°-35°
Crushed rock 12-22 35°-40°
Ashes 9-10 35°-40°
Broken brick 15-16 35°-40°
The passive pressure (p,) is given by
by = Pkyz (3.28)

where

p = unit weight of soil

z = height of retained fill

k, = coefficient of passive pressure and is
calculated using

Soil heaving up

Surface
cast against
undisturbed
ground

i

Soil heaving up

Retaining walls

o lrsme 1 (3.29)
l1-sind &,
3.12.2.2 Stability
Fountain failure of the wall may arise due to (a)
sliding or (b) rotation. Sliding failure will occur if
the active pressure force (F,) exceeds the passive
pressure force (Fp) plus the friction force (Fy) aris-
ing at the base/ground interface (Fig. 3.81(a)) where

F, = 0.5p,h, (3.30)
Fp = 0.5p,h, (3.31)
Fp=pw, (3.32)

The factor of safety against this type of failure
occurring is normally taken to be at least 1.5:

F. + F,

A

>1.5 (3.33)

Surface cast against
undisturbed ground

Fig. 3.81 Modes of failure: (a) shiding; (b) overturning; (c) slip circle.
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Rotational failure of the wall may arise due to:

1. the overturning effect of the active pressure force
(Fig. 3.81(b));

2. bearing pressure of the soil being exceeded which
will display similar characteristics to (1); or

3. failure of the soil mass surrounding the wall
(Fig. 3.81(¢)).

Failure of the soil mass (type (3)) will not be
considered here but the reader is referred to any
standard book on soil mechanics for an explana-
tion of the procedure to be followed to avoid such
failures.

Failure type (1) can be checked by taking
moments about the toe of the foundation (A) as
shown in Fig. 3.82 and ensuring that the ratio of
sum of restoring moments (X M,.,) and sum of over-
turning moments (X M,,..) exceeds 2.0, i.e.

M
hzlg

2 Mover

Failure type (2) can be avoided by ensuring that
the ground pressure does not exceed the allowable
bearing pressure for the soil. The ground pressure
under the toe (p,,.) and the heel (p,..) of the base
can be calculated using

(3.34)

=3t o (3.35)
N oM
Dheet = B - D? (336)

provided that the load eccentricity lies within the
middle third of the base, that is

where

M = moment about centre line of base
N = total vertical load (W)

D = width of base

3.12.2.3 Reinforcement areas
Structural failure of the wall may arise if the base
and stem are unable to resist the vertical and hor-
izontal forces due to the retained soil. The area of
steel reinforcement needed in the wall can be cal-
culated by considering the ultimate limit states of
bending and shear. As was pointed out at the be-
ginning of this chapter, cantilever retaining walls
can be regarded for design purposes as three can-
tilever beams (Fig. 3.2) and thus the equations
developed in section 3.9 can be used here.

The areas of main reinforcement (A4,) can be
calculated using

M
0.87f,2

S

where
M = design moment
f, = reinforcement grade

z =d (0.25 - K/0.9)]

K = M/f. bd?

The area of distribution steel is based on the
minimum steel area (4,) given in Table 3.25 of BS
8110, i.e.

A,=0.13%A, when f, = 500 Nmm™
A, =0.24%A. when f, = 250 Nmm™

M/N < D/6 (3.37) where A, is the total cross-sectional area of concrete.
! /4
I
|
]
| h Woxi + WaXo + Woxs 20
| Fays
X3 |
1
Xa|] Fa
o

! 1

I

W w, ! y,=h/3

I

Fig. 3.82
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Example 3.16 Design of a cantilever retaining wall (BS 8110)

The cantilever retaining wall shown below is backfilled with granular material having a unit weight, p, of 19 kNm™
and an internal angle of friction, ¢, of 30°. Assuming that the allowable bearing pressure of the soil is 120 kNm™, the
coefficient of friction is 0.4 and the unit weight of reinforced concrete is 24 kNm™

1. Determine the factors of safety against sliding and overturning.

2. Calculate ground bearing pressures.

3. Design the wall and base reinforcement assuming f,, = 35 kNm™, f, = 500 kNm and the cover to reinforcement
in the wall and base are, respectively, 35 mm and 50 mm.

7 % v/ 4

1-sin¢
*"T1sino
1 —sin 30°
F. = Trsn30°

¢ _1-05 1

] S T 1+05 3
’

5000

&

400

7 A j7a I"A "4 " Wb Y
700400 2000 Active
pressure (p,) = kaph
="/3x19x5.4
=34.2kNm=2

SLIDING

Consider the forces acting on a 1 m length of wall. Horizontal force on wall due to backfill, £, is
F,=0.5p,h = 0.5 X 34.2 X 5.4 = 92.34 kN
and
Weight of wall (W,) = 0.4 x5 x 24 =48.0 kN
Weight of base (W,) =0.4 x4 x 24 =384 kN
Weight of soil (W) =29 X% 5x 19 = 2755 kN
Total vertical force (V) = 361.9 kN
Friction force, F, is
F. = uW,= 0.4 x 361.9 = 144.76 kN
Assume passive pressure force (F) = 0. Hence factor of safety against sliding is

144.76
92.34

=156>15 0K

OVERTURNING

Taking moments about point A (see above), sum of overturning moments (M,,.,) is

FAx 54 9234 x54
3 3

=166.2 kNm
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Example 3.16 continued

Sum of restoring moments (M..)) is
M = W,x 09 + W, x 2+ W,x 2.55
=48 x 09 + 38.4 x 2 +275.5 X 2.55 = 822.5 kNm
Factor of safety against overturning is
822.5

——=49>20 OK
166.2

GROUND BEARING PRESSURE

Moment about centre line of base (M) is

F,x 54
M= 228 10— W x 055
234 X 5.4
_ 9234 X508 48w 1.1 — 2755 x 0.55 = 67.5 kNm
N = 361.9 kN
M 675 b_4
N 3619 6 6

Therefore, the maximum ground pressure occurs at the toe, p,. which is given by

3619 6Xx675
Poc= = 116 kNm™ < allowable (120 kNm™)
Ground bearing pressure at the heel, pyee is

3619 6Xx67.5

Pree = T 42 =65 an’]72

BENDING REINFORCEMENT
Wall

Height of stem of wall, h, = 5 m. Horizontal force on stem due to backfill, F, is
F, = 0.5k,ph?
=05x"sx 19 x 5°
=79.17 kNm™" width
Design moment at base of wall, M, is

YeFh, 1.4 x79.17 x5
3 3

Effective depth
Assume diameter of main steel (®) = 20 mm.
Hence effective depth, d, is

d = 400 — cover — ®/2 = 400 — 35 — 20/2 = 355 mm

Ultimate moment of resistance
M, = 0.156f,,bd> = 0.156 x 35 X 10° X 3552 x 107 = 688 kNm

Since M, > M, no compression reinforcement is required.
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Example 3.16 continued

Steel area

M 184.7 X 106
= = = 0.0419
f,bd?> 35 x 10° x 3552

z=d[0.5 + /(025 — K/0.9)]
= 355[0.5 + +/(0.25 — 0.0419/0.9)] = 337 mm

M 184.7 x 10°
O.87fyz 0.87 x 500 x 337
Hence from Table 3.22, provide H20 at 200 mm centres (A, = 1570 mm?/m) in near face (NF) of wall. Steel is also
required in the front face (FF) of wall in order to prevent excessive cracking. This is based on the minimum steel
area, i.e.

S

= 0.13%bh = 0.13% x 10°x 400 = 520 mm?/m
Hence, provide H12 at 200 centres (A, = 566 mm?)

Base

Heel

l 275.5x1.4=385.7 kN

700 400
2900
————————
Toe A B ’C D Heel
I : v |
T
[ P2 =1.4x65=91kN m=
P :Pa

p1=1.4%x116=162.4 kN m=

2.9(162.4 — 91)
+ s

p, = 91 = 142.8 kNm™

Design moment at point C, M,, is
3857 x29  29x384x14x145 91x29° 51.8x29x29
2 4 2 2x%x3
Assuming diameter of main steel (®) = 20 mm and cover to reinforcement is 50 mm, effective depth, d, is
d =400 — 50 — 20/2 = 340 mm
160.5 x 10°
~ 35 x 10° x 3407
z=340[0.5 + +/(0.25 — 0.0397/0.9)] < 0.95d = 323 mm
_ M 1805107
0.87f,z  0.87 x 500 x 323
Hence from Table 3.22, provide H20 at 200 mm centres (A, = 1570 mm?/m) in top face (T) of base.

=160.5 kNm

= 0.0397

S
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Example 3.16 continued

Toe
Design moment at point B, M, is given by

1624 % 0.7* 0.7 x384x14x0.7

= 36.5kNm

M. =~
’ 2 4x2

 365x1142
1605

S

= 260 mm?/m < minimum steel area = 520 mm?/m

Hence provide H12 at 200 mm centres (A, = 566 mm?/m), in bottom face (B) of base and as distribution steel in base

and stem of wall.

REINFORCEMENT DETAILS

The sketch below shows the main reinforcement requirements for the retaining wall. For reasons of buildability the

actual reinforcement details may well be slightly different.

H12-200(FF) —

Distribution

steel H12-200 <

—»—f4— 200 kicker

Distribution
steel 12200

3.13 Design of short braced
columns

The function of columns in a structure is to act as
vertical supports to suspended members such as
beams and roofs and to transmit the loads from
these members down to the foundations (Fig. 3.83).
Columns are primarily compression members
although they may also have to resist bending
moments transmitted by beams.
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U-bars H12-200

(FF) far face
(NF) near face
(T) top face
(B) bottom face

H20-200 (NF)

Starter bars H20-200

H20-200 (T)

H12-200 (B)

Columns may be classified as short or slender,
braced or unbraced, depending on various dimen-
sional and structural factors which will be discussed
below. However, due to limitations of space, the
study will be restricted to the design of the most
common type of column found in building struc-
tures, namely short-braced columns.

3.13.1 COLUMN SECTIONS

Some common column cross-sections are shown
in Fig. 3.84. Any section can be used, however,



I Roof level
v

49— 2| oad from roof
to column

Loads from first
— floor slab/beam
to column

—
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Existing
ground , Ground floor level
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A7 ]

[ Je&— Foundation

Fig. 3.83

] :

(a) (b) (©)

Fig. 3.84 Column cross-sections.

provided that the greatest overall cross-sectional
dimension does not exceed four times its smaller
dimension (i.e. & < 4b, Fig. 3.84(c)). With sections
where % > 4b the member should be regarded as a
wall for design purposes (clause 1.2.4.1, BS 8110).

3.13.2 SHORT AND SLENDER COLUMNS

Columns may fail due to one of three mechanisms:

1. compression failure of the concrete/steel rein-
forcement (Fig. 3.85);

2. buckling (Fig. 3.86);

3. combination of buckling and compression failure.

For any given cross-section, failure mode (1) is
most likely to occur with columns which are short
and stocky, while failure mode (2) is probable with
columns which are long and slender. It is impor-
tant, therefore, to be able to distinguish between
columns which are short and those which are slen-
der since the failure mode and hence the design

Design of short braced columns

Fig. 3.85

Fig. 3.86

procedures for the two column types are likely to
be different.

Clause 3.8.1.3 of BS 8110 classifies a column as
being short if

l
Lo <15 and -Z* <15
h b
where
¢, effective height of the column in respect of

the major axis (i.e. X—X axis)

¢, effective height of the column in respect of
the minor axis

b  width of the column cross-section

h  depth of the column cross-section

It should be noted that the above definition applies
only to columns which are braced, rather than
unbraced. This distinction is discussed more fully
in section 3.13.3. Effective heights of columns is
covered in section 3.13.4.

3.13.3 BRACED AND UNBRACED COLUMNS
(CLAUSE 3.8.1.5, BS 8110)

A column may be considered braced if the lateral

loads, due to wind for example, are resisted by
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[ ] ]

y [¢&—— Shear walls ———»;
d O O |
A M M

Fig. 3.87 Columns braced in y direction and unbraced in
the x direction.

shear walls or some other form of bracing rather
than by the column. For example, all the columns
in the reinforced concrete frame shown in Fig. 3.87
are braced in the y direction. A column may be
considered to be unbraced if the lateral loads are
resisted by the sway action of the column. For
example, all the columns shown in Fig. 3.87 are
unbraced in the x direction.

Depending upon the layout of the structure, it is
possible for the columns to be braced or unbraced
in both directions as shown in Figs 3.88 and 3.89
respectively.

3.13.4 EFFECTIVE HEIGHT
The effective height (£,) of a column in a given
plane is obtained by multiplying the clear height

[ [} ] J O
Shear
Y walls
1 Od > O O
A
1 | | M N

Fig. 3.88 Columns braced in both directions.

End condition 1

H [ LT [} L]
| O O O O
1 1 1 1 ]

Fig. 3.89 Columns unbraced in both directions.

Table 3.27 Values of B for braced columns
(Table 3.19, BS 8110)

End condition End condition at bottom

of top

1 2 3
1 0.75 0.80 0.90
2 0.80 0.85 0.95
3 0.90 0.95 1.00

between lateral restraints (f,) by a coefficient ()
which is a function of the fixity at the column ends
and is obtained from Table 3.27.

0, =B, (3.38)

End condition 1 signifies that the column end is
fully restrained. End condition 2 signifies that the
column end is partially restrained and end condi-
tion 3 signifies that the column end is nominally
restrained. In practice it is possible to infer the
degree of restraint at the column ends simply by
reference to the diagrams shown in Fig. 3.90.

End condition 2

£ 1 Depth of = 3 Depth of beams or slabs < depth
! ' beams = of column
0 depth of £
column
{ } As above 1‘_l ﬁ As above

End condition 3

L1 . .
Base designed to resist moment — Nominal restraint between beams
and column, e.g. beam designed
€, and detailed as if simply supported
L1 Base not designed to resist moment

Fig. 3.90 Column end restraint conditions.
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Example 3.17 Classification of a concrete column

Determine if the column shown in Fig. 3.917 is short.

180 mm

Coy=44m

Fig. 3.91

For bending in the y direction: end condition at top of column = 1, end condition at bottom of column = 1. Hence

from Table 3.27, B, = 0.75.
& _ Bxeox _

0.75 x 4000

= 8.57

h h

350

For bending in the x direction: end condition at top of column = 2, end condition at bottom of column = 2. Hence

from Table 3.27, B, = 0.85
Q — ﬁveov _

0.85 x 4400

=14.96

b b

250

Since both £./h and £./b are both less than 15, the column is short.

3.13.5 SHORT BRACED COLUMN DESIGN
For design purposes, BS 8110 divides short-braced
columns into three categories. These are:

1. columns resisting axial loads only;

2. columns supporting an approximately symmet-
rical arrangement of beams;

3. columns resisting axial loads and uniaxial or
biaxial bending.

Referring to the floor plan shown in Fig. 3.92, it
can be seen that column B2 supports beams which
are equal in length and symmetrically arranged.
Provided the floor is uniformly loaded, column
B2 will resist an axial load only and is an example
of category 1.

Column C2 supports a symmetrical arrangement
of beams but which are unequal in length. Column
C2 will, therefore, resist an axial load and moment.

However, provided that (a) the loadings on the
beams are uniformly distributed, and (b) the beam
spans do not differ by more than 15 per cent of the
longer, the moment will be small. As such, column
C2 belongs to category 2 and it can safely be de-
signed by considering the axial load only but using
slightly reduced values of the design stresses in the
concrete and steel reinforcement (section 3.13.5.2).

Columns belong to category 3 if conditions
(a) and (b) are not satisfied. The moment here
becomes significant and the column may be
required to resist an axial load and uni-axial bend-
ing, e.g. columns A2, B1, B3, C1, C3 and D2, or
an axial loads and biaxial bending, e.g. Al, A3, D1
and D3.

The design procedures associated with each of
these categories are discussed in the subsection
below.
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Fig. 3.92 Floor plan.

3.13.5.1 Axially loaded columns
(clause 3.8.4.3, BS 8110)

Consider a column having a net cross-sectional
area of concrete A, and a total area of longitudinal
reinforcement A, (Fig. 3.93).

As discussed in section 3.7, the design stresses for
concrete and steel in compression are 0.67f,,/1.5
and f,/1.15 respectively, i.e.

. 0.67
Concrete design stress = Tf“‘ = 0.45f,,

Jy
—— =0.87
1.15 5

Reinforcement design stress =

Both the concrete and reinforcement assist in
carrying the load. Thus, the ultimate load N which
can be supported by the column is the sum of the
loads carried by the concrete (F.) and the rein-
forcement (F)), i.e.

N=F.+F,

F_ = stress x area = 0.45f,

C

\lAC

N

|

o,\o>
AC —» ASC
o‘/o‘

Fig. 3.93
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F, = stress x area = 0.87f, A4,
Hence, N = 0.45f,A4. + 0.87f,A4,. (3.39)

Equation 3.35 assumes that the load is applied
perfectly axially to the column. However, in prac-
tice, perfect conditions never exist. To allow for a
small eccentricity BS 8110 reduces the design
stresses in equation 3.35 by about 10 per cent,
giving the following expression:

N = 0.4f, A, + 0.75f, A, (3.40)

This is equation 38 in BS 8110 which can be
used to design short-braced axially loaded columns.

3.13.5.2 Columns supporting an approximately
symmetrical arrangement of beams
(clause 3.8.4.4, BS 8110)
Where the column is subject to an axial load and
‘small’ moment (section 3.13.5), the latter is taken
into account simply by decreasing the design stresses
in equation 3.40 by around 10 per cent, giving the
following expression for the load carrying capacity
of the column:

N = 0.35(,, 4, + 0.67f,A, (3.41)

This is equation 39 in BS 8110 and can be used
to design columns supporting an approximately
symmetrical arrangement of beams provided (a) the
loadings on the beams are uniformly distributed,
and (b) the beam spans do not differ by more than
15 per cent of the longer.

Equations 3.40 and 3.41 are not only used to
determine the load-carrying capacities of short-
braced columns predominantly supporting axial
loads but can also be used for initial sizing of these
elements, as illustrated in Example 3.18.
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Example 3.18 Sizing a concrete column (BS 8110)

A short-braced column in which f,, = 30 Nmm™ and f, = 500 Nmm™ is required to support an ultimate axial load of
2000 kN. Determine a suitable section for the column assuming that the area of longitudinal steel, A, is of the order
of 3 per cent of the gross cross-sectional area of column, A

D Acol

Agl2
/ \
(-] o
o [+]
\\//
ASC
2

Since the column is axially loaded use equation 3.40

N = 0.4f, A, + 0.75FA,

2000 x 10° = 0.4 X 30| A, —
100

A, = 87374 mm?

Assuming that the column is square,

A A
e + 0.75 X 500 X A
100

b= h= /87374 =296 mm.

Hence a 300 mm square column constructed of concrete f,, = 30 Nmm™ would be suitable.

3.13.5.3 Columns resisting axial load and
bending

The area of longitudinal steel for columns resisting
axial loads and uniaxial or biaxial bending is nor-
mally calculated using the design charts in Part 3
of BS 8110. These charts are available for columns
having a rectangular cross-section and a symmet-
rical arrangement of reinforcement. BSI issued these
charts when the preferred grade of reinforcement
was 460 not 500. Nevertheless, these charts could
still be used to estimate the area of steel reinforce-
ment required in columns but the steel areas ob-
tained will be approximately 10 per cent greater
than required. Fig. 3.94 presents a modified version
of chart 27 which takes account of the new grade
of steel reinforcement.

It should be noted that each chart is particular
for a selected

1. characteristic strength of concrete, f,

cud

2. characteristic strength of reinforcement, f;
3. d/h ratio.

Design charts are available for concrete grades 25,
30, 35, 40, 45 and 50 and reinforcement grade
460. For a specified concrete and steel strength
there is a series of charts for different d/A ratios in
the range 0.75 to 0.95 in 0.05 increments.

The construction of these charts can best be
illustrated by considering how the axial load and
moment capacity of an existing column section is
assessed. The solution to this problem is some-
what simpler than normal column design as many
of the design parameters, e.g. grades of materials
and area and location of the reinforcement are
predefined. Nonetheless, both rely on an iterative
method for solution. Determining the load capacity
of an existing section involves investigating the
relationship between the depth of neutral axis
of the section and its axial load and co-existent
moment capacity. For a range of neutral axis depths
the tensile and compressive forces acting on the
section are calculated. The size of these forces
can be evaluated using the assumptions previously
outlined in connection with the analysis of beam
sections (3.9.1.1), namely:
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Fig. 3.94 Column design chart (based on chart 27, BS 8110: Part 3).

1. Sections that are plane before loading remain 4. The tensile strength of concrete is zero.
plane after loading.

2. The tensile and compressive stresses in the steel Once the magnitude and position of the tensile
reinforcement are derived from Fig. 3.9. and compressive forces have been determined, the

3. The compressive stresses in concrete are based axial load and moment capacity of the section can
on either the rectangular-parabolic stress block be evaluated. Example 3.19 illustrates how the
for concrete (Fig. 3.7) or the equivalent rectan- results can be used to assess the suitability of the
gular stress block (Fig. 3.16(e)). section to resist a particular axial load and moment.

Example 3.19 Analysis of a column section (BS 8110)

Determine whether the column section shown in Fig. 3.95 is capable of supporting an axial load of 200 kN and a
moment about the x-x axis of 200 kNm by calculating the load and moment capacity of the section when the depth
of neutral axis of the section, x= o, 200 mm and 350 mm. Assume f,, = 35 Nmm™ and f, = 500 Nmm™.

d’ =50 mm

350 mm

14— X h=400 mm

A4

N

b =300 mm
Fig. 3.95
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Example 3.19 continued
LOAD AND MOMENT CAPACITY OF COLUMN WHEN X = oo

Assuming the simplified stress block for concrete, the stress and strain distributions in the section will be as shown
in Fig. 3.96.

50 mm

€.,=0.0035
\‘\ Eso - F,
X X Feo
X = oo
$ \ 351 --> Fst
'é 300 mm |

Fig. 3.96

The compressive force in the concrete, F., neglecting the area displaced by the reinforcement is

F. :(%)bh :(%:35) X 300 X 400 = 1876 x 10° N

By inspection, €, = €, =€, = 0.0035 > ¢, (= 0.0022, see Fig. 3.9). Hence

F. = F, = 0.87f(A.[2) = 0.87 x 500 x (3216/2) = 699480 N
Axial load capacity of column, N, is

N=F.+ F.+ F, = 1876 x 10° + 2 x 699480 = 3274960 N

The moment capacity of the section, M, is obtained by taking moments about the centre line of the section. By
inspection, it can be seen that M = 0.

LOAD AND MOMENT CAPACITY OF COLUMN WHEN X = 200 mm

Fig. 3.97 shows the stress and strain distributions when x = 200 mm.

d’ =50 mm
e., =0.0035

FSC

T N T
x =200 mm = h/2 € 0_.¢9_x >
L X X cc
° .
8st
Fq
’é 300 mm >{

Fig. 3.97

From similar triangles

8cu _ 85(
X d—x
0.0035 €

= = €, = 2.625 X 107 > ¢, (= 0.0022)
200 350 — 200
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Example 3.19 continued

By inspection €, = €. Hence the tensile force, £, and compressive force in the steel, F, is
F.. = F, = 0.87f(A.[2) = 0.87 x 500 x (3216/2) = 699480 N

The compressive force in the concrete, F, is

F.= (Os—ﬁJ 0.9xb = (%:35) X 09 X 200 X 300 = 844200 N

Axial load capacity of column, N, is
N=F.+F,— F,=844200 N
The moment capacity of the section, M, is again obtained by taking moments about the centre line of the section:
M= F.(h/2 — 0.9x/2) + F(d — h/2) + F.(h[2 = d)
= 844200(400/2 — 0.9 x 200/2) + 699480(350 — 400/2) + 699480(400/2 — 50) = 302.7 x 10° Nmm

LOAD AND MOMENT CAPACITY OF COLUMN WHEN X = 350 mm

Fig. 3.98 shows the stress and strain distributions when x = 350 mm.

d’ =50 mm

€4, = 0.0035
: =] F
h/2
0.9x Fec
X X
x=350mm=d \ )L
) NN
€= 0 Fst =0
b=300 mm
Fig. 3.98
As before
B _ &
X d—x
0.0035 _ €

= =¢g,=0and ;=0
350 350 — 350

Similarly, &, = &, (x — d’)/x = 0.0035(350 — 50)/350 = 0.003 > €,. Hence, the compressive force in the steel, £, is
F. = 0.87f(A,/2) = 0.87 x 500 x (3216/2) = 699480 kN

Fo= (05—7'() 0.9xb = (%:35) % 0.9 X 350 x 300 = 1477350 kN

Axial load capacity of column, N, is
N=F,.+F.— F,= 1477350 + 699480 — 0 = 2176830 N
The moment capacity of the section, M, is
M = F(h/2 — 0.9x/2) + F(d — h/2) + F.(h[2 — )
= 1477350(400/2 — 0.9 x 350/2) + 0 + 699480(400/2 — 50)
= 167.7 x 10° Nmm
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Example 3.19 continued
CHECK SUITABILITY OF PROPOSED SECTION

By dividing the axial loads and moments calculated in (i)-(iii) by bh and bh* respectively, the following values obtain:

x (mm) oo 200 350
N/bh (Nmm™) 27.3 7.0 18.1
M/bh? (Nmm™) 0 6.3 3.5

Fig. 3.99 shows a plot of the results. By calculating N/bh and M/bh? ratios for the design axial load (= 200 kN) and
moment (= 200 kNm) (respectively 16.7 and 4.2) and plotting on Fig. 3.99 the suitability of the section can be
determined.

N/bh (N/mm?)

3O_A/x:oo x =350 mm

20 N
4 ~ x=200 mm
10 - N/bh=16.7 ¢
Mibh? = 4.2 —»

M/bh?
(N/mm?)

| l | | | |
1 2 3 4 5 6

Fig. 3.99

The results show that the column section is incapable of supporting the design loads. Readers may like to confirm
that if two 20 mm diameter bars (i.e. one in each face) were added to the section, the column would then have
sufficient capacity.

Comparison of Figs 3.94 and 3.99 shows that the curves in both cases are similar and, indeed, if the area of
longitudinal steel in the section analysed in Example 3.19 was varied between 0.4 per cent and 8 per cent, a chart of
similar construction to that shown in Fig. 3.94 would result. The slight differences in the two charts arise from the
fact that the d/h ratio and £, are not the same.

M, =M, + B 1

(1) Uniaxial bending. With columns which are v
bl

subject to an axial load (N) and uni-axial moment

(3.42)

(M), the procedure simply involves plotting the
N/bh and M/bh? ratios on the appropriate chart
and reading off the corresponding area of rein-
forcement as a percentage of the gross-sectional
area of concrete (100A4,./bh) (Example 3.22). Where
the actual d/h ratio for the section being designed
lies between two charts, both charts may be read
and the longitudinal steel area found by linear
interpolation.

(ii) Biaxial bending (clause 3.8.4.5, BS 8110).
Where the column is subject to biaxial bending,
the problem is reduced to one of uniaxial bending
simply by increasing the moment about one of the
axes using the procedure outlined below. Referring
to Fig. 3.100, if M /M, > I'/b’ the enhanced design
moment, about the x—x axis, M/, is

If M,/M, < W'V, the enhanced design moment about
the y-y axis, M, is

, po’
M, =M, + 7 M, (3.43)
where
b and /' are the effective depths (Fig. 3.100)
B is the enhancement coefficient for biaxial

bending obtained from Table 3.28.

Table 3.28 Values of the coefficient
(Table 3.22, BS 8110)

N

bhf,,
B 1.00 0.88 0.77 0.65 0.53 0.42

0 0.1 02 03 04 05 =0.6

0.30

137



Design of reinforced concrete elements to BS 8110

I y

Fig. 3.100

The area of longitudinal steel can then be
determined using the ultimate axial load (N) and
enhanced moment (M or M/,) in the same way as
that described for uniaxial bending.

3.13.6 REINFORCEMENT DETAILS

In order to ensure structural stability, durability
and practicability of construction BS 8110 lays
down various rules governing the minimum size,
amount and spacing of (i) longitudinal reinforce-
ment and (ii) links. These are discussed in the
subsections below.

3.13.6.1 Longitudinal reinforcement

(a) Size and minimum number of bars (clause
3.12.5.4, BS 8110). Columns with rectangular
cross-sections should be reinforced with a min-
imum of four longitudinal bars; columns with
circular cross-sections should be reinforced with a
minimum of six longitudinal bars. Each of the bars
should not be less than 12 mm in diameter.

(b) Reinforcement areas (clause 3.12.5, BS
8110). The code recommends that for columns
with a gross cross-sectional area A, the area of
longitudinal reinforcement (A,) should lie within
the following limits:

0.4%A., < A, < 6%A,, in a vertically cast
column and

< A, £ 8%A,, in a horizontally cast
column.

0.4%A

col

At laps the maximum area of longitudinal rein-
forcement may be increased to 10 per cent of the
gross cross-sectional area of the column for both
types of columns.
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(c) Spacing of reinforcement. The minimum
distance between adjacent bars should not be less
than the diameter of the bars or %,,, + 5 mm, where
h,., 18 the maximum size of the coarse aggregate.
The code does not specify any limitation with
regard to the maximum spacing of bars, but
for practical reasons it should not normally exceed
250 mm.

3.13.6.2 Links (clause 3.12.7, BS 8110)

The axial loading on the column may cause
buckling of the longitudinal reinforcement and
subsequent cracking and spalling of the adjacent
concrete cover (Fig. 3.101). In order to prevent
such a situation from occurring, the longitudinal
steel is normally laterally restrained at regular inter-
vals by links passing round the bars (Fig. 3.102).

Axial load may
cause buckling of
longitudinal
reinforcement

l

Fig. 3.101
N
Links necessary
< to resist buckling
forces
A
D Links
Fig. 3.102



(a) Size and spacing of links. Links should be at
least one-quarter of the size of the largest longitudi-
nal bar or 6 mm, whichever is the greater. However,
in practice 6 mm bars may not be freely available
and a minimum bar size of 8 mm is preferable.
Links should be provided at a maximum spacing
of 12 times the size of the smallest longitudinal
bar or the smallest cross-sectional dimension of
the column. The latter condition is not mentioned
in BS 8110 but was referred to in CP 114 and is

< 150

< 150

{8

|
< 150

> 150

Fig. 3.103 Arrangement of links in columns.

Design of short braced columns

still widely observed in order to reduce the risk of
diagonal shear failure of columns.

(b) Arrangement of links. The code further
requires that links should be so arranged that
every corner and alternate bar in an outer layer
of reinforcement is supported by a link passing
around the bar and having an included angle of
not more than 135°. All other bars should be within
150 mm of a restrained bar (Fig. 3.103).

b

> 150 > 150

Example 3.20 Axially loaded column (BS 8110)

Design the longitudinal steel and links for a 350 mm square, short-braced column which supports the following axial loads:
G, = 1000 kN Q.= 1000 kN

Assume f,, = 40 Nmm~ and f, & f,, = 500 Nmm™.

LONGITUDINAL STEEL

Since column is axially loaded, use equation 3.40, i.e.

N = 0.4f,A + 0.75f A,
Total ultimate load (N) = 1.4G, + 1.6Q,= 1.4 x 1000 + 1.6 x 1000 = 3000 kN

Substituting this into the above equation for N gives

3000 x 10° = 0.4 x 40 x (350 — A,) + 0.75 x 500A,.

A= 2897 mm?
Hence from Table 3.10, provide 4H32 (A,. = 3220 mm?)

LINKS

The diameter of the links is one-quarter times the diameter of the largest longitudinal bar, that is, 'fs X 32 = 8 mm,
but not less than 8mm diameter. The spacing of the links is the lesser of (a) 12 times the diameter of the smallest
longitudinal bar, that is, 12 x 32 = 384 mm, or (b) the smallest cross-sectional dimension of the column (= 350 mm).

Hence, provide H8 links at 350 mm centres.

H8-350 —

4H32
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Example 3.21 Column supporting an approximately symmetrical
arrangement of beams (BS 8110)

An internal column in a braced two-storey building supporting an approximately symmetrical arrangement of beams

(350 mm wide x 600 mm deep) results in characteristic dead and imposed loads each of 1100 kN being applied to the

column. The column is 350 mm square and has a clear height of 4.5 m as shown in Fig. 3.704. Design the longitudinal
reinforcement and links assuming

f.. =40 Nmm™ and f, & f, = 500 Nmm~

Column 350 mm sq.

Fig. 3.104

CHECK IF COLUMN IS SHORT

Effective height
Depth of beams (600 mm) > depth of column (350 mm), therefore end condition at top of column = 1. Assuming

that the pad footing is not designed to resist any moment, end condition at bottom of column = 3. Therefore, from
Table 3.27, B = 0.9.

€ = Lo, = B, = 0.9 X 4500 = 4050 mm

Short or slender

Since both ratios are less than 15, the column is short.

LONGITUDINAL STEEL

Since column supports an approximately symmetrical arrangement of beams use equation 3.41, i.e.
N = 0.35f,A. + 0.671,A;.
Total axial load, N, is
N=14G + 1.6Q,
=1.4x 1100 + 1.6 x 1100 = 3300 kN
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Example 3.21 continued

Substituting this into the above equation for N
3300 x 10° = 0.35 x 40(350? — A,) + 0.67 X 500A.,
= A, = 4938 mm’
Hence from Table 3.10, provide 4H32 and 4H25
(A, = 3220 + 1960 = 5180 mm?)

LINKS

The diameter of the links is one-quarter times the diameter of the largest longitudinal bar, that is '/« X 32 = 8 mm,
but not less than 8mm diameter. The spacing of the links is the lesser of (a) 12 times the diameter of the smallest
longitudinal bar, that is, 12 x 25 = 300 mm, or (b) the smallest cross-sectional dimension of the column (= 350 mm).
Provide H8 links at 300 mm centres.

-

.
e ———
" Cover = 25 mm
H8-300
o
4H25 ——] 1 3
[(o]
(9\]
4H32 L
7L

Example 3.22 Columns resisting an axial load and bending (BS 8110)

Design the longitudinal and shear reinforcement for a 275 mm square, short-braced column which supports either

(@) an ultimate axial load of 1280 kN and a moment of 62.5 kNm about the x-x axis or
(b) an ultimate axial load of 1280 kN and bending moments of 35 kNm about the x-x axis and 25 kNm about the
y-y axis.

Assume f,, = 30 Nmm~, f = 500 Nmm™ and cover to all reinforcement is 35 mm.
LOAD CASE (A)

Longitudinal steel

M 625x10°
bh? 275 x 2757
N 1280 x10°
bh  275x 275

Assume diameter of longitudinal bars (®) = 20 mm, diameter of links (®’) = 8 mm
d=h - cover — @ — ®f2 =275 - 35 -8 —20/2 =222 mm
dlh =222/275=0.8
From Fig. 3.94, 100A./bh = 3, A,. = 3 X 275 X 275/100 = 2269 mm’
Provide 8H20 (A,. = 2510mm? Table 3.10)

Links
The diameter of the links is one-quarter times the diameter of the largest longitudinal bar, that is, 'fa X 20 = 5 mm,
but not less than 8 mm diameter. The spacing of the links is the lesser of (a) 12 times the diameter of the smallest
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Example 3.22 continued

longitudinal bar, that is, 12 x 20 = 240 mm, or (b) the smallest cross-sectional dimension of the column (= 275 mm).
Provide H8 links at 240 mm centres

4H20

< H8-240

4H20

LOAD CASE (B)
Longitudinal steel
Assume diameter of longitudinal bars (®) = 25 mm, diameter of links (®’) = 8 mm
b"’=h"=h-®2 — ® — cover
=275 — 25/2 — 8 — 35 =220 mm
/\/IX/My =35/25=1.4> h'[b’ =1
N 1280 x 10°

= = 0.56
bhf,, 275 x 275 x 30

Hence B = 0.35 (Table 3.28)
Enhanced design moment about x-x axis, M, is

M, =M, + B M,
bl

0.35 x 220
+ S —

=35 X 25 =43.8 kNm

M,  43.8 x10°
bh? 275 x 2757
N _1280x10° _
bh 275 x 275

dlh = 220/275 = 0.8

From Fig. 3.94, 100A../bh = 2.2, A, = 2.2 X 275 x 275/100 = 1664 mm?
Provide 4H25 (A,. = 1960 mm?, Table 3.10)

Links

The diameter of the links is one-quarter times the diameter of the largest longitudinal bar, that is, 'fa X 25 = 6 mm,
but not less than 8 mm diameter. The spacing of the links is the lesser of (a) 12 times the diameter of the smallest
longitudinal bar, that is, 12 x 25 = 300 mm, or (b) the smallest cross-sectional dimension of the column (= 275 mm).
Provide H8 links at 275 mm centres.

2H25
H8-275

2H25
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3.14 Summary

This chapter has considered the design of a num-
ber of reinforced concrete elements to BS 8110:
Structural use of concrete. The elements considered
either resist bending or axial load and bending.
The latter category includes columns subject to
direct compression and a combination of compres-
sion and uni-axial or bi-axial bending. Elements
which fall into the first category include beams,

Summary

slabs, retaining walls and foundations. They are
generally designed for the ultimate limit states of
bending and shear and checked for the serviceabil-
ity limit states of deflection and cracking. The no-
table exception to this is slabs where the deflection
requirements will usually be used to determine the
depth of the member. Furthermore, where slabs
resist point loads, e.g. pad foundations or in flat
slab construction, checks on punching shear will
also be required.

Questions

1. (a) Derive from first principles the
following equation for the ultimate
moment of resistance (M,) of a singly
reinforced section in which f,, is the
characteristic cube strength of
concrete, b is the width of the beam
and d the effective depth

M, = 0.156f,bd>

List any assumptions.

(b) Explain what you understand by the
term ‘under-reinforced’ and why
concrete beams are normally designed
in this way.

2. (a) Design the bending reinforcement for
a rectangular concrete beam whose
breadth and effective depth are 400 mm
and 650 mm respectively to resist an
ultimate bending moment of 700 KNm.
The characteristic strengths of the
concrete and steel reinforcement may
be taken as 40 N/mm? and 500 N/mm?.

(b) Calculate the increase in moment of
resistance of the beam in (a) assuming
that two 25 mm diameter high-yield
bars are introduced into the
compression face at an effective depth
of 50 mm from the extreme
compression face of the section.

3. (a) Explain the difference between M and
M,.

(b) Design the bending and shear
reinforcement for the beam in Fig. O3
using the following information

foo =30 N/mm* f, = 500 N/mm®
fw =250 N/'mm & = 300 mm

span/depth ratio = 12

OYY Y'Y Y Y Y YYYYYY g =10 kN m™
OYYYYYYYYYYYYY g, =20 kKNm™

4
7 m——>

Fig. Q3

4. (a) Discuss how shear failure can arise in
reinforced concrete members and how
such failures can be avoided.

(b) Describe the measures proposed in
BS 8110 to achieve durable concrete
structures.

5. (a) A simply supported T-beam of 7 m
clear span carries uniformly distributed
dead (including self-weight) and
imposed loads of 10 kN/m and
15 kN/m respectively. The beam is
reinforced with two 25 mm diameter
high-yield steel bars as shown below.
(1) Discuss the factors that influence

the shear resistance of a reinforced
concrete beam without shear
reinforcement. Assuming that the
T-beam is made from grade 30
concrete, calculate the beam’s
shear resistance.

L b =900 mm
N
T hy=200 mm

e ~-@—-@— ¢——2H25

—

b..=300 mm

2
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(i) Design the shear reinforcement
for the beam. Assume
fw =500 N/mm”.

(b) Assuming 4, ,.,= 939 mm?* check the

beam for deflection.

. Redesign the slab in Example 3.11

assuming that the characteristic strength
of the reinforcement is 250 N/mm?.
Comment on your results.

. (a) Explain the difference between

columns which are short and slender
and those which are braced and
unbraced.

(b) Calculate the ultimate axial load
capacity of a short-braced column
supporting an approximately
symmetrical arrangement of beams
assuming that it is 500 mm square
and is reinforced with eight
20 mm diameter bars. Assume that
foo = 40 N/mm?, £, = 500 N/mm® and
the concrete cover is 25 mm. Design
the shear reinforcement for the
column.

8. (a) A braced column which is 300 mm

square is restrained such that it has an
effective height of 4.5 m. Classify the
column as short or slender.

(b) The column supports:
(1) an ultimate axial load of 500 kN
and a bending moment of
200 KNm, or
(2) an ultimate axial load of 800 kN
and bending moments of 75 KNm
about the x-axis and 50 KNm
about the y-axis.
Design the longitudinal steel for both
load cases by constructing suitable
design charts assuming f,, = 40 N/mm?,
1, =500 N/mm? and the covers to all
reinforcement is 35 mm.

9. An internal column in a multi-storey
building supporting an approximately
symmetrical arrangement of beams carries
an ultimate load of 2,000 kN. The storey
height is 5.2 m and the effective height
factor is 0.85, ., = 35 N/mm?* and
f, =500 N/mm”.

Assuming that the column is square,
short and braced, calculate:

1. a suitable cross-section for the column;

2. the area of the longitudinal
reinforcement;

3. the size and spacing of the links.

Sketch the reinforcement detail in

cross-section.
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This chapter is concerned with the design of structural
steelwork and composite elements to British Standard
5950. The chapter describes with the aid of a number
of fully worked examples the design of the following
elements: beams and joists, struts and columns, com-
posite slabs and beams, and bolted and welded connec-
tions. The section on beams and joists covers the design
of members that are fully laterally restrained as well as
members subject to lateral torsional buckling. The section
on columns includes the design of cased columns and
column base plates.

4.1 Introduction

Several codes of practice are currently in use in the
UK for design in structural steelwork. For build-
ings the older permissible stress code BS 449 has
now been largely superseded by BS 5950, which is
a limit state code introduced in 1985. For steel
bridges the limit state code BS 5400: Part 3 is
used. Since the primary aim of this chapter is to
give guidance on the design of structural steelwork
elements, this is best illustrated by considering the
contents of BS 5950.

BS 5950 is divided into the following nine parts:

Part 1: Code of practice for design — Rolled and welded
sections.

Part 2: Specification for materials, fabrication and
erection — Rolled and welded sections.

Part 3: Design in composite construction — Section 3.1:
Code of practice for design of simple and con-
tinuous composite beams.

Part 4: Code of practice for design of composite slabs
with profiled steel sheeting.

Part 5: Code of practice for design of cold formed thin
gauge sections.

Part 6: Code of practice for design of light gauge pro-
filed steel sheeting.

Part 7: Specification for materials, fabrication and
erection — Cold formed sections and sheeting.

Chapter 4

Design in structural
steelwork to BS 5950

Part 8: Code of practice for fire resistant design.
Part 9: Code of practice for stressed skin design.

Part 1 covers most of the material required for
everyday design. Since the majority of this chapter
is concerned with the contents of Part 1, it should
be assumed that all references to BS 5950 refer to
Part 1 exclusively. Part 3: Section 3.1 and Part 4
deal with, respectively, the design of composite
beams and composite floors and will be discussed
briefly in section 4.10. The remaining parts of the
code generally either relate to specification or to
specialist types of construction, which are not rel-
evant to the present discussion and will not be
mentioned further.

4.2 Iron and steel
4.2.1 MANUFACTURE

Iron has been produced for several thousands of
years but it was not until the eighteenth century
that it began to be used as a structural material.
The first cast-iron bridge by Darby was built in
1779 at Coalbrookdale in Shropshire. Fifty years
later wrought iron chains were used in Thomas
Telford’s Menai Straits suspension bridge. How-
ever, it was not until 1898 that the first steel-framed
building was constructed. Nowadays most construc-
tion is carried out using steel which combines the
best properties of cast and wrought iron.

Cast iron is basically remelted pig iron which
has been cast into definite useful shapes. Charcoal
was used for smelting iron but in 1740 Abraham
Darby found a way of converting coal into coke
which revolutionised the iron-making process. A
later development to this process was the use of
limestone to combine with the impurities in the
ore and coke and form a slag which could be run
off independently of the iron. Nevertheless, the pig
iron contained many impurities which made the
material brittle and weak in tension.
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In 1784, a method known as ‘puddling’ was de-
veloped which could be used to convert pig iron into
a tough and ductile metal known as wrought iron.
Essentially this process removed many of the impur-
ities present in pig iron, e.g. carbon, manganese,
silicon and phosphorus, by oxidation. However, it
was difficult to remove the wrought iron from the
furnace without contaminating it with slag. Thus
although wrought iron was tough and ductile, it was
rather soft and was eventually superseded by steel.

Bessemer discovered a way of making steel from
iron. This involved filling a large vessel, lined with
calcium silicate bricks, with molten pig iron which
was then blown from the bottom to remove impur-
ities. The vessel is termed a converter and the pro-
cess is known as acid Bessemer. However, this
converter was unable to remove the phosphorus from
the molten iron which resulted in the metal being
weak and brittle and completely unmalleable. Later
in 1878 Gilchrist Thomas proposed an alternative
lining for the converter in which dolomite was used
instead of silica and which overcame the problems
associated with the acid Bessemer. His process be-
came known as basic Bessemer. The resulting metal,
namely steel, was found to be superior to cast iron
and wrought iron as it had the same high strength
in tension and compression and was ductile.

4.2.2 PROPERTIES

If a rod of steel is subjected to a tensile test
(Fig. 4.1(a)), and the stress in the rod (load/cross
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sectional area in N/mm?) is plotted against the strain
(change in length/original length), as the load is
applied, a graph similar to that shown in Fig. 4.1(b)
would be obtained. Note that the stress-strain curve
is linear up to a certain value, known as the yield
point. Beyond this point the steel yields without an
increase in load, although there is significant ‘strain
hardening’ as the bar continues to strain towards
failure. This is the plastic range.

In the elastic range the bar will return to its orig-
inal length if unloaded. However, once past the yield
point, in the plastic range, the bar will be perman-
ently strained after unloading. Fig. 4.1(¢) shows the
idealised stress-strain curve for structured steelwork
which is used in the design of steel members.

The slope of the stress-strain curve in the elastic
range is referred to as the modulus of elasticity or
Young’s modulus and is denoted by the letter E. It
indicates the stiffness of the material and is used to
calculate deflections under load. Structural steel
has a modulus of elasticity of 205 kN/mm?.

4.3 Structural steel and
steel sections

Structural steel is manufactured in three basic
grades: S275, S355 and S460. Grade S460 is the
strongest, but the lower strength grade S275 is the
most commonly used in structural applications,
for reasons that will later become apparent. In this
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classification system ‘S’ stands for structural and
the number indicates the yield strength of the ma-
terial in N/mm?.

Figure 4.2 shows in end view a selection of sec-
tions commonly used in steel design together with
typical applications. Depending on the size and the
demand for a particular shape, some sections may
be rolled into shape directly at a steel rolling mill,
while others may be fabricated in a welding shop
or on site using (usually) electric arc welding.

These sections are designed to achieve economy
of material while maximising strength, particularly
in bending. Bending strength can be maximised by
concentrating metal at the extremities of the section,
where it can sustain the tensile and compressive
stresses associated with bending. The most com-
monly used sections are still Universal Beams (UBs)
and Universal Columns (UCs). While boxes and
tubes have some popularity in specialist applica-
tions, they tend to be expensive to make and are
difficult to maintain, particularly in small sizes.

Columns and space frames

Bridge beams

The geometric properties of these steel sections,
including the principal dimensions, area, second
moment of area, radius of gyration and elastic and
plastic section moduli have been tabulated in a
booklet entitled Structural Sections to BS4: Part 1:
1993 and BS EN10056: 1999 which is published
by Corus Construction and Industrial. Appendix B
contains extracts from these tables for UBs and
UCs, and will be frequently referred to. The axes
x—x and y-y shown in Fig. 4.2 and referred to in
the steel tables in Appendix B denote the strong
and weak bending axes respectively. Note that the
symbols used to identify particular dimensions of
universal sections in the booklet are not consistent
with the notation used in BS 5950 and have there-
fore been changed in Appendix B to conform with
BS 5950.

This chapter we will concentrate on the design
of UBs and UCs and their connections to suit
various applications. Irrespective of the element
being designed, the designer will need an
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understanding of the following aspects which are
discussed next.

(a) symbols

(b) general principles and design methods
(c) loadings

(d) design strengths.

4.4 Symbols

For the purpose of this chapter, the following
symbols have been used. These have largely been
taken from BS 5950.

GEOMETRIC PROPERTIES

A area of section

A gross sectional area of steel section
B breadth of section

b outstand of flange

D depth of section

d depth of web

second moment of area about the
major and minor axes

Ni torsion constant of section

L length of span

r root radius

e T radius of gyration of a member about
its major and minor axes

effective plastic modulus

plastic modulus about the major and
minor axes

thickness of flange

thickness of web

buckling parameter of the section
torsional index of section

effective elastic modulus

elastic modulus about major and
minor axes

AN

Y shear area

stiff bearing length

modulus of elasticity

tensile force

shear force

actual length

effective length

design moment or large end moment
moment capacity

buckling resistance moment
maximum major axis moment

o bearing resistance of an unstiffened web
2 bearing resistance of stiffener

S

Inlaleiet

o

SRR

>

buckling resistance of an unstiffened
web

P, buckling resistance of stiffener

k =T+r

myr equivalent uniform moment factor for
lateral torsional buckling

P contact stress

P, shear capacity of a section

e compressive strength of steel

Do bending strength of steel

by design strength of steel

v slenderness factor for beam

B ratio of smaller to larger end moment

B a ratio for lateral torsional buckling

Ve overall load factor

Ym material strength factor

) deflection

€ constant = (275/p)"”

A slenderness ratio

At equivalent slenderness

COMPRESSION

Ay effective area of baseplate

A, gross sectional area of steel section

¢ largest perpendicular distance from the
edge of the effective portion of the
baseplate to the face of the column
cross-section

F, ultimate applied axial load

L actual length

L effective length

M, buckling resistance moment

M, M, moment capacity of section about the
major and minor axes in the absence
of axial load

M., M., eccentric moment about the major and
minor axes

M, M, applied moment about the major and
minor axes

M, maximum major axis moment in the
segment between restraints against
lateral torsional buckling

m equivalent uniform moment factor

P, compression resistance of column

P, squash load of column

P compression resistance of short strut

Py Euler load

P compressive strength

Dy design strength of the baseplate

t, thickness of baseplate

" pressure under the baseplate

A slenderness ratio

ALt equivalent slenderness



CONNECTIONS

a effective throat size of weld

o, effective net area

o, gross area

o, net area of plate

A effective area of bolt

A, tensile stress area of a bolt

d, diameter of bolt

D, diameter of bolt hole

e edge distance

e, end distance

p pitch

t thickness of part

F, applied shear force

F, applied tension force

P, bearing capacity of bolt

P, bearing capacity of the parts connected
by preloaded bolts

P bearing capacity of parts connected by
bolts

P, shear capacity of a bolt

P, slip resistance provided by a preloaded
bolt

P, tension capacity of a member or bolt

P, minimum shank tension

Do bearing strength of a bolt

Dos bearing strength of connected parts

Ds shear strength of a bolt

D tension strength of a bolt

DPw design strength of a fillet-weld

s leg length of a fillet-weld

K, coefficient = 1.2 for S275 steel

K, coefficient = 1.0 for clearance holes

u slip factor

COMPOSITES

A, mean cross-sectional area of concrete

A, cross-sectional area of steel
reinforcement

o, modular ratio

B, effective breadth of concrete flange

General principles and design methods

depth of profiled metal decking
depth of concrete flange
deflection

shear force

strength of shear studs
compression resistance of concrete
flange

tensile resistance of steel flange
tensile resistance of steel beam
longitudinal spacing of studs
longitudinal shear stress per unit length
depth of neutral axis

o

REICIS

o

»

<o m™ WO

‘e
)

4.5 General principles and
design methods

As stated at the outset, BS 5950 is based on limit
state philosophy. Table 1 of BS 5950, reproduced
as Table 4.1, outlines typical limit states appropri-
ate to steel structures.

As this book is principally about the design of
structural elements we will be concentrating on the
ultimate limit state of strength (1), and the service-
ability limit state of deflection (5). Stability (2) is
an aspect of complete structures or sub-structures
that will not be examined at this point, except to
say that structures must be robust enough not to
overturn or sway excessively under wind or other
sideways loading. Fatigue (3) is generally taken
account of by the provision of adequate safety
factors to prevent occurrence of the high stresses
associated with fatigue. Brittle fracture (4) can be
avoided by selecting the correct grade of steel for
the expected ambient conditions. Avoidance of
excessive vibration (6) and oscillations (7), are as-
pects of structural dynamics and are beyond the
scope of this book. Corrosion can be a serious prob-
lem for exposed steelwork, but correct preparation
and painting of the steel will ensure maximum
durability (8) and minimum maintenance during
the life of the structure. Alternatively, the use of
weather resistant steels should be considered.

Table 4.1 Limit states (Table 1, BS 5950)

Ultimate

Serviceability

1 Strength (including general yielding, rupture,

buckling and forming a mechanism)
2 Stability against overturning and sway
stability
3 Fracture due to fatigue
4 Brittle fracture

5 Deflection
6 Vibration

7 Wind induced oscillation
8 Durability
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Fig. 4.3 (a) Stmple and (b) continuous design.

Although BS 5950 does not specifically mention
fire resistance, this is an important aspect that fun-
damentally affects steel’s economic viability com-
pared to its chief rival, concrete. Exposed structural
steelwork does not perform well in a fire. The high
conductivity of steel together with the thin sections
used causes high temperatures to be quickly reached
in steel members, resulting in premature failure due
to softening at around 600°C. Structural steelwork
has to be insulated to provide adequate fire resis-
tance in multi-storey structures. Insulation may
consist of sprayed treatment, intumescent coatings,
concrete encasement or boxing with plasterboard.
All insulation treatments are expensive. However,
where the steel member is encased in concrete it
may be possible to take structural advantage of the
concrete, thereby mitigating some of the additional
expenditure incurred (Section 4.9.6). Guidance
on the design of fire protection for members in
steel framed buildings can be found in Part 8 of
BS 5950.

For steel structures three principal methods of
design are identified in clause 2.1.2 of BS 5950:

1. Simple design. The structure is regarded as hav-
ing pinned joints, and significant moments are
not developed at connections (Fig. 4.3(a)). The
structure is prevented from becoming a mecha-
nism by appropriate bracing using shear walls
for instance. This apparently conservative as-
sumption is a very popular method of design.

2. Continuous design. The joints in the structure
are assumed to be able to fully transfer the forces
and moments in the members which they attach
(Fig. 4.3(b)). Analysis of the structure may be
by elastic or plastic methods, and will be more
complex than simple design. However the in-
creasing use of micro-computers has made this
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method more viable. In theory a more economic
design can be achieved by this method, but
unless the joints are truly rigid the analysis will
give an upper bound (unsafe) solution.

. Semi-continuous design. The joints in the structure
are assumed to have some degree of strength and
stiffness but not provide complete restraint as in
the case of continuous design. The actual strength
and stiffness of the joints should be determined
experimentally. Guidance on the design of semi-
continuous frames can be found in the follow-
ing Steel Construction Institute publications:
(1) Wind-moment Design of Unbraced Composite

Frames, SCI-P264, 2000.
(i) Design of Semi-continuous Braced Frames,
SCI-P183, 1997.

SV}

4.6 Loading

As for structural design in other media, the de-
signer needs to estimate the loading to which the
structure may be subject during its design life.

The characteristic dead and imposed loads can
be obtained from BS 6399: Parts 1 and 3. Wind
loads should be determined from BS 6399: Part 2
or CP3: Chapter V: Part 2. In general, a character-
istic load is expected to be exceeded in only 5% of
instances, or for 5% of the time, but in the case of
wind loads it represents a gust expected only once
every 50 years.

To obtain design loading at ultimate limit state
for strength and stability calculations the charac-
teristic load is multiplied by a load factor obtained
from Table 2 of BS 5950, part of which is repro-
duced as Table 4.2. Generally, dead load is multi-
plied by 1.4 and imposed vertical (or live) load by
1.6, except when the load case considers wind load



Design of steel beams and joists

Table 4.2 Partial factors for loads (Table 2, BS 5950)

Type of load and load combinations Factor, ;
Dead load 1.4
Dead load acting together with wind and imposed load 1.2
Dead load whenever it counters the effects of other loads 1.0
Dead load when restraining sliding, overturning or uplift 1.0
Imposed load 1.6
Imposed load acting together with wind load 1.2
Wind load 1.4
Storage tanks, including contents 1.4
Storage tanks, empty, when restraining sliding, overturning or uplift 1.0

also, in which case, dead, imposed and wind loads
are all multiplied by 1.2.

Several loading cases may be specified to give a
‘worst case’ envelope of forces and moments around
the structure. In the design of buildings without
cranes, the following load combinations should
normally be considered (clause 2.4.1.2, BS 5950):

1. dead plus imposed
2. dead plus wind
3. dead, imposed plus wind.

Table 4.3 Design strengths p, (Table 9,
BS 5950)

Steel grade Thickness, less than Design strength,
or equal to (mm) b, (N/mm?)
S275 16 275
40 265
63 255
80 245
100 235
150 225
S355 16 355
40 345
63 335
80 325
100 315
150 295
S460 16 460
40 440
63 430
80 410
100 400

To obtain design loading at serviceability limit
state for calculation of deflections the most adverse
realistic combination of unfactored characteristic
imposed loads is usually used. In the case of wind
loads acting together with imposed loads, only 80%
of the full specified values need to be considered.

4.7 Design strengths

In BS 5950 no distinction is made between char-
acteristic and design strength. In effect the material
safety factor y,, = 1.0. Structural steel used in the
UK is specified by BS 5950: Part 2, and strengths
of the more commonly used steels are given in
Table 9 of BS 5950, reproduced here as Table 4.3.
As a result of the residual stresses locked into the
metal during the rolling process, the thicker the
material, the lower the design strength.

Having discussed these more general aspects re-
lating to structural steelwork design, the following
sections will consider the detailed design of beams
and joists (section 4.8), struts and columns (section
4.9), composite floors and beams (section 4.10)
and some simple bolted and welded connections
(section 4.11).

4.8 Design of steel beams
and joists

Structural design of steel beams and joists primarily
involves predicting the strength of the member.
This requires the designer to imagine all the ways
in which the member may fail during its design
life. It would be useful at this point, therefore, to
discuss some of the more common modes of fail-
ure associated with beams and joists.
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Fig. 4.4 Bending failure of a bearn.

4.8.1 MODES OF FAILURE

4.8.1.1 Bending

The vertical loading gives rise to bending of the
beam. This results in longitudinal stresses being
set up in the beam. These stresses are tensile in
one half of the beam and compressive in the other.
As the bending moment increases, more and more
of the steel reaches its yield stress. Eventually, all
the steel yields in tension and/or compression across
the entire cross section of the beam. At this point
the beam cross-section has become plastic and it
fails by formation of a plastic hinge at the point
of maximum moment induced by the loading. Fig-
ure 4.4 reviews this process. Chapter 2 summarises
how classical beam theory is derived from these
considerations.

4.8.1.2 Local buckling

During the bending process outlined above, if the
compression flange or the part of the web subject
to compression is too thin, the plate may actually
fail by buckling or rippling, as shown in Fig. 4.5,
before the full plastic moment is reached.

4.8.1.3 Shear

Due to excessive shear forces, usually adjacent to
supports, the beam may fail in shear. The beam
web, which resists shear forces, may fail as shown in
Fig. 4.6(a), as steel yields in tension and compres-
sion in the shaded zones. The formation of plastic
hinges in the flanges accompanies this process.
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Fig. 4.5 Local flange buckling failure.

4.8.1.4 Shear buckling

During the shearing process described above, if the
web is too thin it will fail by buckling or rippling in
the shear zone, as shown in Fig. 4.6(b).

4.8.1.5 Web bearing and buckling

Due to high vertical stresses directly over a support
or under a concentrated load, the beam web may
actually crush, or buckle as a result of these stresses,
as illustrated in Fig. 4.7.

4.8.1.6 Lateral torsional buckling

When the beam has a higher bending stiffness in
the vertical plane compared to the horizontal plane,
the beam can twist sideways under the load. This
is perhaps best visualised by loading a scale rule on
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Fig. 4.7 Web buckling and web bearing failures.

its edge, as it is held as a cantilever — it will tend to
twist and deflect sideways. This is illustrated in
Fig. 4.8. Where a beam is not prevented from
moving sideways, by a floor, for instance, or the
beam is not nominally torsionally restrained at sup-
ports, it is necessary to check that it is laterally
stable under load. Nominal torsional restraint may
be assumed to exist if web cleats, partial depth
end plates or fin plates, for example, are present
(Fig. 4.9).

4.8.1.7 Deflection

Although a beam cannot fail as a result of exces-
sive deflection alone, it is necessary to ensure that
deflections are not excessive under unfactored
imposed loading. Excessive deflections are those

|
My 2 .
il = Crushing
I S /
| m
] L — ]
Support kTslupport

Destabilizing load
Root of cantilever

End of cantilever

Fig. 4.8 Lateral torsional buckling of cantilever.
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Fig. 4.9 Nominal torsional restraint at beam support supplied by (a) web cleats (b) end plate (¢) fin plate.

resulting in severe cracking in finishes which would
render the building unserviceable.

4.8.2 SUMMARY OF DESIGN PROCESS
The design process for a beam can be summarised
as follows:

1. determination of design shear forces, F,, and
bending moments, M, at critical points on the
element (see Chapter 2);

. selection of UB or UC;

. classification of section;

. check shear strength; if unsatisfactory return to
(2);

5. check bending capacity; if unsatisfactory return

to (2);

6. check deflection; if unsatisfactory return to (2);

7. check web bearing and buckling at supports or
concentrated load; if unsatisfactory provide web
stiffener or return to (2);

8. check lateral torsional buckling (section 4.8.11);
if unsatisfactory return to (2) or provide lateral
and torsional restraints;

9. summarise results.

4.8.3 INITIAL SECTION SELECTION
It is perhaps most often the case in the design of
skeletal building structures, that bending is the
critical mode of failure, and so beam bending theory
can be used to make an initial selection of section.
Readers should refer to Chapter 2 for more clarifica-
tion on bending theory if necessary.

To avoid bending failure, it is necessary to en-
sure that the design moment, M, does not exceed
the moment capacity of the section, M., i.e.

M < M,

Generally, the moment capacity for a steel sec-
tion is given by

LSSV 8]

(4.1)

where
p, is the assumed design strength of the steel
S is the plastic modulus of the section
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Combining the above equations gives an expres-
sion for S:

S>M/ip, (4.3)

This can be used to select suitable universal beam
sections from steel tables (Appendix B) with the
plastic modulus of section S greater than the cal-
culated value.

4.8.4 CLASSIFICATION OF SECTION

Having selected a suitable section, or proposed a
suitable section fabricated by welding, it must be
classified.

4.8.4.1 Strength classification

In making the initial choice of section, a steel
strength will have been assumed. If grade S275
steel is to be used, for example, it may have been
assumed that the strength is 275 N/mm?. Now by
referring to the flange thickness 7 from the steel
tables, the design strength can be obtained from
Table 9 of BS 5950, reproduced as Table 4.3.

If the section is fabricated from welded plate,
the strength of the web and flange may be taken
separately from Table 9 of BS 5950 as that for the
web thickness 7 and flange thickness 7 respectively.

4.8.4.2 Section classification

As previously noted, the bending strength of the
section depends on how the section performs in
bending. If the section is stocky, i.e. has thick
flanges and web, it can sustain the formation of a
plastic hinge. On the other hand, a slender section,
i.e. with thin flanges and web, will fail by local
buckling before the yield stress can be reached.
Four classes of section are identified in clause 3.5.2
of BS 5950:

Class 1 Plastic cross sections are those in which a
plastic hinge can be developed with significant
rotation capacity (Fig. 4.10). If the plastic design
method is used in the structural analysis, all mem-
bers must be of this type.
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Fig. 4.10 Typical moment/rotation characteristics of different classes of section.

Class 2 Compact cross sections are those in
which the full plastic moment capacity can be
developed, but local buckling may prevent
production of a plastic hinge with sufficient rota-
tion capacity to permit plastic design.

Class 3 Semi-Compact cross sections can de-
velop their elastic moment capacity, but local
buckling may prevent the production of the full
plastic moment.

Class 4 Slender cross sections contain slender ele-
ments subject to compression due to moment or
axial load. Local buckling may prevent the full
elastic moment capacity from being developed.

Limiting width to thickness ratios for elements for
the above classes are given in Table 11 of BS 5950,
part of which is reproduced as Table 4.4. (Refer to
Fig. 4.2 for details of UB and UC dimensions.)
Once the section has been classified, the various

strength checks can be carried out to assess its
suitability as discussed below.

4.8.5 SHEAR

According to clause 4.2.3 of BS 5950, the shear
force, F,, should not exceed the shear capacity of
the section, P, i.e.

F, <P, (4.5)
P, =0.6p,4, (4.6)

in which A, is the shear area (= zD for rolled I-,
H- and channel sections). Equation (4.6) assumes
that the web carries the shear force alone.

Clause 4.2.3 also states that when the buckling
ratio (d/t) of the web exceeds 70¢ (see equation
4.4), then the web should be additionally checked
for shear buckling. However, no British universal
beam section, no matter what the grade, is affected.

where

Table 4.4 Limiting width to thickness ratios (elements which exceed these limits are to be taken as
class 4, slender cross sections.) (based on Table 11, BS 5950)

Type of element (all rolled sections)

Class of section

(1) Plastic

(2) Compact (3) Semi-comp

. b

Outstand element of compression flange T
. . . d

Web with neutral axis at mid-depth 7
Web where the whole cross-section is n/a

subject to axial compression only

€ E < 10e k < 15¢
T T

Oe % < 100e %s 120¢e
n/a %S 40¢

Note. & = (275/p)"?  (4.4)
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4.8.6 LOW SHEAR AND MOMENT CAPACITY

As stated in clause 4.2.1.1 of BS 5950, at critical
points the combination of (i) maximum moment
and co-existent shear and (ii) maximum shear and
co-existent moment, should be checked.

If the co-existent shear force F, is less than 0.6,
then this is a low shear load. Otherwise, if
0.6P, < F, < P,, then it is a high shear load.

When the shear load is low, the moment capa-
city of the section is calculated according to clause
4.2.5.2 of BS 5950 as follows:

For class 1 plastic or class 2 compact sections,
the moment capacity

M. =pS<12p 7 “4.7)

where

p, design strength of the steel

S plastic modulus of the section
Z elastic modulus of the section

The additional check (M, < 1.2p,Z) is to guard
against plastic deformations under serviceability
loads and is applicable to simply supported and
cantilever beams. For other beam types this limit
is 1.5p,Z.

For class 3 semi-compact sections
M. =p,Z
M. =p, S < 1.2p 7

(4.8)
(4.9)

where S, is the effective plastic modulus (clause
3.5.6 of BS 5950) and the other symbols are as
defined for equation 4.7.

Note that whereas equation 4.8 provides a con-
servative estimate of the moment capacity of class 3
compact sections, use of equation 4.9 is more effici-
ent but requires additional computational effort.

For class 4 slender sections

M. =pZy (4.10)

where Z is the effective elastic modulus (clause
3.6.2 of BS 5950).

In practice the above considerations do not prove
to be much of a problem. Nearly all sections in
grade S275 steel are plastic, and only a few sections
in higher strength steel are semi-compact. No Brit-
ish rolled universal beam sections in pure bending,
no matter what the strength class, are slender or
have plastic or compact flanges and semi-compact
webs.

or alternatively

Example 4.1 Selection of a beam section in grade S275 steel

(BS 5950)

The simply supported beam in Fig. 4.17 supports uniformly distributed characteristic dead and imposed loads of
5 kN/m each, as well as a characteristic imposed point load of 30 kN at mid-span. Assuming the beam is fully
laterally restrained and there is nominal torsional restrain at supports, select a suitable UB section in S275 steel to

satisfy bending and shear considerations.

30 kN imposed load

5kN/m dead load
5 kN/m imposed load

c

10 metres

Ra

Fig. 4.11 Loading for example 4.1.

DESIGN BENDING MOMENT AND SHEAR FORCE
Total loading = (30 X 1.6) + (5 X 1.4 + 5 x 1.6)10
=48 + 15 x 10 = 198 kN
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Example 4.1 continued

Because the structure is symmetrical R, = R; = 198/2 = 99 kN. The central bending moment, M, is

2
M:%_F(Dg
4 8
48 x 10 15 x 10?
= +
4 8

120 + 187.5 = 307.5 kN m

Shear force and bending moment diagrams are shown in Fig. 4.12.

307.5

(a)
Fig. 4.12 (a) Bending moment and (b) shear force diagrams.

INITIAL SECTION SELECTION
Assuming p, = 275 N/mm?

M  307.5x10°¢
S, >—=—""—=1118 x 10° mm* = 1118 cm®
P, 275

From steel tables (Appendix B), suitable sections are:

1. 356 X 171 x 67 UB: S, = 1210 cm?;
2. 406 x 178 x 60 UB: S, = 1190 cm?;
3. 457 x 152 x 60 UB: S, = 1280 cm’.

The above illustrates how steel beam sections are specified. For section 1, for instance, 356 X 171 represents the
serial size in the steel tables; 67 represents the mass per metre in kilograms; and UB stands for universal beam.

All the above sections give a value of plastic modulus about axis x-x, S,, just greater than that required. Whichever
one is selected will depend on economic and engineering considerations. For instance, if lightness were the primary
consideration, perhaps section 3 would be selected, which is also the strongest (largest S,). However, if minimising
the depth of the member were the main consideration then section 1 would be chosen. Let us choose the compromise
candidate, section 2.

CLASSIFICATION

Strength Classification
Because the flange thickness T=12.8 mm (< 16 mm), then p, = 275 N/mm? (as assumed) from Table 4.3 and € =
(275/p)" = 1 (Table 4.4).

Section classification
b/ T=6.95 which is less than 9¢ = 9. Hence from Table 4.4, flange is plastic. Also d[t = 46.2 which is less than 80e
= 80. Hence from Table 4.4, web is plastic. Therefore 406 x 178 x 60 UB section is class 1 plastic.
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Example 4.1 continued
SHEAR STRENGTH
As d[t = 46.2 < 70¢, shear buckling need not be considered. Shear capacity of section, P,, is
P, = 0.6p,A, = 0.6p,tD = 0.6 X 275 X 7.8 X 406.4
=523 x 10° N = 523 kN
Now, as F,(99 kN) < 0.6P, = 0.6 x 523 = 314 kN (low shear load).
BENDING MOMENT
Moment capacity of section, M, is
M, = p,S=275x 1190 x 10°
=327 x 105 N mm =327 kN m
<1.2p,Z=1.2 % 275 X 1060 X 10°
=349.8 x 10° N mm =349.8 kN m 0K
Moment M due to imposed loading = 307.5 kN m. Extra moment due to self weight, M,,, is

2

10
M., = 1.4 x (60 x 9.81/103)? =103 kN m

Total imposed moment M, = 307.5 + 10.3 = 317.8 kN m < 327 kN m. Hence proposed section is suitable.

Example 4.2 Selection of a beam section in grade S460 steel
(BS 5950)

Repeat the above design in grade S460 steel.
INITIAL SECTION SELECTION

Since section is of grade S460 steel, assume p, = 460 N/mm?

M 307.5 x 10¢
S,>—=—""— =669 x 10° mm® = 669 cm®
p, 460
Suitable sections (with classifications) are:

1. 305 x 127 x 48 UB: S, = 706 cm’, p, = 460, plastic;

2. 305 x 165 x 46 UB: S, = 723 cm®, p, = 460, compact;

3.356 x 171 x 45 UB: S, = 774 cm®, Z = 687 cm’, p, = 460, semi-compact;
4. 406 x 140 x 39 UB: S, = 721 cm?, Z = 627 cm’, p, = 460, semi-compact.

Section 4 must be discounted. As it is semi-compact and Z is much less than 669 cm? it fails in bending. Section 3
is also semi-compact and Zis not sufficiently larger than 669 to take care of its own self weight. Section 2 looks the
best choice, being the light of the two remaining, and with the greater strength.

SHEAR STRENGTH
As d[t < 70¢g, no shear buckling check is required. Shear capacity of section, P, is
P, = 0.6p,tD = 0.6 X 460 X 6.7 X 307.1
=567.9 x 10* N = 567.9 kN
Now, as F,(99 kN) < 0.6P, = 340.7 kN (low shear load).
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Example 4.2 continued
BENDING MOMENT

Design of steel beams and joists

Moment capacity of section subject to low shear load, M, is
M, = p,S = 460 x 723 x 10°
=332.6 X 10° N mm = 332.6 kN m
<1.2p,Z=1.2 X 460 x 648 x 10
=357.7 x 10° N mm = 357.7 kN m OK
Moment M due to dead and imposed loading = 307.5 kN m. Extra moment due to self weight, M,,, is

102

M,, = 1.4 X (46 X 9.81/103]? =79 kN m

Total imposed moment M, = 307.5 + 7.9 = 315.4 kN m, which is less than the section's moment of resistance M, =

332.6 kN m. This section is satisfactory.

4.8.7 HIGH SHEAR AND MOMENT CAPACITY
When the shear load is high, i.e. F, > 0.6P,, the
moment-carrying capacity of the section is reduced.
This is because the web cannot take the full tensile
or compressive stress associated with the bending
moment as well as a sustained substantial shear
stress due to the shear force. Thus, according to
clause 4.2.5.3 of BS 5950, the moment capacity of
UB and UC sections, M., should be calculated as
follows:
For class 1 plastic and compact sections

MC = py(S - pSV)

For class 3 semi-compact sections

(4.11)

M. =p, (S - pS,/1.5) or alternatively

Mc = py(Seff - pSv) (412)

For class 4 slender sections
Mc = Py(Zeff - pSV/ls) (413)

where p = [2(F,/P,) — 1]*> and S, for sections with
equal flanges, is the plastic modulus of the shear
area of section equal to zD*4. The other symbols
are as previously defined in section 4.8.6.

Note the effect of the p factor is to reduce the
moment-carrying capacity of the web as the shear
load rises from 50 to 100% of the web’s shear
capacity. However, the resulting reduction in mo-
ment capacity is negligible when F, < 0.6P,.

4.8.8 DEFLECTION

A check should be carried out on the maximum
deflection of the beam due to the most adverse
realistic combination of unfactored imposed

Example 4.3 Selection of a cantilever beam section (BS 5950)

A proposed cantilever beam 1 m long is to be built into a concrete wall as shown in Fig. 4.13. It supports
characteristic dead and imposed loading of 450 kN/m and 270 kN/m respectively. Select a suitable UB section in

5275 steel to satisfy bending and shear criteria only.

7///

450 kN total dead load
270 kN total imposed load

1.0 metre R

Fig. 4.13
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Example 4.3 continued
DESIGN BENDING MOMENT AND SHEAR FORCE
Shear force F, at A is

(450 x 1.4) + (270 x 1.6) = 1062 kN
Bending Moment M at Ais

WE_1062X1_ 3110 m
2
INITIAL SECTION SELECTION
Assuming p, = 275 N/mm?
6
5> M _ 581107 1931%x 103 mm®=1931cm?
p, 275

Suitable sections (with classifications) are:
1. 457 x 191 x 89 UB: S, = 2010 cm®, p, = 265, plastic;
2. 533 x 210 x 82 UB: S, = 2060 cm®, p, = 275, plastic.

SHEAR STRENGTH
Shear capacity of 533 x 210 x 82 UB section, P, is
P, = 0.6p,tD = 0.6 X 275 x 9.6 x 528.3
=837 x 10° N =837 kN < 1062 kN Not OK

In this case, because the length of the cantilever is so short, the selection of section will be determined from the
shear strength, which is more critical than bending. Try a new section:

610 x 229 x 113 UB: S, = 3290 cm®, p, = 265, plastic
P,=0.6 x 265 x 607.3 x 11.2 = 1081 x 10° N
= 1081 kN OK but high shear load
BENDING MOMENT
From above
p = [2(F/P) — 1]? = [2(1062/1081) — 1]* = 0.93
M. = p,(S,—pS)
= 265(3290 x 10° — 0.93[11.2 x 607.3%/4])
=617 x 10°=617 kN m
<1.2p,Z=1.2 x 265 X 2880 X 10°
=9158 x 10°=9158 kN m 0K

12
M, = 1.4 x (113 x 9.81/103)? =08 kN m

M,=M+ M, =531+ 0.8=532kN m< M,
This section is satisfactory.
serviceability loading. In BS 5950 this is covered should avoid significant damage to the structure
by clause 2.5.2 and Table 8, part of which is reprod- and finishes.

uced as Table 4.5. Table 8 outlines recommended Calculation of deflections from first principles
limits to these deflections, compliance with which has to be done using the area-moment method,
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Table 4.5 Suggested vertical deflection limits Macaulay’s method, or some other similar approach,
on beams due to imposed load (based on a subject which is beyond the scope of this book.
Table 8, BS 5950) The reader is referred to a suitable structural
analysis text for more detail on this subject. How-
Cantilevers Length/180 ever, many calculations of deflection are carried
Beams carrying plaster or other Span/360 out using formulae for standard cases, which can
brittle finish be combined as necessary to give the answer for
Other beams (except purlins and Span/200 more complicated situations. Figure 4.14 summar-
sheeting rails) ises some of the more useful formulae.
W point load
C  w/unit length c
Y Y YV YTV
A | B Al | B
IN AN AN /AN
span € B span €
5. = bwl* 5.2 WP
€~ 384E/ C” 48E]
w
7 7
A 1B A B
length ¢ ) L length ¢ »
_ wil* _we
% =B %= 3E]

Fig. 4.14 Deflections for standard cases. E = elastic modulus of steel (205 kN/mm?) and I = second moment of area (x—x)
of section.

Example 4.4 Deflection checks on steel beams (BS 5950)

Carry out a deflection check for Examples 4.1-4.3 above.

FOR EXAMPLE 4.1

_ 5wt N We?
©7 384E ' 48El

_ 5x5x10* N 30 x 108
384 x 205 x 108 x 21500 x 1078 48 x 205 x 108 x 21500 x 107
=0.0148 + 0.0142 = 0.029 m = 29 mm

From Table 4.5, the recommended maximum deflection for beams carrying plaster is span/360 which equals 10000/360
= 27.8 mm, and for other beams span/200 = 10000/200 = 50 mm. Therefore if the beam was carrying a plaster finish
one might consider choosing a larger section.

FOR EXAMPLE 4.2

5wf* We
c = +
384El  48El
5% 5 x10* 30 x 10°

= +
384 x 205 x 105 x 9950 x 10® 48 x 205 x 10% x 9950 x 10~®
= 0.0319 + 0.0306 = 0.0625 m = 62.5 mm
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Example 4.4 continued

The same recommended limits from Table 4.5 apply as above. This grade S460 beam therefore fails the deflection test.
This partly explains why the higher strength steel beams are not particularly popular.

FOR EXAMPLE 4.3

270 x 1*

B

"~ 8El 8 x205x 10° x 87400 x 10~

= 0.00019 m = 0.19 mm

The recommended limit from Table 4.5 is

Length/180 = 5.6 mm.

So deflection is no problem for this particular beam.

489 WEB BEARING AND WEB BUCKLING
Clause 4.5 of BS 5950 covers all aspects of
web bearing, web buckling and stiffener design.
Usually most critical at the position of a support
or concentrated load is the problem of web
buckling. The buckling resistance of a web is
obtained via the web bearing capacity as discussed
below.

4.8.9.1 Web bearing

Figure 4.15 (a) illustrates how concentrated loads

are transmitted through the flange/web connection

in the span, and at supports when the distance to

the end of the member from the end of the stiff

bearing is zero. According to Clause 4.5.2 of BS

5950, the bearing resistance P, is given by:
P, = (b, + nk)tp,, (4.15)

where

b, 1is the stiff bearing length

n is as shown in Figure 4.15(a): n = 5 except

at the end of a member and n = 2 + 0.65./k

< 5 at the end of the member

is the distance to the end of the member from

the end of the stiff bearing (Fig. 4.15(b))

k = (T + r) for rolled I- or H-sections

T  is the thickness of the flange

t is the web thickness

by, is the design strength of the web

This is essentially a simple check which ensures
that the stress at the critical point on the flange/
web connection does not exceed the strength of
the steel.
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It should also be checked that the contact stresses
between load or support and flange do not exceed

Dby-

4.8.9.2 Web buckling

According to clause 4.5.3.1 of BS 5950, provided the
distance o, from the concentrated load or reaction
to the nearer end of the member is at least 0.7d,
and if the flange through which the load or reac-
tion is applied is effectively restrained against both

(a) rotation relative to the web
(b) lateral movement relative to the other flange
(Fig. 4.16),

the buckling resistance of an unstiffened web is
given by

25¢et

P,=—F—P,
(b, + nk)d

The reader is referred to Appendix C for the
background and derivation of this equation.

Alternatively, when o, < 0.7d, the buckling re-
sistance of an unstiffened web is given by

(4.16)

a, +0.7d 25¢t
= e P, (4.17)
14d (b, + nk)d

If the flange is not restrained against rotation
and/or lateral movement the buckling resistance of
the web is reduced to P, given by

_0.7d

E

in which Ly is the effective length of the web de-
termined in accordance with Table 22 of BS 5950.

P,

Xr

P,

X

(4.18)
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Fig. 4.15 Web bearing.

Fig. 4.16
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Example 4.5 Checks on web bearing and buckling for steel beams
(BS 5950)

Check web bearing and buckling for Example 4.1, assuming the beam sits on 100 mm bearings at each end.

WEB BEARING AT SUPPORTS
Py = (b, + nkitp,,
= (100 + 2 x 23)7.8 x 275
=313 x 10° N =313 kN > 99 kN 0K
where
k=T+r=128+ 102 =23 mm
n=2+ 0.6b./k =2 (since b, = 0)
CONTACT STRESS AT SUPPORTS
P = (b, x 2(r +T))p, = (100 X 46) x 275
= 1265 x 10° N = 1265 kN > 99 kN  OK

WEB BUCKLING AT SUPPORT
Since o, (= 50 mm) < 0.7d = 0.7 X 360.5 = 252 mm, buckling resistance of the web is

_ o, +07d  25et

~ 14d (b, + nk)d

_ 50 + 252 y 25x1x7.8
1.4 x360.5 (100 + 2 x 23)360.5

So no web stiffeners are required at supports.

X

313 =159 kN > 99 kN OK

A web check at the concentrated load should also be carried out, but readers can confirm that this aspect is not

critical in this case.

4.8.10 STIFFENER DESIGN carrying stiffeners can be locally welded between
If it is found that the web fails in buckling or bear- the flanges and the web. Clause 4.5 of BS 5950
ing, it is not always necessary to select another gives guidance on the design of such stiffeners and

section; larger supports can be designed, or load- the following example illustrates this.

Example 4.6 Design of a steel beam with web stiffeners (BS 5950)

A simply supported beam is to span 5 metres and support uniformly distributed characteristic dead and imposed loads
of 200 kN/m and 100 kN/m respectively. The beam sits on 150 mm long bearings at supports, and both flanges are
laterally and torsionally restrained (Fig. 4.77). Select a suitable UB section to satisfy bending, shear and deflection

criteria. Also check web bearing and buckling at supports, and design stiffeners if they are required.

200 kN/m dead load
100 kN/m imposed load

AA : x

I 5 metres |

Fig. 4.17
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Example 4.6 continued

DESIGN SHEAR FORCE AND BENDING MOMENT
Factored loading = (200 x 1.4) + (100 X 1.6) = 440 kN/m

ReactionsR, = Ry = 440 x 5 X 0.5 = 1100 kN
2 2

Bending moment, M = 0): = M =1375kN m
INITIAL SECTION SELECTION
Assuming p, = 275 N/mm?

M 1375 x 10°

S, > 2= 20X 5000 x 10° mm® = 5000 cm?
p, 275

From Appendix B, suitable sections (with classifications) are:

1. 610 x 305 x 179 UB: S, = 5520 cm?, p, = 265 plastic;
2. 686 x 254 x 170 UB: S, = 5620 cm’®, p, = 265 plastic;
3. 762 x 267 x 173 UB: S, = 6200 cm’, p, = 265 plastic;
4. 838 x 292 x 176 UB: S, = 6810 cm®, p, = 265 plastic.

Section 2 looks like a good compromise; it is the lightest section, and its depth is not excessive.

SHEAR STRENGTH
P, = 0.6p,tD = 0.6 X 265 X 14.5 x 692.9
= 1597 x 10* N = 1597 kN > 1100 kN OK
However as F, (= 1100 kN) > 0.6P, (= 958 kN), high shear load.
BENDING MOMENT
As the shear force is zero at the centre, the point of maximum bending moment, M, is obtained from
M. = p,S = 265 x 5620 X 10°
=1489.3 x 10° N mm = 1489.3 kN m
< 1.2p,Z=1.2 X 265 X 4910 x 10°
=1561.3 x 10° N mm = 1561.3 kN m OK

M

SW

2
1.4 x (170 x 9.81/103)% =73kNm

Total moment M, = 1375 + 7.3 = 1382.3 kN m < 1489.3 kN m. 0K
DEFLECTION
Calculated deflection, d, is

_ 5wt 5x 100 x 5*
384E/ 384 x 205 x 10°x 170000 x 1078

C

=0.0023 m =23 mm

Maximum recommended deflection limit for a beam carrying plaster from Table 4.5 = span /360 = 13.8 mm OK
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Example 4.6 continued

WEB BEARING
k=T+r=237+ 152 =389 mm
n=2+ 0.6b./k =2 (since b, = 0)
Py = (b, + nk)tp,,
= (150 + 2 x 38.9)14.5 x 275
=908 x 10° N = 908 kN

The web's bearing resistance P,, (= 908 kN) < R, (= 1100 kN), and so load-carrying stiffeners are required. BS 5950
stipulates that load-carrying stiffeners should be checked for both bearing and buckling.

STIFFENER BEARING CHECK

Let us propose 12 mm thick stiffeners each side of the web and welded continuously to it. As the width of section
B = 255.8 mm, the stiffener outstand is effectively limited to 120 mm.

The actual area of stiffener in contact with the flange, if a 15 mm fillet is cut out for the root radius, A, =
(120 — 15)2 x 12 = 2520 mm?

The bearing capacity of the stiffener, P, is given by (clause 4.5.2.2)

P. = AP, = 2520 X 275
=693 x 10° N > external reaction = (R, — P,, = 1100 — 908 =) 192 kN
Hence the stiffener provided is adequate for web bearing.

WEB BUCKLING
Since o, (= 75 mm) < 0.7d = 0.7 X 692.9 = 485 mm, buckling resistance of the web is

a.+0.7d  25et
1.4d (b, + nk)d
75 + 485 25 x1x14.5

= X 908 = 478.3 kN < 1100 kN
1.4 x692.9 /(150 + 2 x 38.9)692.9

P:

X

bw

Therefore, web stiffeners capable of resisting an external (buckling) load, F,, of F,=(F,— P,)=1100-478.3=621.7 kN
are required.

STIFFENER BUCKLING CHECK

The buckling resistance of a stiffener, P, is given by
PXS = ASpC

The plan of the web and stiffener at the support position is shown in Fig. 4.78. Note that a length of web on each side
of the centre line of the stiffener not exceeding 15 times the web thickness should be included in calculating the
buckling resistance (clause 4.5.3.3). Hence, second moment of area (/) of the effective section (shown cross-hatched
in Fig. 4.18) (based on bd?/12) for stiffener buckling about the z-z axis is

_12x (120 +120 + 14.5)° 4 (217.5 + 69) x 14.5
12 12

]

S

=16.56 x 108 mm*

Effective area of buckling section, A,, is
A, =12 x (120 + 120 + 14.5) + (217.5 + 69) X 14.5
= 7208 mm?
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X
Outline of flange
' = 9
o J
L 69 N|+~ 15t=217.5
Z—[N\ NN SN NN N S— 2
No
t=14.5( « Web
A

Stiffener
¥ 12
—»| |le—
Fig. 4.18 Plan of web and stiffener.

Radius of gyration r= (I/A,)%*
= (16.56 x 108/7208)°°
=47.9 mm

According to Clause 4.5.3.3 of BS 5950, the effective length (L) of load carrying stiffeners when the compression
flange is laterally restrained = 0.7L, where L = length of stiffener (= d)

= 0.7 X 615.1
= 430.6 mm
A= Lg[r=4306/479 =9

Then from Table 24(c) (Table 4.14) p. = p, = 275 N/mm?

Then P, = A,p. = 7208 X 275

Hence the stiffener is also adequate for web buckling.

4.8.11 LATERAL TORSIONAL BUCKLING

If the loaded flange of a beam is not effectively
restrained against lateral movement relative to the
other flange, by a concrete floor fixed to the beam,
for instance, and against rotation relative to the
web, by web cleats or fin plates, for example, it is
possible for the beam to twist sideways under a
load less than that which would cause the beam to
fail in bending, shear or deflection. This is called
lateral torsional buckling which is covered by
Clause 4.3 of BS 5950. It is illustrated by Fig. 4.19
for a cantilever, but readers can experiment with this
phenomenon very easily using a scale rule or ruler
loaded on its edge. They will see that although the
problem occurs more readily with a cantilever, it
also applies to beams supported at each end. Keen
experimenters will also find that the more restraint

1982 x 10° N
1982 kN > F, = 621.7 kN

they provide at the beam supports, the higher the
load required to make the beam twist sideways.
This effect is taken into account by using the con-
cept of ‘effective length’, as discussed below.

4.8.11.1 Effective length

The concept of effective length is introduced in
clause 4.3.5 of BS 5950. For a beam supported at
its ends only, with no intermediate lateral restraint,
and standard restraint conditions at supports, the
effective length is equal to the actual length be-
tween supports. When a greater degree of lateral
and torsional restraint is provided at supports, the
effective length is less than the actual length, and
vice versa. The effective length appropriate to
different end restraint conditions is specified in
Table 13 of BS 5950, reproduced as Table 4.6, and
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Root|of cantilever

AN

Normal load

rmal load

Destabilising load

H_ End of cantilever

Support

A

Destabilising load |

Fig. 4.19 Lateral torsional buckling: (a) cantilever beam; (b) simply supported beam.

Table 4.6 Effective length, Ly, for beams (Table 13, BS 5950)

Conditions of restraint at supports

Loading conditions

Normal Destab.
Comp. flange laterally restrained
Nominal torsional restraint against rotation about longitudinal axis
Both flanges fully restrained against rotation on plan 0.7L 0.85L ¢
Compression flange fully restrained against rotation on plan 0.75L 1 0.9L 1
Both flanges partially restrained against rotation on plan 0.8L; 0.95L 1
Compression flange partially restrained against rotation on plan 0.85L 1 1.0L
Both flanges free to rotate on plan 1.0L ¢ 1.2L ¢
Comp. flange laterally unrestrained
Both flanges free to rotate on plan
Partial torsional restraint against rotation about longitudinal 1.0L,r + 2D 1.2L,;++ 2D

axis provided by connection of bottom flange to supports

Partial torsional restraint against rotation about longitudinal 1.2L 1+ + 2D 1.4L, 1+ 2D

axis provided only by pressure of bottom flange onto supports

illustrated in Fig. 4.20. The table gives different
values of effective length depending on whether
the load is normal or destabilising. This is perhaps
best explained using Fig. 4.19, in which it can read-
ily be seen that a load applied to the top of the
beam will cause it to twist further, thus worsening
the situation. If the load is applied below the
centroid of the section, however, it has a slightly
restorative effect, and is conservatively assumed to
be normal.

Determining the effective length for real beams,
when it is difficult to define the actual conditions
of restraint, and whether the load is normal or
destabilising, is perhaps one of the greatest prob-
lems in the design of steelwork. It is an aspect that
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was amended in the 1990 edition of BS 5950 and
once again in the 2000 edition in order to relate
more to practical circumstances.

4.8.11.2 Lateral torsional buckling resistance
Checking of lateral torsional buckling for rolled
UB sections can be carried out in two different
ways. Firstly, there is a slightly conservative, but
quite simple check in clause 4.3.7 of BS 5950,
which only applies to equal flanged rolled sections.
The approach is similar to that for struts (section
4.9.1), and involves determining the bending
strength for the section, p,, from Table 20 of BS
5950, reproduced as Table 4.7, via the slenderness
value (B,)*’Lg/r, and D/T.
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A Column
assumed to be
torsionally stiff

Compression flange laterally restrained
——— Nominal torsional restraint against
i , rotation about longitudinal axis
TT Both flanges fully restrained against
rotation on plan

Compression flange laterally restrained
Nominal torsional restraint against
rotation about longitudinal axis

Both flanges free to rotate on plan

Compression flange laterally unrestrained
Both flanges free to rotate on plan

Partial torsional restraint against rotation
about longitudinal axis provided by
connection of bottom flange to support

KEY
DETAIL AT SUPPORTS PLAN ON BEAM 4 Tension flange restraint
4 Compression flange restraint

Bolts prevent

uplift at flange
/ only

Fig. 4.20 Restraint conditions.

Table 4.7 Bending strength p, (N/mm?) for rolled sections with equal flanges (Table 20, BS 5950)

1) Grade S275 steel < 16 mm (p, = 275 N/mm?)

(B Ly/r, DIT

5 10 15 20 25 30 35 40 45 50
30 275 275 275 275 275 275 275 275 275 275
35 275 275 275 275 275 275 275 275 275 275
40 275 275 275 275 274 273 272 272 272 272
45 275 275 269 266 264 263 263 262 262 262
50 275 269 261 257 255 253 253 252 252 251
55 275 263 254 248 246 244 243 242 241 241
60 275 258 246 240 236 234 233 232 231 230
65 275 252 239 232 227 224 223 221 221 220
70 274 247 232 223 218 215 213 211 210 209
75 271 242 225 215 209 206 203 201 200 199
80 268 237 219 208 201 196 193 191 190 189
85 265 233 213 200 193 188 184 182 180 179
90 262 228 207 193 185 179 175 173 171 169
95 260 224 201 186 177 171 167 164 162 160
100 257 219 195 180 170 164 159 156 153 152
105 254 215 190 174 163 156 151 148 146 144
110 252 211 185 168 157 150 144 141 138 136
115 250 207 180 162 151 143 138 134 131 129
120 247 204 175 157 145 137 132 128 125 123
125 245 200 171 152 140 132 126 122 119 116
130 242 196 167 147 135 126 120 116 113 111
135 240 193 162 143 130 121 115 111 108 106
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Table 4.7 (cont’d)

(BW)O'SLE/’y

5 10 15 20 25 30 35 40 45 50
140 238 190 159 139 126 117 111 106 103 101
145 236 186 155 135 122 113 106 102 99 96
150 233 183 151 131 118 109 102 98 95 92
155 231 180 148 127 114 105 99 94 91 88
160 229 177 144 124 111 101 95 90 87 84
165 227 174 141 121 107 98 92 87 84 81
170 225 171 138 118 104 95 89 84 81 78
175 223 169 135 115 101 92 86 81 78 75
180 221 166 133 112 99 89 83 78 75 72
185 219 163 130 109 96 87 80 76 72 70
190 217 161 127 107 93 84 78 73 70 67
195 215 158 125 104 91 82 76 71 68 65
200 213 156 122 102 89 80 74 69 65 63
210 209 151 118 98 85 76 70 65 62 59
220 206 147 114 94 81 72 66 62 58 55
230 202 143 110 90 78 69 63 58 55 52
240 199 139 106 87 74 66 60 56 52 50
250 195 135 103 84 72 63 57 53 50 47

2) Grade S275 steel > 16 mm < 40 mm (p, = 265 N/mm?)

30 265 265 265 265 265 265 265 265 265 265
35 265 265 265 265 265 265 265 265 265 265
40 265 265 265 265 265 264 264 264 263 263
45 265 265 261 258 256 255 254 254 254 254
50 265 261 253 249 247 246 245 244 244 244
55 265 255 246 241 238 236 235 235 234 234
60 265 250 239 233 229 227 226 225 224 224
65 265 245 232 225 221 218 216 215 214 214
70 265 240 225 217 212 209 207 205 204 204
75 263 235 219 210 204 200 198 196 195 194
80 260 230 213 202 196 191 189 187 185 184
85 257 226 207 195 188 183 180 178 176 175
90 254 222 201 188 180 175 171 169 167 166
95 252 217 196 182 173 167 163 160 158 157
100 249 213 190 176 166 160 156 153 150 149
105 247 209 185 170 160 153 148 145 143 141
110 244 206 180 164 154 147 142 138 136 134
115 242 202 176 159 148 140 135 132 129 127
120 240 198 171 154 142 135 129 125 123 121
125 237 195 167 149 137 129 124 120 117 115
130 235 191 163 144 132 124 119 114 111 109
135 233 188 159 140 128 119 114 109 106 104
140 231 185 155 136 124 115 109 105 102 99
145 229 182 152 132 120 111 105 101 97 95
150 227 179 148 129 116 107 101 97 93 91
155 225 176 145 125 112 103 97 93 89 87
160 223 173 142 122 109 100 94 89 86 83
165 221 170 139 119 106 97 91 86 83 80
170 219 167 136 116 103 94 88 83 80 77
175 217 165 133 113 100 91 85 80 77 74
180 215 162 130 110 97 88 82 77 74 71
185 213 160 128 108 95 86 79 75 71 69
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Table 4.7 (cont’d)

Design of steel beams and joists

(Bw) " Ly/r, DIT
5 10 15 20 25 30 35 40 45 50
190 211 157 125 105 92 83 77 73 69 66
195 209 155 123 103 90 81 75 70 67 64
200 207 153 120 101 88 79 73 68 65 62
210 204 148 116 96 84 75 69 64 61 58
220 200 144 112 93 80 71 65 61 58 55
230 197 140 108 89 77 68 62 58 54 52
240 194 136 104 86 74 65 59 55 52 49
250 190 132 101 83 71 63 57 52 49 47
For class 1 plastic or class 2 compact sections, where
the buckling resistance moment, M,, is obtained S, plastic modulus about the major axis
from Z, elastic modulus about the major axis
B, a ratio equal to 1 for class 1 plastic or class
M, = pyS; (4.19) 2 compact sections and Z/S, for class 3
For class 3 semi-compact sections, M,, is given semi-compact sections
by D depth of the section
r, radius of gyration about the y-y axis
M, = p 2, (4.20) T flange thickness

Example 4.7 Design of a laterally unrestrained steel beam

(simple method) (BS 5950)

Assuming the beam in Example 4.1 is not laterally restrained, determine whether the selected section is suitable, and
if not, select one which is. Assume the compression flange is laterally restrained and the beam fully restrained against
torsion at supports, but both flanges are free to rotate on plan. The loading is normal.

EFFECTIVE LENGTH

Since beam is pinned at both ends, from Table 4.6, L; = 1.0L; =10 m

BUCKLING RESISTANCE

Using the conservative approach of clause 4.3.7

From Table 4.7, p, = 60 N/mm? (approx).

D
T

B = (1.0)

1510000

=252

39.7

406.4
= 10—6 =31.75

M, = p,S, = 60 x 1190 x 10°
=714 x 10 Nmm=71.4 kN m << 317.8 kN m

As the buckling resistance moment is much less than the actual imposed moment, this beam would fail by lateral
torsional buckling. Using trial and error, a more suitable section can be found.
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Example 4.7 continued
Try 305 x 305 x 137 UC; p, = 265, plastic.

L 10000
0.5 "E 0.5
= (1.0 =128
B.) r, (1.0) 78.2
D 20.
— = E =148
T 21.7

Then from Table 4.7, p, = 165.7 N/mm?
M, = p,S, = 165.7 x 2300 x 10° = 381 x 10° N mm = 381 kN m

102
M,, = 1.4(137 x 9.81/103]? =235kN m

Total imposed moment M, = 307.5 + 23.5 =331 kN m <381 kN m 0K

So this beam, actually a column section, is suitable. Readers may like to check that there are not any lighter UB
sections. Because the column has a greater r,, it is laterally stiffer than a UB section of the same weight and is more
suitable than a beam section in this particular situation.

4.8.11.3 Equivalent slenderness and Table 4.8 Slenderness factor v for beams with
uniform moment factors equal flanges (based on Table 19, BS 5950)
The more rigorous approach for calculating values
of M, is covered by clauses 4.3.6.2 to 4.3.6.9 of A N=05
BS 5950. It involves calculating an equivalent slen- X
derness ratio, A;r, given by o 0.5 100
Aot = uvh+/B, (4.21) 1.0 0.99
. . 1.5 0.97
in which 2.0 0.96
3 = Le 2.5 0.93
= 3.0 0.91
v 3.5 0.89
where 4.0 0.86
L effective length for lateral torsional buckling 4.5 0.84
r, radius of gyration about the minor axis g (5) 8%
u  buckling parameter = 0.9 for rolled I- and 6.0 0.77
H-sections 6.5 0.75
v slenderness factor from Table 19 of BS 7.0 0.73
5950, part of which is reproduced as 75 0.72
Table 4.8, given in terms of A/x in which 8.0 0.70
x torsional index = D/T where D is the 8.5 0.68
depth of the section and 7T is the flange 9.0 0.67
thickness 9.5 0.65
B, = 1.0 for class 1 plastic or class 2 compact 10.0 0.64
sections; 11.0 0.61
= Z,/S, for class 3 semi-compact sections if }2'0 0.59
3.0 0.57
M, =poZs 14.0 0.55
= S, /S, for class 3 semi-compact sections if 15.0 0.53
M, = ppSyes 16.0 0.52
= Z, /S, for class 4 slender cross-sections. 17.0 0.50
Knowing A;; and the design strength, p,, the }gg 832
bending strength, py, is then read from Table 16  ,7 0.47

for rolled sections, reproduced as Table 4.9. The
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Design of steel beams and joists

Table 4.9 Bending strength p, (N/mm?) for rolled sections (Table 16, BS 5950)

At Steel grade and design strength, p, (N/mm®)

8275 8355 S$460

235 245 255 265 275 |315 325 335 345 355 400 410 430 440 460

25 235 245 255 265 275 |315 325 335 345 355 400 410 430 440 460
30 235 245 255 265 275 |315 325 335 345 355 395 403 421 429 446
35 235 245 255 265 273 |307 316 324 332 341 378 386 402 410 426
40 229 238 246 254 262 |294 302 309 317 325 359 367 382 389 404
45 219 227 235 242 250 |280 287 294 302 309 340 347 361 367 381
50 210 217 224 231 238 |265 272 279 285 292 320 326 338 344 356
55 199 206 213 219 226 |251 257 263 268 274 | 299 305 315 320 330
60 189 195 201 207 213 |236 241 246 251 257 278 283 2902 296 304
65 179 185 190 196 201 221 225 230 234 239 257 261 269 272 279
70 169 174 179 184 188 206 210 214 218 222 | 237 241 247 250 256
75 159 164 168 172 176 192 195 199 202 205 219 221 226 229 234
80 150 154 158 161 165 178 181 184 187 190 | 201 203 208 210 214
85 140 144 147 151 154 165 168 170 173 175 185 187 190 192 195
90 132 135 138 141 144 153 156 158 160 162 170 172 175 176 179
95 124 126 129 131 134 143 144 146 148 150 157 158 161 162 164
100 116 118 121 123 125 132 134 136 137 139 145 146 148 149 151
105 109 111 113 115 117 123 125 126 128 129 134 135 137 138 140
110 102 104 106 107 109 115 116 117 119 120 124 125 127 128 129
115 96 97 99 101 102 107 108 109 110 111 115 116 118 118 120
120 90 91 93 94 96 100 101 102 103 104 107 108 109 110 111
125 85 86 87 89 90 94 95 96 96 97 100 101 102 103 104
130 80 81 82 83 84 88 89 90 90 91 94 94 95 96 97
135 75 76 77 78 79 83 83 84 85 85 88 88 89 90 90
140 71 72 73 74 75 78 78 79 80 80 82 83 84 84 85
145 67 68 69 70 71 73 74 74 75 75 77 78 79 79 80
150 64 64 65 66 67 69 70 70 71 71 73 73 74 74 75
155 60 61 62 62 63 65 66 66 67 67 69 69 70 70 71
160 57 58 59 59 60 62 62 63 63 63 65 65 66 66 67
165 54 55 56 56 57 59 59 59 60 60 61 62 62 62 63
170 52 52 53 53 54 56 56 56 57 57 58 58 59 59 60
175 49 50 50 51 51 53 53 53 54 54 55 55 56 56 56
180 47 47 48 48 49 50 51 51 51 51 52 53 53 53 54
185 45 45 46 46 46 48 48 48 49 49 50 50 50 51 51
190 43 43 44 44 44 46 46 46 46 47 48 48 48 48 48
195 41 41 42 42 42 43 44 44 44 44 45 45 46 46 46
200 39 39 40 40 40 42 42 42 42 42 43 43 44 44 44
210 36 36 37 37 37 38 38 38 39 39 39 40 40 40 40
220 33 33 34 34 34 35 35 35 35 36 36 36 37 37 37
230 31 31 31 31 31 32 32 33 33 33 33 33 34 34 34
240 28 29 29 29 29 30 30 30 30 30 31 31 31 31 31
250 26 27 27 27 27 28 28 28 28 28 29 29 29 29 29
Ao 37.1 363 356 35 34.3| 32.1 31.6 31.1 30.6 30.2| 284 281 274 27.1 265
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Mct

M

)

M M

Fig. 4.21 Standard case for buckling.

buckling resistance moment, M, is obtained from
the following:
For class 1 plastic or cass 2 compact sections

M, = p,S, (4.22)

For class 3 semi-compact sections, M,, is given
by

M, = p . Z, (4.23)
or alternatively ~ My = pS, s (4.24)
For class 4 slender sections
M, = poZ, o (4.25)
where
S, plastic modulus about the major axis
Z,  elastic modulus about the major axis

S, effective plastic modulus about the major
axis (see clause 3.5.6)

Z.. effective section modulus about the major
axis (see clause 3.6.2)

This value of the buckling moment assumes the
beam is acted on by a uniform, single curvature
moment (Fig. 4.21), which is the most severe
arrangement in terms of lateral stability. However,
where the beam is acted on by variable moments

/W

CONCONCONCONONON ONCONC

f L ]

M= WL/8

M BM

2

_———|pM

d
(b)
Fig. 4.22 Load cases less susceptible to buckling.

(Fig. 4.22(a)) or unequal end moments (Fig.
4.22(b)), the maximum moment about the major
axis, M, must satisfy the following conditions:

M, < Mymypand M, < M, (4.26)

where

m;+ equivalent uniform moment factor for
lateral torsional buckling read from Table
18 of BS 5950, reproduced as Table 4.10.
For the destabilising loading condition
myr =1

moment capacity of the section about the
major axis

CcX

Example 4.8 Design of a laterally unrestrained beam - rigorous method

(BS 5950)

Repeat Example 4.7 using the more rigorous method.

As previously noted the 305 x 305 x 137 UC section is class 1 plastic has a design strength, p, = 265 N/mm?. From
steel tables (Appendix B), r,=78.2 mm, D = 320.5 mm and T= 21.7 mm. The slenderness ratio, A, is

j = le 10000 o0y
782

A 1279

X 320.5/21.7

From Table 4.8, v = 0.678. Since the section is class 1 plastic, B,, = 1.0 and the equivalent slenderness ratio, Ay, is
A= uvh B, =09 x 0.678 x 127.9 x 1.0 =78
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Example 4.8 continued

From Table 4.9, p, = 165.4 N/mm?, hence

Design of steel beams and joists

M, = p,S, = 165.4 x 2300 x 10°
=380.4 x 10° N mm = 380.4 kN m

my; from Table 4.10 = 0.89 (approx.), by interpolation between 0.85 and 0.925

M,
my

380.4

=gy " A74 N m <M, (= p,S, = 265 x 2300 x 107) = 609.5 kN m

This gives, in this case, a buckling moment approximately 10% greater than in Example 4.7. This may enable a lighter
member to be selected, but for rolled sections it may not be really worth the additional effort.

Table 4.10 Equivalent uniform moment factor m for lateral

torsional buckling (based on Table 18, BS 5950)

Segments with end moments only

B positive
NI 0 Tl 31y
M \ BM M \/ pM

x Lateral restraint

B negative
X X X X
i 11, O 114
1M M
M pM—
I Lir N e Lur N
< -l < >

p myr
1.0 | 1.00
0.9 | 0.96
0.8 | 0.92
0.7 | 0.88
0.6 | 0.84
0.5 | 0.80
0.4 | 0.76
0.3 | 0.72
0.2 | 0.68
0.1 | 0.64
0.0 | 0.60
-0.1 | 0.56
-0.2 | 0.52
-0.3 | 048
-0.4 | 0.46
-0.5 | 0.44
-0.6 | 0.44
-0.7 | 0.44
-0.8 | 0.44
-0.9 | 0.44
-1.0 | 0.44

Specific cases (no intermediate lateral restraints)

X X
CONCNON ONCONON ONONCY

X
A
t Lir L+
S S >
mr=0.850 mr=0.925
= L = L = = * = L
X v v X v X
Lir L j
myr=0.925 m;=0.744
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Table 4.11 Effective length, L, for cantilevers without intermediate constraint (based on Table 14,
BS 5950)

Restraint conditions at supports Restraint conditons ar tip Loading conditions
Normal Destabilising

Restrained laterally, torsionally 1) Free 0.8L 1.4L

and against rotation on plan 2) Lateral restraint to top flange 0.7L 1.4L

3) Torsional restraint 0.6L 0.6L

4) Lateral and torsional restraint 0.5L 0.5L

Example 4.9 Checking for lateral instability in a cantilever steel beam
(BS 5950)

Continue Example 4.3 to determine whether the cantilever is laterally stable. Assume the load is destabilising.
From Table 4.11, L,=1.4L =14 m
For 610 x 229 x 113 UB

L. 14
_Le_1400 _ 28.7
r, 488
A 28.7
Z =" =082 =v=099 (Table 4.8)
X 607.3/17.3

A= uvhB, =09 x 0.99 x 28.7 x 1.0 = 28.4

From Table 4.9, p, = 265 N/mm? = p,, and so lateral torsional buckling is not a problem with this cantilever.

4.8.11.4 Cantilever beams Conservative method
For cantilevers, the effective length is given in clear
diagrammatical form in Table 14 of BS 5950, part 1. Calculate the design shear force, F,, and bending

of which is reproduced as Table 4.11. moment, M, at critical points along the beam.
2. Select and classify UB or UC section.

4.8.11.5 Summary of design procedures 3. Check shear and bending capacity of section. If

The two alternative methods for checking lateral unsatisfactory return to (2).

torsional buckling of beams can be summarised as 4. Determine the effective length of the beam, Ly,

follows. using Table 4.6.
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5. Determine S,, r,, D and T from steel tables
(Appendix B).

6. Calculate the slenderness value, A = (8)°°Ly/r,.

7. Determine the bending strength, p,, from Table
4.7 using A and D/T.

8. Calculate the buckling resistance moment, M,,
via equation 4.18 or 4.19.

9. Check M, < M,. If unsatisfactory return to (2).

Rigorous method

1. Steps (1)-(4) as for conservative method.

2. Determine S, and r, from steel tables; deter-
mine x and u from either steel tables or for UB
and UCs assuming x = D/T and u = 0.9.

3. Calculate slenderness ratio, A = Lg/r,.

4. Determine v from Table 4.8 using A/x and
N=0.5.

5. Calculate equivalent slenderness ratio, A;p =
uvINB,,.

6. Determine p, from Table 4.9 using A; .

7. Calculate M, via equations 4.22-4.25.

8. Obtain the equivalent uniform moment factor,
m; 1, from Table 4.10.

9. Check M, < M, /m 1. If unsatisfactory return to

2).

4.9 Design of compression
members

4.9.1 STRUTS

Steel compression members, commonly referred to
as stanchions, include struts and columns. A strut
is a member subject to direct compression only.
A column, on the other hand, refers to members
subject to a combination of compressive loading
and bending. Although most columns in real struc-
tures resist compressive loading and bending, the
strut is a convenient starting point.

Struts (and columns) differ fundamentally in their
behaviour under axial load depending on whether
they are slender or stocky. Most real struts and
columns can neither be regarded as slender nor
stocky, but as something in between, but let us look
at the behaviour of stocky and slender struts first.

Stocky struts will fail by crushing or squashing
of the material. For stocky struts the ‘squash load’,
P, is given by the simple formula

P, =pA, (4.27)

where
p, design strength of steel
A, gross cross sectional area of the section

Design of compression members

300 Yield stress p, = 275 N mm

P,_,
1
:
1
1
1
1
1
1
1
1
1
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1

M

250

Euler buckling stress pg
Table 24(a)
Table 24(b)
Table 24(c)
Table 24(d)

200 -

150 -

Strength of strut p, (N mm3)

100 -
50 -
1 1 1 1 1 1 1
50 100 150 200 250 300 350
Slenderness ratio A
Fig. 4.23

Slender struts will fail by buckling. For elastic
slender struts pinned at each end, the ‘Euler load’,
at which a perfect strut buckles elastically is given by

P - n2EI _ n?EA,r; _ n’EA,
E L2 L2 A2

using r = \E and A= %

If the compressive strength, p., which is given by
p. = PJ/A, (4.29)

(4.28)

(for stocky struts)
and
p. = PplA, (4.30)

are plotted against A (Fig. 4.23), the area above
the two dotted lines represents an impossible situ-
ation in respect of these struts. In this area, the
strut has either buckled or squashed. Struts which
fall below the dotted lines are theoretically able to
withstand the applied load without either buckling
or squashing. In reality, however, this tends not to
be the case because of a combination of manufac-
turing and practical considerations. For example,
struts are never completely straight, or are subject
to exactly concentric loading. During manufac-
ture, stresses are locked into steel members which
effectively reduce their load-carrying capacities.
As a result of these factors, failure of a strut will
not be completely due to buckling or squashing,
but a combination, with partially plastic stresses
appearing across the member section. These non-
ideal factors or imperfections are found in practice,
and laboratory tests have confirmed that in fact the
failure line for real struts lies along a series of lines
such as a,b,c and d in Fig. 4.23. These are derived
from the Perry-Robertson equation which includes
allowances for the various imperfections.

(for slender struts)
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Design in structural steelwork to BS 5950

Whichever of the lines a—d is used depends
on the shape of section and the axis of buckling.
Table 23 of BS 5950, part of which is reproduced
as Table 4.12, specifies which of the lines is appro-
priate for the shape of section, and Tables 24(a),
(b), (c) and (d) enable values of p. to be read off

appropriate to the section used. (Tables 24(b) and
(c) of BS 5950 have been reproduced as Tables 4.13
and 4. 14 respectively.) Alternatively, Appendix C
of BS 5950 gives the actual Perry-Robertson equa-
tions which may be used in place of the tables if
considered necessary.

Table 4.12 Strut table selection (based on Table 23, BS 5950)

Type of section Thickness® Axis of buckling
x—x Yy
Hot-finished structural hollow section 24(a) 24(a)
Rolled I-section Up to 40 mm 24(a) 24(b)
Rolled H-section Up to 40 mm 24(b)® 24(c)¢
Over 40 mm 24(c) 24(d)

Notes. * For thicknesses between 40 and 50 mm the value of p. may be taken as the
average of the values for thicknesses up to 40 mm and over 40 mm.

® Reproduced as Table 4.13.
¢ Reproduced as Table 4.14.

Table 4.13 Compressive strength, p, (N/mm?) with A < 110 for strut curve b

(Table 24(b), BS 5950)

A Steel grade and design strength p, (N/mm®)
8275 S355 S460

235 245 255 265 275 315 325 335 345 355 400 410 430 440 460
15 235 245 255 265 275 315 325 335 345 355 399 409 428 438 457
20 234 243 253 263 272 | 310 320 330 339 349 | 391 401 420 429 448
25 229 239 248 258 267 304 314 323 332 342 384 393 411 421 439
30 225 234 243 253 262 298 307 316 325 335 375 384 402 411 429
35 220 229 238 247 256 | 291 300 309 318 327 | 366 374 392 400 417
40 216 224 233 241 250 284 293 301 310 318 355 364 380 388 404
42 213 222 231 239 248 | 281 289 298 306 314 | 351 359 375 383 399
44 211 220 228 237 245 278 286 294 302 310 346 354 369 377 392
46 209 218 226 234 242 275 283 291 298 306 341 349 364 371 386
48 207 215 223 231 239 | 271 279 287 294 302 | 336 343 358 365 379
50 205 213 221 229 237 267 275 283 290 298 330 337 351 358 372
52 203 210 218 226 234 264 271 278 286 293 324 331 344 351 364
54 200 208 215 223 230 260 267 274 281 288 318 325 337 344 356
56 198 205 213 220 227 | 256 263 269 276 283 | 312 318 330 336 347
58 195 202 210 217 224 252 258 265 271 278 305 311 322 328 339
60 193 200 207 214 221 247 254 260 266 272 298 304 314 320 330
62 190 197 204 210 217 243 249 255 261 266 291 296 306 311 320
64 187 194 200 207 213 238 244 249 255 261 284 289 298 302 311
66 184 191 197 203 210 233 239 244 249 255 276 281 289 294 301
68 181 188 194 200 206 228 233 239 244 249 269 273 281 285 292
70 178 185 190 196 202 223 228 233 238 242 261 265 272 276 282
72 175 181 187 193 198 218 223 227 232 236 254 257 264 267 273
74 172 178 183 189 194 213 217 222 226 230 246 249 255 258 264
76 169 175 180 185 190 208 212 216 220 223 238 241 247 250 255
78 166 171 176 181 186 203 206 210 214 217 231 234 239 241 246



Table 4.13 (cont’d)
A Steel grade and design strength p, (N/mm?)
8275 8355 S§460
235 245 255 265 275 | 315 325 335 345 355 | 400 410 430 440 460
80 163 168 172 177 181 197 201 204 208 211 224 226 231 233 237
82 160 164 169 173 177 192 196 199 202 205 217 219 223 225 229
84 156 161 165 169 173 187 190 193 196 199 210 212 216 218 221
86 153 157 161 165 169 182 185 188 190 193 203 205 208 210 213
88 150 154 158 161 165 | 177 180 182 185 187 | 196 198 201 203 206
90 146 150 154 157 161 172 175 177 179 181 190 192 195 196 199
92 143 147 150 153 156 167 170 172 174 176 184 185 188 189 192
94 140 143 147 150 152 162 165 167 169 171 178 179 182 183 185
96 137 140 143 146 148 158 160 162 164 165 172 173 176 177 179
98 134 137 139 142 145 153 155 157 159 160 167 168 170 171 173
100 130 133 136 138 141 149 151 152 154 155 161 162 164 165 167
102 127 130 132 135 137 145 146 148 149 151 156 157 159 160 162
104 124 127 129 131 133 141 142 144 145 146 151 152 154 155 156
106 121 124 126 128 130 137 138 139 141 142 147 148 149 150 151
108 118 121 123 125 126 133 134 135 137 138 142 143 144 145 147
110 115 118 120 121 123 129 130 131 133 134 138 139 140 141 142
112 113 115 117 118 120 125 127 128 129 130 134 134 136 136 138
114 110 112 114 115 117 122 123 124 125 126 130 130 132 132 133
116 107 109 111 112 114 119 120 121 122 122 126 126 128 128 129
118 105 106 108 109 111 115 116 117 118 119 122 123 124 124 125
120 102 104 105 107 108 112 113 114 115 116 119 119 120 121 122
122 100 101 103 104 105 109 110 111 112 112 115 116 117 117 118
124 97 99 100 101 102 106 107 108 109 109 112 112 113 114 115
126 95 96 98 99 100 103 104 105 106 106 109 109 110 111 111
128 93 94 95 96 97 | 101 101 102 103 103 | 106 106 107 107 108
130 90 92 93 94 95 98 99 99 100 101 103 103 104 105 105
135 85 86 87 88 89 92 93 93 94 94 96 97 97 98 98
140 80 81 82 83 84 86 87 87 88 88 90 90 91 91 92
145 76 77 78 78 79 81 82 82 83 83 84 85 85 86 86
150 72 72 73 74 74 76 77 77 78 78 79 80 80 80 81
155 68 69 69 70 70 72 72 73 73 73 75 75 75 76 76
160 64 65 65 66 66 68 68 69 69 69 70 71 71 71 72
165 61 62 62 62 63 64 65 65 65 65 66 67 67 67 68
170 58 58 59 59 60 61 61 61 62 62 63 63 63 64 64
175 55 55 56 56 57 58 58 58 59 59 60 60 60 60 60
180 52 53 53 53 54 55 55 55 56 56 56 57 57 57 57
185 50 50 51 51 51 52 52 53 53 53 54 54 54 54 54
190 48 48 48 48 49 50 50 50 50 50 51 51 51 51 52
195 45 46 46 46 46 47 47 48 48 48 49 49 49 49 49
200 43 44 44 44 44 45 45 45 46 46 46 46 47 47 47
210 40 40 40 40 41 41 41 41 42 42 42 42 42 43 43
220 36 37 37 37 37 38 38 38 38 38 39 39 39 39 39
230 34 34 34 34 34 35 35 35 35 35 35 36 36 36 36
240 31 31 31 31 32 32 32 32 32 32 33 33 33 33 33
250 29 29 29 29 29 30 30 30 30 30 30 30 30 30 30
260 27 27 27 27 27 27 28 28 28 28 28 28 28 28 28
270 25 25 25 25 25 26 26 26 26 26 26 26 26 26 26
280 23 23 23 23 24 24 24 24 24 24 24 24 24 24 24
290 22 22 22 22 22 22 22 22 22 22 23 23 23 23 23
300 20 20 21 21 21 21 21 21 21 21 21 21 21 21 21
310 19 19 19 19 19 20 20 20 20 20 20 20 20 20 -
320 18 18 18 18 18 18 18 19 19 19 19 19 19 19 19
330 17 17 17 17 17 17 17 17 17 18 18 18 18 18 18
340 16 16 16 16 16 16 16 16 17 17 17 17 17 17 17
350 15 15 15 15 15 16 16 16 16 16 16 16 16 16 16
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Table 4.14 Compressive strength, p. (N/mm?) for strut curve c (Table 24(c), BS 5950)

A Steel grade and design strength p, (N/mm®)
8275 S355 5460

235 245 255 265 275 315 325 335 345 355 400 410 430 440 460
15 235 245 255 265 275 | 315 325 335 345 355 | 398 408 427 436 455
20 233 242 252 261 271 308 317 326 336 345 387 396 414 424 442
25 226 235 245 254 263 | 299 308 317 326 335 | 375 384 402 410 428
30 220 228 237 246 255 289 298 307 315 324 363 371 388 396 413
35 213 221 230 238 247 280 288 296 305 313 349 357 374 382 397
40 206 214 222 230 238 270 278 285 293 301 335 343 358 365 380
42 203 211 219 227 235 266 273 281 288 296 329 337 351 358 373
44 200 208 216 224 231 261 269 276 284 291 323 330 344 351 365
46 197 205 213 220 228 257 264 271 279 286 317 324 337 344 357
48 195 202 209 217 224 253 260 267 274 280 311 317 330 337 349
50 192 199 206 213 220 248 255 262 268 275 304 310 323 329 341
52 189 196 203 210 217 244 250 257 263 270 297 303 315 321 333
54 186 193 199 206 213 | 239 245 252 258 264 | 291 296 308 313 324
56 183 189 196 202 209 | 234 240 246 252 258 | 284 289 300 305 315
58 179 186 192 199 205 229 235 241 247 252 277 282 292 297 306
60 176 183 189 195 201 225 230 236 241 247 270 274 284 289 298
62 173 179 185 191 197 220 225 230 236 241 262 267 276 280 289
64 170 176 182 188 193 215 220 225 230 235 255 260 268 272 280
66 167 173 178 184 189 210 215 220 224 229 248 252 260 264 271
68 164 169 175 180 185 205 210 214 219 223 241 245 252 256 262
70 161 166 171 176 181 200 204 209 213 217 234 238 244 248 254
72 157 163 168 172 177 195 199 203 207 211 227 231 237 240 246
74 154 159 164 169 173 190 194 198 202 205 220 223 229 232 238
76 151 156 160 165 169 185 189 193 196 200 214 217 222 225 230
78 148 152 157 161 165 180 184 187 191 194 207 210 215 217 222
80 145 149 153 157 161 176 179 182 185 188 201 203 208 210 215
82 142 146 150 154 157 171 174 177 180 183 195 197 201 203 207
84 139 142 146 150 154 167 169 172 175 178 189 191 195 197 201
86 135 139 143 146 150 162 165 168 170 173 183 185 189 190 194
88 132 136 139 143 146 158 160 163 165 168 177 179 183 184 187
90 129 133 136 139 142 153 156 158 161 163 172 173 177 178 181
92 126 130 133 136 139 149 152 154 156 158 166 168 171 173 175
94 124 127 130 133 135 145 147 149 151 153 161 163 166 167 170
96 121 124 127 129 132 141 143 145 147 149 156 158 160 162 164
98 118 121 123 126 129 137 139 141 143 145 151 153 155 157 159
100 115 118 120 123 125 134 135 137 139 140 147 148 151 152 154
102 113 115 118 120 122 130 132 133 135 136 143 144 146 147 149
104 110 112 115 117 119 126 128 130 131 133 138 139 142 142 144
106 107 110 112 114 116 123 125 126 127 129 134 135 137 138 140
108 105 107 109 111 113 120 121 123 124 125 130 131 133 134 136
110 102 104 106 108 110 116 118 119 120 122 126 127 129 130 132
112 100 102 104 106 107 113 115 116 117 118 123 124 125 126 128
114 98 100 101 103 105 110 112 113 114 115 119 120 122 123 124
116 95 97 99 101 102 108 109 110 111 112 116 117 118 119 120
118 93 95 97 98 100 105 106 107 108 109 113 114 115 116 117
120 91 93 94 96 97 102 103 104 105 106 110 110 112 112 113
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Table 4.14 (cont’d)

Design of compression members

A Steel grade and design strength p, (N/mm?)
S275 S§355 §460
235 245 255 265 275 315 325 335 345 355 400 410 430 440 460
122 89 90 92 93 95 99 100 101 102 103 | 107 107 109 109 110
124 87 88 90 91 92 97 98 99 100 100 | 104 104 106 106 107
126 85 86 88 89 90 94 95 96 97 98 101 102 103 103 104
128 83 84 86 87 88 92 93 94 95 95 98 99 100 100 101

130 81 82 84 85 86 90 91
135 77 78 79 80 81 84 85
140 72 74 75 76 76 79 80
145 69 70 71 71 72 75 76
150 65 66 67 68 68 71 71
155 62 63 63 64 65 67 67
160 59 59 60 61 61 63 64
165 56 56 57 58 58 60 60
170 53 54 54 55 55 57 57
175 51 51 52 52 53 54 54
180 48 49 49 50 50 51 52
185 46 46 47 47 48 49 49
190 44 44 45 45 45 47 47
195 42 42 43 43 43 45 45
200 40 41 41 41 42 43 43
210 37 37 38 38 38 39 39
220 34 34 35 35 35 36 36
230 31 32 32 32 32 33 33
240 29 29 30 30 30 30 31
250 27 27 27 28 28 28 28
260 25 25 26 26 26 26 26
270 23 24 24 24 24 24 25
280 22 22 22 22 22 23 23
290 21 21 21 21 21 21 21
300 19 19 20 20 20 20 20
310 18 18 18 19 19 19 19
320 17 17 17 17 18 18 18
330 16 16 16 16 17 17 17
340 15 15 15 16 16 16 16
350 15 15 15 15 15 15 15

91 92 93 96 96 97 98 99
86 87 87 90 90 91 92 92
81 81 82 84 85 85 86 87
76 77 77 79 80 80 81 81
72 72 73 75 75 76 76 76
68 68 69 70 71 71 72 72
64 65 65 66 67 67 67 68
61 61 61 63 63 64 64 64
58 58 58 60 60 60 60 61
55 55 55 56 57 57 57 58
52 52 53 54 54 54 54 55
50 50 50 51 51 52 52 52
47 47 48 49 49 49 49 49
45 45 45 46 46 47 47 47
43 43 43 44 44 45 45 45
39 40 40 40 40 41 41 41
36 36 36 37 37 37 37 38
33 33 34 34 34 34 34 35
31 31 31 31 31 32 32 32
28 29 29 29 29 29 29 29
26 27 27 27 27 27 27 27
25 25 25 25 25 25 25 25
23 23 23 23 24 24 24 24
22 22 22 22 22 22 22 22
20 20 20 21 21 21 21 21
19 19 19 19 19 19 19 20
18 18 18 18 18 18 18 18
17 17 17 17 17 17 17 17
16 16 16 16 16 16 16 16
15 15 15 15 15 15 15 15

4.9.2 EFFECTIVE LENGTH

As mentioned in section 4.9.1, the compressive

strength of struts is primarily related to their slen-

derness ratio. The slenderness ratio, A, is given by
Ly
’

A= (4.31)
where

L; effective length of the member

r  radius of gyration obtained from steel tables.

The concept of effective length was discussed in
section 4.8.11.1, in the context of lateral torsional
buckling, and is similarly applicable to the design of
struts and columns. The effective length is simply
a function of the actual length of the member and
the restraint at the member ends.

The formulae in Appendix C of BS 5950 and the
graph in Fig. 4.23 relate to standard restraint con-
ditions in which each end is pinned. In reality each
end of the strut may be free, pinned, partially fixed,
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Table 4.15 Nominal effective length, Ly, for a compression member (Table 22, BS 5950)
a) non-sway mode
Restraint (in the plane under consideration) by other parts of the structure Ly
Effectively held in position at both ends Effectively restrained in direction at both ends (1) 0.7L
Partially restrained in direction at both ends (2) 0.85L
Restrained in direction at one end (3) 0.85L
Not restrained in direction at either end (4) 1.0L
b) sway mode
Omne end Other end
Effectively held in position and restrained Not held  Effectively restrained in direction (5) 1.2L
in direction in position Partially restrained in direction (6) 1.5L
Not restrained in direction (7) 2.0L

or fully fixed (rotationally). Also, whether or not the
top of the strut is allowed to move laterally with
respect to the bottom end is important i.e. whether
the structure is braced or unbraced. Figure 4.24
summarises these restraints, and Table 22 of BS
5950, reproduced above as Table 4.15 stipulates
conservative assumptions of effective length Ly from
which the slenderness A can be calculated. Note
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that the design effective lengths are greater than
the theoretical values where one or both ends of the
member are partially or wholly restrained. This is
because, in practice, it is difficult if not impossible
to guarantee that some rotation of the member will
not take place. Furthermore, the effective lengths are
always less than the actual length of the compres-
sion member except when the structure is unbraced.



Design of compression members

Example 4.10 Design of an axially loaded column (BS 5950)

A proposed 5 metre long internal column in a 'rigid’ jointed steel structure is to be loaded concentrically with 1000 kN
dead and 1000 kN imposed load (Fig. 4.25). Assuming that fixity at the top and bottom of the column gives effective
rotational restraints, design column sections assuming the structure will be (a) braced and (b) unbraced.

1000 kN dead load
1000 kN |mposed load

Floors

Columns

|
|
|
I

Fig. 4.25

BRACED COLUMN

Design axial loading
Factored loading, F, = (1.4 x 1000) + (1.6 x 1000) = 3000 kN

Effective length
For the braced case the column is assumed to be effectively held in position at both ends, and restrained in direction
at both ends. It will buckle about the weak (y-y) axis. From Table 4.15 therefore, the effective length, L, is

Lg=07L=07%x5=35m
Section selection

This column design can only really be done by trial and error.
Initial trial. Try 254 x 254 x 107 UC:

p, = 265 N/mm* r, =657 mm A, =13700 mm* b/T=63 d/t=154
A = Lg/r, = 3500/65.7 = 53

From Table 4.12, use Table 24(c) of BS 5950 (i.e. Table 4.14), from which p, = 208 N/mm? UC section is not slender
since b/T < 15¢ = 15 x (275/265)°° = 15.28 and d/t < 40e = 40.74 (Table 4.4). From clause 4.7.4 of BS 5950,
compression resistance of column, P, is

P.= A,p. = 13700 x 208/10° = 2850 kN < 3000 kN Not OK
Second trial. Try 305 x 305 x 118 UC:
p, =265 N/mm®> r =775 mm A =15000 mm*> b/T=2820 dft=20.7
A= LE/I’y = 3500/77.5 = 45
Then from Table 24(c) of BS 5950 (i.e. Table 4.14), p. = 222 N/mm?. UC section is not slender then
P.= A,p. = 15000 x 222/10° = 3330 kN > 3000 kN OK
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Example 4.10 continued
UNBRACED COLUMN

For the unbraced case, L; = 1.2L = 6.0 metres from Table 4.15, and the most economic member would appear to be

305 x 305 x 158 UC:

p, = 265 N/mm? r, =789 mm A = 20100 mm?

A = L¢/r, = 6000/78.9 = 76

b/T=6.21 dft=157

Then from Table 4.14, p, = 165 N/mmZ. Section is not slender
P.= A,p. =20 100 x 165/10° = 3317 kN > 3000 kN OK

Hence, it can immediately be seen that for a given axial load, a bigger steel section will be required if the column is

unbraced.

4.9.3 COLUMNS WITH BENDING MOMENTS

As noted earlier, most columns in steel structures
are subject to both axial load and bending. Ac-
cording to clause 4.8.3.1 of BS 5950, such members
should be checked (for yielding or local buckling)
at the points of greatest bending moment and axial
load, which usually occur at the member ends. In
addition, the buckling resistance of the member as
a whole should be checked.

4.9.3.1 Cross-section capacity check

The purpose of this check is to ensure that
nowhere across the section does the steel stress
exceed yield. Generally, except for class 4 slender
cross-sections, clause 4.8.3.2 states that the follow-
ing relationship should be satisfied:

F, M M
= S A | (4.32)
Agpy Mcx Mcy
where
F,  axial compression load
A,  gross cross-sectional area of section

by design strength of steel

M, applied major axis moment

M, moment capacity about the major axis in
the absence of axial load

M, applied minor axis moment

M., moment capacity about the minor axis in

the absence of axial load

When the section is slender the expression in
clause 4.8.3.2 (c¢) should be used. Note that
paragraph (b) of this clause gives an alternative
expression for calculating the (local) capacity of
compression members of class 1 plastic or class 2
compact cross-section, which yields a more exact
estimate of member strength.
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4.9.3.2 Buckling resistance check

Buckling due to imposed axial load, lateral tor-
sional buckling due to imposed moment, or a com-
bination of buckling and lateral torsional buckling
are additional possible modes of failure in most
practical columns in steel structures.

Clause 4.8.3.3.1 of BS 5950 gives a simplified
approach for calculating the buckling resistance of
columns which involves checking that the follow-
ing relationships are both satisfied:

F M M
Lo | MV IV g (4.33)
Pc Pny pYZy
F, + mer My N my M, <1 (4.34)
P, M, pyZy
where
P.  smaller of P, and P,

compression resistance of member

considering buckling about the major axis

P, compression resistance of member

considering buckling about the minor axis

equivalent uniform moment factor for

major axis flexural buckling obtained

from Table 26 of BS 5950, reproduced

as Table 4.16

m equivalent uniform moment factor for minor
axis flexural buckling obtained from Table
26 of BS 5950, reproduced as Table 4.16

myr equivalent uniform moment factor for lateral

torsional buckling obtained from Table 18

of BS 5950, reproduced as Table 4.10

maximum major axis moment in the

segment length L, governing P.,

M, buckling resistance moment

elastic modulus about the major axis

VA elastic modulus about the minor axis and

the other symbols are as above.
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Table 4.16 Equivalent uniform moment factor m for flexural buckling
(Table 26, BS 5950)

Segments with end moments only B m

B positive

B negative

BM

1.00
0.96
0.92
0.88
0.84
0.80
0.76
0.72
0.68
0.64
0.60
0.58
0.56
0.54
0.52
0.50
0.48
0.46
0.44
0.42
0.40

Segments between intermediate lateral restraints

Specific cases

m=0.90 m=0.95 m=0.95 m=0.80

Example 4.11 Column resisting an axial load and bending (BS 5950)

Select a suitable column section in grade S275 steel to support a factored axial concentric load of 2000 kN and
factored bending moments of 100 kN m about the major axis, and 20 kN m about the minor axis (Fig. 4.26), applied
at both ends of the column. The column is 10 m long and is fully fixed against rotation at top and bottom, and the
floors it supports are braced against sway.

INITIAL SECTION SELECTION
305 x 305 x 118 UC:

p, = 265 N/mm?, plastic S, = 1950 cm?® Z, = 1760 cm®
A, = 150 cm? S, =892 cm’ Z, =587 cm’

t=11.9 mm x = D|T=314.5/18.7 u=20.9

d =246.6 mm =16.8

r,=7.75cm

Note: In this case the classification procedure is slightly different in respect of web classification. From Table 11 of
BS 5950 r, = F/dtp, but =1 < r, < 1

=2 x 10%246.6 X 11.9 x 265 = 2.87
L 80
Therefore, r, = 1. Limiting d/t = 80e/1 + r, = ——¢ = 40(276/265)"? = 40.75
1+1
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Example 4.11 continued

2000 kN
100 kN n@} 20kNm

10m

Fig. 4.26

L
Actual d/t = 20.7, hence web is plastic.

b/T = 8.20 < 9¢ = 9(275/265)"2 = 9.17, hence flange is plastic.
M, = p,S, =265 x 1950 x 10° = 516.75 kN m
M., = p,S, = 265 x 892 x 10 = 236.38 kN m

CROSS-SECTION CAPACITY CHECK

Substituting into —— + M, + M, ives
. ol’y M Mcv s
2 x 10° 1 2
000 0 + 00 0 =0.503 + 0.193 + 0.085=0.781<1 OK

+
150 x 102 x 265 516.75 236.38

BUCKLING RESISTANCE CHECK
In-plane buckling
From Table 4.15, effective length Ly = 0.7L =7 m
A= LE/ry = 7000/77.5 = 90

From Table 4.12, for buckling about the x-x axis and y-y axis use, respectively, Table 24(b) of BS 5950 (Table 4.13)
from which p, = 157 N/mm?, and Table 24(c) of BS 5950 (Table 4.14) from which p,, = 139 N/mm? Then

P = AP = 150 X 102 X 157 x 10 = 2355 kN

P, = A;py = 150 X 107 X 139 x 10 = 2085 kN = P.

Ratio of end moments about both x-x and y-y axes, = 1. Hence from Table 4.16, m, = m, =1

. ffFomM, mM, .
Substituting into — + ——= + ——* gives
ko nZo  pZ,

2000 1% 100 1% 20
+ +

=096 +0.21 +0.13=130>1 Not OK
2085 265 x 1760 x 10 265 x 587 x 1073
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Example 4.11 continued

Lateral torsional buckling

7
(Bw‘“” ~ (1.0 07—05—90 and D/T=168

From Table 4.7, p, = 196 N/mm?
M, = p,S, = 196 x 1950 x 107 = 382.2 kN m

Ratio of end moments about both major axes, f = 1. Hence from Table 4.10, m; = 1
F. msM mM
Substituting into == + —— + —Y—Y gives
Ptv Mb vav
2000 1 x 100 1% 20
+ +

2085 382.2 265 x 587 x 107°

=0.96 +0.26 + 0.13=135>1 Not OK

Hence, a bigger section should be selected.

SECOND SECTION SELECTION
Try 356 x 368 x 177 UC:

p, = 265 N/mm?, plastic S, = 3460 cm?® Z,=3100 cm?
A, = 226 cm? S, = 1670 cm® Z,=1100 cm’
r,=9.52 cm® x = D|T = 368.3/23.8 u=09

= 15.5

M, = p,S, = 265 x 3460 x 10° =916.9 kN m
M, = p,S, = 265 x 1670 x 107 = 442,55 kN m

CROSS-SECTION CAPACITY CHECK

M, M, .
+ —= + —L gives
M

cx cy

2000 x 103 N 100 N 20
226 x 10°x 265 9169  442.55

BUCKLING RESISTANCE CHECK

In-plane buckling
From Table 4.15, effective length L, =0.7L=7 m

A = L¢[r, = 7000/95.2 = 73.5

From Table 4.12, for buckling about the x-x axis and y-y axis use, respectively, Table 24(b) of BS 5950 (Table 4.13)
from which p, = 190 N/mm’, and Table 24(c) of BS 5950 (Table 4.14) from which p,, = 169 N/mm’. Then

P, = A P = 226 X 10° X 190 x 107° = 4294 kN
P, = A py =226 x 10? x 169 x 107 = 3819.4 kN = P,

Again using

ng

=033+011+005=049<1 OK

Ratio of end moments about both x-x and y-y axes, B = 1. Hence from Table 4.16, m, = m, =1

T FF. mM
Substituting into — +
p,Z

¢ y
2000 + 1% 100 N 1x20
3819.4 265x%x 3100 x 102 265 x 1100 x 1072

X

Y gives
p,Z ’

X YTy

=052 +0.12+007=071<1 OK
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Example 4.11 continued

Lateral torsional buckling

7000

L
L)L = (1.0 —— =735
(B.) r (1.0 952

From Table 4.7, p, = 220 N/mm?

and D/T=155

M, = p,S, = 220 x 3460 x 107 = 761.2 kN m

Ratio of end moments about both major axes, 3 = 1. Hence from Table 4.70, m; = 1

msM mM .
+ 4 VY < {gives

Pcv Mb vav
2000 1x 100

f

Substituting into

1x20

38194  761.2
Hence a 356 x 368 x 177 UC section is satisfactory.

Clause 4.8.3.3.2 of BS 5950 gives a more exact
approach, but as in practice most designers tend to
use the simplified approach, the more exact method
is not discussed here.

4.9.4 COLUMN DESIGN IN 'SIMPLE'
CONSTRUCTION

At first sight it would appear that columns in

so-called ‘simple construction’ are not subject to

moments, as the beams are all joined at connec-

tions which allow no moment to develop. In fact,

Beam R

Beam S

|
Section L-L

X ey
D/2,100

o

k= ——ey
I

y Load from
beam R

Load from ¢
beam S

()

Fig. 4.27 Load eccentricity for columns in simple construction.
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265 x 1100 x 1073

=052+0.13+007=072<1 OK

in most cases there is a bending moment due to
the eccentricity of the shear load from the beam.
This is summarised in Clause 4.7.7 of BS 5950
and illustrated in Fig. 4.27. Note that where a
beam sits on a column cap plate, for example at A
(Fig. 4.27(¢)), it can be assumed that the reaction
from the beam acts at the face of the column. How-
ever, where the beam is connected to a column
by means of a ‘simple’ connection, e.g. using web
cleats, the reaction from the beam can be assumed
to act 100 mm from the column (web or flange)
face as illustrated in Fig. 4.27(b).

A =
JL 1
Loading at column edge
due to beam on cap plate

VL ,

)7
/@; ,

LSS
(©
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Fig. 4.28 Column supporting a roof truss.

/

Cap plate <¢— Column

When a roof truss is supported on a column cap
plate (Fig. 4.28), and the connection is unable to
develop significant moments, it can be assumed
that the load from the truss is transmitted concen-
trically to the column.

Columns in simple construction will not need
to be checked for local capacity but it will still
be necessary to check for buckling, which involves
satisfying the following relationship:

F.

C

Fc Mbs

M

X

M
<1

y

P Zy

+

(4.35)
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where

F,  axial compressive load

P, =A,p. — for all classes except class 4 (clause
4.7.4 of BS 5950) — in which A, is the gross
cross-sectional area of the section and p, is
the compressive strength, see section 4.9.1

M, nominal major axis moment

M, nominal minor axis moment

M, buckling resistance moment for ‘simple’
columns

by design strength of steel

Z elastic modulus about the minor axis.

Note that this expression is similar to that used
for checking the buckling resistance of columns in
continuous structures (equation 4.34), but with all
equivalent moment factors taken as 1.0. For I- and
H-sections M,, = M, determined as discussed in
section 4.8.11.3 but using the equivalent slender-
ness of the column, A;r, given by

Air = 0.5L/r, (4.36)

where
L is the distance between levels at which the
column is laterally restrained in both directions

r, 1is the radius of gyration about the minor axis.

y

Example 4.12 Design of a steel column in 'simple’ construction (BS 5950)

Select a suitable column section in S275 steel to support the ultimate loads from beams A and B shown in Fig. 4.29.
Assume the column is 7 m long and is effectively held in position at both ends but only restrained in direction at the

Effectively held in position
but not restrained in
direction, i.e. pinned

Ultimate load due
to self-weight 5 kN

r'g

Le=0.85L

bottom.
{
I
!
Plan on cap |
F— uitimate L=7m |
I reaction from ]
Ultimate Beam A — 200 kN |
reaction from '
Beam B — 75 kN !
|
Fig. 4.29

N

Effectively held in position
and direction, i.e. fixed
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Example 4.12 continued

SECTION SELECTION
This can only really be done by trial and error. Therefore, try a: 203 x 203 x 52 UC: S, = 568 cm?, plastic.

DESIGN LOADING AND MOMENTS
Ultimate reaction from beam A, R, = 200 kN; ultimate reaction from beam B, Ry = 75 kN; assume self-weight of
column = 5 kN. Ultimate axial load, F, is

F= R, + R; + self-weight of column
=200 + 75+ 5 = 280 kN
Load eccentricity for beam A,
e, = D[2 + 100 = 206.2/2 + 100 = 203.1 mm

Load eccentricity for beam B,

e, = t/2 + 100 = 8/2 + 100 = 104 mm
Moment due to beam A,

M, = R,e, = 200 x 10° x 203.1 = 40.62 x 10° N mm
Moment due to beam B,
M, = Rge, = 75 x 10° x 104 = 7.8 x 10° N mm

EFFECTIVE LENGTH
From Table 4.15, effective length coefficient = 0.85. Hence, effective length is

Ly =0.85L =0.85 x 7000 = 5950 mm
BENDING STRENGTH

From Table 4.12, relevant compressive strength values for buckling about the x-x axis are obtained from Table 24(b)
(Table 4.13) and from Table 24(c) (Table 4.14) for bending about the y-y axis.

A, = LJr, = 5950/89 = 66.8
From Table 4.13, p. = 208 N/mmZ
A, = Lglr, = 5950/51.6 = 1153

From Table 4.14, p. = 103 N/mm?Z Hence critical compressive strength of column is 103 N/mm?

BUCKLING RESISTANCE
Ay =05L/r,= 0.5 x 7000/51.6 = 67.8
From Table 4.9, p, = 193 N/mmZ2. Buckling resistance moment capacity of column, M,,, is given by
My, = M, = p,S, = 193 X 568 x 10° = 109.6 x 10° N mm
Hence for stability,

FFo M, M
=+ 24+ —2L <
Pc Mbs pyZy
280 x 103 40.6 x 10° 7.8 x 108
+ =041+037+0.16=094 < 1

+
66.4 x 102x 103 109.6 x 105 275 % 174 x 10°
Therefore, the 203 x 203 x 52 UC section is suitable.
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4.9.5 SUMMARY OF DESIGN PROCEDURES FOR
COMPRESSION MEMBERS

Axially loaded members

1. Determine ultimate axial load F..

2. Select trial section and check it is non-slender.

3. Determine r,, r, and A4, from steel tables.

4. Determine effective lengths, Lpy and Ly, using
Table 4.15.

5. Calculate slenderness ratios, Apx (= Lgx/r,) and

Aey (= LEY/Vy)-

Select suitable strut curves from Table 4.12.

Determine compressive strength, p., using Table

4.13, 4.14 or similar.

8. Calculate compression resistance of member,
P.=A,p..

9. Check F, < P.. If unsatisfactory return to 2.

No

Members subject to axial load and bending
1. Determine ultimate axial load, F_, and bend-
ing moments, M, and M,.
2. Select and classify trial section.
3. Calculate moment capacities of section, M,
and M,,. If either M > M, or M, > M, return
to 2.
4. Check cross-section capacity of section via
equation 4.32. If unsatisfactory return to 2.
5. Determine effective lengths, Ly and Ly, using
Table 4.15.

6. Calculate slenderness ratios, Agx (= Lpx/r) and

ey (= Lygy/ry).

Select suitable strut curves from Table 4.12.

. Determine the major and minor axes com-
pressive strengths, p., and p, using Table 4.13,
4.14 or similar.

9. Calculate compressive resistances, P, (= p., A4,)
and P (= p,Ap).
10. Evaluate buckling resistance of section, M,.
11. Determine equivalent uniform moment factors
for flexural buckling, m, and m,, using Table
4.16.

12. Check buckling resistance of member using
equations (4.33) and (4.34). If unsatisfactory
return to 2.

®© N

Compression members in simple construction

1. Determine ultimate axial load, F_, and bend-
ing moments, M, and M,.

2. Select and classify trial section.

3. Determine effective lengths, Lyx and Ly, using
Table 4.15.

4. Calculate slenderness ratios, Ay (= Lgx/r,) and
ey = Lgy/ry).

Design of compression members

Select suitable strut curves from Table 4.12.

Determine compressive strength, p., using Table

4.13, 4.14 or similar.

8. Calculate compression resistance, P, = 4,p.. If

P. < F_ return to 2.

Calculate effective slenderness ratio, A;p =

0.5L/r,.

10. Calculate buckling resistance of section, M, =
M, = pyS.

11. Check buckling resistance of member using

equation (4.35). If unsatisfactory return to (2).

4.9.6 DESIGN OF CASED COLUMNS
As discussed in section 4.5, steel columns are some-
times cased in concrete for fire protection. How-
ever, the concrete also increases the strength of the
section, a fact which can be used to advantage in
design provided that the conditions stated in Clause
4.14.1 of BS 5950 are met. Some of these condi-
tions are illustrated in Fig. 4.30.

BS 5950 gives guidance on the design of UC
sections encased in concrete for the following load-
ing conditions which are discussed below.

No

©

(1) axially loaded columns
(ii) columns subject to axial load and bending.

tongitudinal 50 min
ars ([l 75 max
—»Hk B —i‘ e—
po---- ~ 50 min
75 max
| lz;m | —f
1 A !
o | 1 | D
1 A 1
\ZZzrz7a!' | v
[ -, d _‘% =
‘ a =
b, ‘\ Reinforcement
Characteristic

strength of concrete = 20 N/mm?

Reinforcement: steel fabric type D98
(BS 4483) or = 5 mm diameter longitudinal
bars and links at a maximum spacing of 200 mm

Fig. 4.30 Cased UC section.
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select selection

y

calculate effective length*', Lg

y

calculate radii of gyration of cased section*?, r, and r,

y

calculate compression resistance of column*®, P,

Fig. 4.31 Design procedure for axially loaded cased columns.

Notes to Fig. 4.31
1 The effective length, Lg, should not exceed the

least of:

(1) 4065,
2

(i) 10052

(iii) 250r

where b, and d, are as indicated in Fig. 4.30
and r is the minimum radius of gyration of the
uncased UC section i.e. 7,.

The radius of gyration of the cased section
about the y-y axis, r,, is taken as 0.2, but not
more than 0.2(B + 150) mm and not less than
that of the steel section alone.

The radius of gyration of the cased section
about the x—x axis, 7, is taken as that of the
steel section alone.

The compression resistance of the cased section,
P, is given by

0.45f,,A.

P = [Ag + —) be (4.37)
Dy

However, this should not be greater than the

short strut capacity of the section, P, which is

given by:
0.25f,,4
P, = (Ag + ﬁj by (4.38)
y
where
A, is the gross sectional area of the concrete

but neglecting any casing in excess of
75 mm from the overall dimensions of
the UC section or any applied finish
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A, 1is the gross sectional area of the UC

section

is the characteristic strength of the

concrete which should not be greater than

40 N/mm?

p. s the compressive strength of the UC
section determined as discussed for
uncased columns (section 4.9.1), but using
r, and r, for the cased section (see note 2)
and taking p, < 355 N/mm’

p, design strength of the UC section which
should not exceed 355 N/mm?.

4.9.6.1 Axially loaded columns
The design procedure for this case is shown in
Fig. 4.31.

4.9.6.2 Cased columns subject to axial load
and moment

The design procedure here is similar to that when

the column is axially loaded but also involves check-

ing the member’s cross-section capacity and buck-

ling resistance using the following relationships:

1. Cross-section capacity check

F. M M

<4+ X + 21 <1 (4.39)
I)cs Mcx Mcy
where
F, axial compression load
P short strut capacity (equation 4.38)
M, applied moment about major axis
M., major axis moment capacity of steel
section
M, applied moment about minor axis
M., minor axis moment capacity of steel
section
2. Buckling resistance check

F M M
Major axis — + M Py < (4.40)
I)c PyZX pyZy

myrM, N m, M

Minor axis — + Y <1 (4.41)
cy Mb py ZY

where

F, maximum compressive axial force

P, smaller of P, and P, (equation 4.37)

P, compression resistance of member
considering buckling about the major
axis

P, compression resistance of member
considering buckling about the
minor axis
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Example 4.13 Encased steel column resisting an axial load (BS 5950)

Calculate the compression resistance of a 305 x 305 x 118 kg/m UC column if it is encased in concrete of com-
pressive strength 20 N/mm? in the manner shown below. Assume that the effective length of the column about both
axes is 3.5 m.

5o, [B5=3068 o
’| ‘l 305 x 305 x 118 kg m™ UC
55
D=3145| —-—-qr-— T |d=425
55 N
b, =425

PROPERTIES OF UC SECTION
Area of UC section (A) = 15000 mm*  (Appendix B)
Radius of gyration (r) = 136 mm

Radius of gyration (r) 77.5 mm
Design strength (p) =265 N/mm’ (since 7= 18.7 mm)
Effective length (L) =3.5m

EFFECTIVE LENGTH

Check that the effective length of column (= 3500 mm) does not exceed the least of:
() 40b, = 40 x 425 = 17 000 mm

.. 1006 100 x 4252

(i) = = =42 500 mm

d, 425
(i) 250r, = 250 x 77.5 = 19375 mm  OK

RADII OF GYRATION FOR THE CASED SECTION

For the cased section r, is the same as for UC section = 136 mm

For the cased section r, = 0.2b, = 0.2 x 425 = 85 mm * 0.2(B + 150) = 0.2(306.8 + 150) = 91.36 mm but not less
than that for the uncased section (= 77.5 mm)

Hence r, = 85 mm and r, = 136 mm

COMPRESSION RESISTANCE
Slenderness ratio

L
= i @ =257
I 136
L 3500
A, =—=""=412
r, 85

Compressive strength
From Table 4.12, relevant compressive strength values for buckling about the x-x axis are obtained from Table 24(b)
of BS 5950 (Table 4.13) and from Table 24(c) of BS 5950 (Table 4.14) for bending about the y-y axis.

193



Design in structural steelwork to BS 5950

Example 4.13 continued

For A, = 25.7 and p, = 265 N/mm?® compressive strength, p. = 257 N/mm’ (Table 4.13). For A, = 41.2 and p, =
265 N/mm? compressive strength, p, = 228 N/mm? (Table 4.14).
Hence, p. is equal to 228 N/mm?.
Compression resistance
A, = 15000 mm?
A. = d.b, = 425 x 425 = 180 625 mm?
p, = 265 N/mm? (since T= 18.7 mm)
p. =228 N/mm?
f.,, = 20 N/mm?
Compression resistance of encased column, P, is given by
0.45f A
P. = {Ag + $J P,
Py

0.45 x 20 x 180625
265

PC=(15000+ )228=4.81 x 10° N = 4810 kN

which should not be greater than the short strut capacity, P, given by
.25f,,A
b - (Ag R 05_],,
Py

0.25 x 20 x 180625
265

= (1 5000 + )265 =4.878 X 10° N = 4878 kN 0K

Hence the compression resistance of the encased column is 4878 kN. Comparing this with the compression resistance
of the uncased column (Example 4.10) shows that the load capacity of the column has been increased from 3300 kN
to 4878 kN, which represents an increase of approximately 45%.

m,, m, equivalent uniform moment factors M, buckling resistance moment of the
for major axis and minor axis cased column = S,p, < 1.5M, for the
buckling respectively obtained from uncased section. To determine p,, 7,
Table 26 of BS 5950, reproduced as should be taken as the greater of r,
Table 4.16 of the uncased section or

myr equivalent uniform moment factor 0.2(B + 100) mm (Fig. 4.30).
for lateral torsional buckling M,, M, maximum moment about the major
obtained from Table 18 of BS 5950, and minor axes respectively
reproduced as Table 4.10 Z Z, elastic modulus about the major and

minor axes respectively.

194



Design of compression members

Example 4.14 Encased steel column resisting an axial load and bending
(BS 5950)

In Example 4.11 it was found that a 305 x 305 x 118 kg/m UC column was incapable of resisting the design load and
moments below:

Design axial load 2000 kN
Design moment about x-x axis = 100 kN m
Design moment about y-y axis = 20 kN m

Assuming that the same column is now encased in concrete as show below, determine its suitability. The effective
length of the column about both axes is 7 m.

59 59
'| 'l 305 x 305 x 118 kg m™' UC
55
D-3145| —-—-Af--—-1+ |d,=425
55 B
b, = 425
PROPERTIES OF UC SECTION

Area of UC section, A, = 15000 mm?
Radius of gyration about x-x axis, r, = 136 mm

Radius of gyration about y-y axis, r, = 77.5 mm

Elastic modulus about x-x axis, Z, = 1760 x 10° mm?®
Elastic modulus about y-y axis, Z, =587 x 10° mm®
Plastic modulus about x-x axis, S, = 1950 x 10° mm?
Design strength, p, =265 N/mm? (since T= 18.7 mm)
Effective length, L; =7m
LOCAL CAPACITY
Axial load, F, = 2000 kN

Applied moment about x-x axis, M, = 100 kN m
Applied moment about y-y axis, M, =20 kN m

Short strut capacity, P, is given by

0.25f A
P.= (Ag + ¢pr

Y

0.25 X 20 x 4252

= 15000 +
( 265

)265 =4.878 x 10° N = 4878 kN

Moment capacity of column about the x-x axis, M, is given by
M, = p,Z, = 265 X 1760 x 10° = 466.4 x 10° N mm = 466.4 kN m
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Example 4.14 continued
Moment capacity of column about the y-y axis, M,
M,, = p,Z, = 265 X 587 x 10° = 155.6 x 10° N mm = 155.6 kN m
M, M, 2000 100 20
—+ =+ 1L = + +
P M M 4878 466.4 155.6

Hence, the local capacity of the section is satisfactory.

BUCKLING RESISTANCE

Radii of gyration for cased section

For the cased section r, is the same as for the UC section = 136 mm

For the cased section r, = 0.2b, = 0.2 x 425 = 85 mm 3 0.2(B + 150) = 0.2(306.8 + 150) = 91.36 mm but not less
than that for the uncased section (= 77.5 mm)

Hence r, = 85 mm and r, = 136 mm.

is given by

F

C

=041+021+013=075<1

cs o cy

Slenderness ratio

Le 7000 Le 7000
Ay=—t=——=515 A,=—="—=824
r 136 r, 85

X Y

Compressive strength

For A, = 51.5 and p, = 265 N/mm’ compressive strength, p. = 226 N/mm? (Table 4.13). For A, =82.4 and p, =
265 N/mm? compressive strength, p. = 153 N/mm? (Table 4.14).

Hence, p. is equal to 153 N/mmZ

Compression resistance

A, = 15000 mm?

A. = d.b, = 425 x 425 = 180 625 mm?
p, =265 N/mm* (since T= 18.7 mm)
p. = 153 N/mm?

f., = 20 N/mm?

Compression resistance of encased column, P, is given by
0.45f A
e 2854,
Py

0.45 x 20 x 180625
265

which is not greater than the short strut capacity, P, = 4878 kN (see above) 0K

= (1 5000 + )153 =3.233 x 10° N = 3233 kN

Buckling resistance
For the uncased section,

L 7000
, = E_2 90
r, 775
90
ﬁ =—— =54 =v=079 (Table 4.8)
X 314.5/18.7

A= uvh, B, =0.851x 0.79 x 90+/1 = 61
From Table 4.9, p, = 205 N/mm?
M, = S.p, = 1950 x 10° x 205 x 107 = 400 kN m
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Example 4.14 continued
For the cased section,

L, 7000

Ay =—=-—"—=824
r, 85

A 82.4

=———=49 = v =082

— (Table 4.8)
X 3145/18.7

A= uvh, /B, =0.851 x 0.82 x 82.4+/1 = 57.4
From Table 4.9, p, = 213 N/mm?
M, = S, p, = 1950 x 10° x 213 x 10 = 415 kN m
Hence, M, (for cased UC section = 415 kN m) < 1.5M, (for uncased UC section = 1.5 x 400 = 600 kN m).

Checking buckling resistance

— 4 + Yy
R nZo  pZ,
2000 1% 100 1% 20
+ + =062+021+013=096<1 OK
3233  265x1760 x 10° 265 x 587 x 107°
F. n myM, ~mM,
Pcy Mb pYZY
2000 1x100 1% 20
+ + =062+024+013=099<1 OK
3233 415 265 x 587 x 1072

Hence, the section is now just adequate to resist the design axial load of 2000 kN and design moments about the
x-x and y-y axes of 100 kN m and 20 kN m respectively.

4.9.7 DESIGN OF COLUMN BASEPLATES

Clause 4.13 gives guidance on the design of con-
centrically loaded column slab baseplates, which
covers most practical design situations. The plan
area of the baseplate is calculated by assuming

a) the nominal bearing pressure between the
baseplate and support is uniform and

b) the applied load acts over a portion of the
baseplate known as the effective area, the ex-
tent of which for UB and UCs is as indicated
on Fig. 4.32.

For concrete foundations the bearing strength
may be taken as 0.6 times the characteristic cube
strength of the concrete base or the bedding mater-
ial (i.e. 0.6f.,), whichever is the lesser. The effective
area of the baseplate, A,., is then obtained from

axial load (4.42)

Abe = .
bearing strength
In determining the overall plan area of the plate
allowance should be made for the presence of hold-
ing bolts.

——2c+ T

Fig. 4.32

v

Z

2c+t

Effective bearing area
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The required minimum baseplate thickness, z,, baseplate to the face of the column
is given by cross-section (Fig. 4.32)
® pressure on the underside of the plate

0.5
p = c[30/py] (4.43) assuming a uniform distribution throughout
where the effective portion, but < 0.6f,,
c is the largest perpendicular distance from by, design strength of the baseplate which may
the edge of the effective portion of the be taken from Table 4.3

Example 4.15 Design of a steel column baseplate (BS 5950)

Design a baseplate for the axially loaded column shown below assuming it is supported on concrete of compression
characteristic strength 30 N/mm?.

Axial load = 3000 kN

T=18.7mm
305 x 305 x 118 kg m™ UC
—>

b

b
—_ e ——- —-—- [D=314.5mm
|
1

<> >
a a

>
B =306.8 mm

AREA OF BASEPLATE

Effective area

axial load 3000 x 10°
*~ bearing strength 0.6 x 30

=1.666 X 10° mm?

Actual area
Ae=(B+2d(D+ 20 —2{(D—-2[T+ c)([B+ 2d - [t+ 2d)}
1.666 x 10° = (306.8 + 20)(314.5 + 20) — 2{(314.5 —2[18.7 + ¢])(306.8 — 11.9)} = ¢=84.6 mm

Minimum length of baseplate = D + 2c = 314.5 + 2 x 84.6 = 483.7 mm
Minimum width of baseplate = B + 2c = 306.4 + 2 X 84.6 = 476 mm
Provide 500 x 500 mm baseplate in grade S275 steel.

BASEPLATE THICKNESS

Assuming a baseplate thickness of less than 40 mm the design strength p, = 265 N/mm’. The actual baseplate
thickness, to is

t, = c[3w/p,]°*° = 84.6[3 x (0.6 x 30)/265]"° = 34.9 mm
Hence, a 500 mm x 500 mm X 35 mm thick baseplate in grade S275 steel should be suitable.
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4.10 Floor systems for steel
framed structures

In temporary steel framed structures such as car
parks and Bailey bridges the floor deck can be
formed from steel plates. In more permanent steel
framed structures the floors generally comprise:

* precast, prestressed concrete slabs
* in-situ reinforced concrete slabs
» composite metal deck floors.

Precast floors are normally manufactured using
prestressed hollow core planks, which can easily
span up to 6—8 m (Fig. 4.33(a)). The top surface
can be finished with a levelling screed or, if a com-
posite floor is required, with an in-situ concrete
structural topping. This type of floor slab offers a
number of advantages over other flooring systems
including:

* elimination of shuttering and propping

* reduced floor depth by supporting the precast
units on shelf angles Fig. 4.33(b)

* rapid construction since curing or strength devel-
opment of the concrete is unnecessary.

Floor systems for steel framed structures

Precast floors are generally designed to act non-
compositely with the supporting steel floor beams.
Nevertheless, over recent years, hollow core planks
that act compositely with the floor beams have been
developed and are slowly beginning to be speci-
fied. A major drawback of precast concrete slabs,
which restricts their use in many congested city
centre developments, is that the precast units are
heavy and cranage may prove difficult. In such
locations, n-situ concrete slabs have invariably
been found to be more practical.

In-situ reinforced concrete floor slabs can be
formed using conventional removable shuttering
and are normally designed to act compositely with
the steel floor beams. Composite action is achieved
by welding steel studs to the top flange of the steel
beams and embedding the studs in the concrete
when cast (Fig. 4.34). The studs prevent slippage
and also enable shear stresses to be transferred be-
tween the slab and supporting beams. This increases
both the strength and stiffnesses of the beams,
thereby allowing significant reductions in construc-
tion depth and weight of steel beams to be achieved
(see Example 4.16). Composite construction not
only reduces frame loadings but also results in

pioooaoooood

(a)

Z

>

(b)

ﬂ

Fig. 4.33 Precast concrete floor: (a) hollow core plank-section (b) precast concrete plank supported on shelf angles.

Steel studs

welded to top ——p
flange of steel

beam

Fig. 4.34 In-situ reinforced concrete slab.

Reinforced
concrete slab
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Example 4.16 Advantages of composite construction (BS 5950)

Two simply supported, solid steel beams 250 mm wide and 600 mm deep are required to span 8 m. Both beams are
manufactured using two smaller beams, each 250 mm wide and 300 mm deep, positioned one above the other. In
beam A the two smaller beams are not connected but act independently whereas in beam B they are fully joined and
act together as a combined section.

(a) Assuming the permissible strength of steel is 165 N/mm?, determine the maximum uniformly distributed load that
Beam A and Beam B can support.
(b) Calculate the mid-span deflections of both beams assuming that they are subjected to a uniformly distributed

load of 140 kN/m.
% 7
Beam A %OO JtGOO Beam B
N [ 300 N
ke 250 250 k—

300
NN 300

(A) LOAD CAPACITY

(i) Beam A
Elastic modulus of single 250 x 300 mm beam, Z,, is

3 2
Zs:l_S: bd’12 _ 250 x 300 =3.75 X 10° mm®
y df2 6

Combined elastic modulus of two 250 x 300 mm beams acting separately, Z, = 2Z, = 7.5 X 10° mm?®
Moment capacity of combined section, M, is

M=06Z.=165x 7.5 x 10° = 1.2375 x 10° N mm

Hence, load carrying capacity of Beam A, ,, is

of?  ®,(8 x 10°%)?
8 8
= m, = 154.7 N/mm = 154.7 kN/m

M = =1.2375 X 10° N mm

(ii)) Beam B
In beam B the two smaller sections act together and behave like a beam 250 mm wide and 600 mm deep. The elastic
modulus of the combined section, Z is

,_ | _bd*h2 _ 250 x 600°
y df2 6

Bending strength of beam, M = 6Z= 165 x 15 x 10° = 2.475 x 10° N mm
Hence, load carrying capacity of Beam B, wy, is

of” (8 X 10%)
8 8
= ; = 309.4 N/mm = 309.4 kN/m

=15x10*mm?

M= = 2475 x10°N mm
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Example 4.16 continued
(B) DEFLECTION

Floor systems for steel framed structures

Mid-span deflection of beam A (for a notional load of @ = 140 kN/m), &, is

_ 5ot

5x 140 x (8 x 10°)*

=323 mm

A

Mid-span deflection of beam B, &y, is
_ 5wt

"~ 384E/ 384 x 205 x 10° x 2(5.625 x 10°9)

5 x 140 x (8 x 10%)*

=8mm

B

" 384F] 384 X 205 x 10° X 4.5 x 10°

Hence, it can be seen that the load capacity has been doubled and the stiffness quadrupled by connecting the two
beams, a fact which will generally be found to hold for other composite sections.

Fig. 4.35 Composite metal deck floor.

smaller and hence cheaper foundations. One draw-
back of this form of construction is that shuttering
is needed and the slab propped until the concrete
develops adequate strength.

A development of this approach, which can elimi-
nate the need for tensile steel reinforcement and
propping of the slab during construction, is to use
profiled metal decking as permanent shuttering
(Frg. 4.35). Three common types of metal decking
used in composite slab construction are shown
in Fig. 4.36. The metal decking is light and easy
to work, which makes for simple and rapid con-
struction. This system is most efficient for slab
spans of between 3—-4 m, and beam spans of up to
around 12 m. Where longer spans and/or higher

loads are to be supported, the steel beams may be
substituted with cellular beams or stub-girders (Fig.
4.37). In structures where there is a need to reduce
the depth of floor construction, for example tall
buildings, the Slimflor system developed by British
Steel can be used. Floor spans are limited to 7.5 m
using this system, which utilises stiff steel beams,
fabricated from universal column sections welded
to a steel plate, and deep metal decking which
rests on the bottom flange of the beam (Fig. 4.38).

Nowadays, almost all composite floors in steel
framed buildings are formed using profiled metal
decking and the purpose of the following sections
is to discuss the design of (a) composite slabs and
(b) composite beams.

4.10.1 COMPOSITE SLABS

Composite slabs (i.e. metal decking plus concrete)
are normally designed to BS 5950: Part 4. Although
explicit procedures are given in the standard, these
tend to be overly conservative when compared with
the results of full-scale tests. Therefore, designers
mostly rely on load/span tables produced by metal
deck manufacturers in order to determine the thick-
ness of slab and mesh reinforcement required for a
given floor arrangement, fire rating, method of
construction, etc. Table 4.17 shows an example of
a typical load/span table available from one sup-
plier of metal decking. Concrete grades in the range
30-40 N/mm? are common. Slab depths may vary
between 100 and 200 mm. Example 4.20 illustrates
the use of this table.

4.10.2 COMPOSITE BEAMS

Once the composite slab has been designed, design
of the primary and secondary composite beams (i.e.
steel beams plus slab) can begin. This is normally
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Cover width 900 mm

(a)

Cover width 610 mm
(b)

Trough shear- &
bond clip Cover width 600 mm

(c)
Fig. 4.36 Steel decking: (a) re-entrant, (b) trapezoidal (c) deep deck.

carried out in accordance with the recommenda- referred to as BS 5950-3.1, and involves the follow-
tions in Part 3: Section 3.1 of BS 5950, hereafter ing steps:

-H y'y H-
I Primary
[ d—— composite
beam

Secondary composite beams
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Concrete slab

v

Floor systems for steel framed structures

O

O 0O 000

(@)

Stud connectors

v /

Voids

\

Voids in web reduce self-weight and
allow easy service distribution

Steel decking

----- o —

LA el

X 7 Y

L Bottom chord

(b)

Stub girders

Secondary beam

Fig. 4.37 Long span structures: (a) cellular beams ('b) stub-girder.

Fig. 4.38 Shmflor system.

1. Determine the effective breadth of the concrete
slab.

Calculate the moment capacity of the section.
Evaluate the shear capacity of the section.
Design the shear connectors.

Assess the longitudinal shear capacity of the
section.

Check deflection.

bl ol

o

Each of these steps is explained below by refer-
ence to simply supported secondary beams of class
1 plastic UB section supporting a solid slab.

4.10.2.1 Effective breadth of concrete slab, B,
According to BS 5950-3.1, the effective breadth of
concrete slab, B,, acting compositely with simply
supported beams of length L should be taken as
the lesser of L/4 and the sum of the effective
breadths, b, of the portions of flange each side of
the centreline of the steel beam (Fig. 4.39).
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Table 4.17

Typical load/span table for design of unpropped double span slab and deck made of

normal weight grade 35 concrete (PMF, CF70, Corus).

Fire Slab Mesh Maximum span (m)
Rarting Depth
(mm) Deck thickness (mm)
0.9 1.2
Total applied load (RN /m?)

3.50 5.00 10.0 3.50 5.00 10.0
1 hr 125 Al42 3.2 3.2 2.8 4.0 3.7 3.0
1'/2hr 135 A193 3.1 3.1 2.7 3.9 3.5 2.8
2 hr 150 A193 2.9 2.9 2.5 3.5 3.2 2.6
200 A393 2.5 2.5 2.5 3.5 3.5 3.5
250 A393 2.1 2.1 2.1 3.2 3.2 3.2
© b b, : d) The ultimate moment capacity of the com-

B, is the lesser of:
(a) beam span/4
(b) 2b,

ToTT
L L L1

Fig. 4.39 Effective breadth.

4.10.2.2 Moment capacity

In the analysis of a composite section to determine
its moment capacity the following assumptions can
be made:

a) The stress block for concrete in compression at
ultimate conditions is rectangular with a design
stress of 0.45f,,

b) The stress block for steel in both tension and
compression at ultimate conditions is rectangu-
lar with a design stress equal to p,

¢) The tensile strength of the concrete is zero

posite section is independent of the method of
construction i.e. propped or unpropped.

The moment capacity of a composite section de-
pends upon where the plastic neutral axis falls within
the section. Three outcomes are possible, namely:

1. plastic neutral axis occurs within the concrete
flange;

2. plastic neutral axis occurs within the steel flange;

3. plastic neutral axis occurs within the web
(Fig. 4.40).

Only the first two cases will be discussed here.

(i) Case 1: R, > R,. Figure 4.41 shows the stress
distribution in a typical composite beam section
when the plastic neutral axis lies within the con-
crete slab.

Since there is no resultant axial force on the
section, the force in the concrete, R/, must equal
the force in the steel beam, R,. Hence

Fig. 4.40 Plastic neutral axis positions.
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) 0.45f,,

e [ +»A plastic neutral

Rs 4__

<—i
Py

Fig. 4.41 Stress distribution when plastic neurral axis lies within concrete flange.

R! =R, (4.44)
where
R = design stress in concrete X area of
concrete in compression
= (0.45/.,)(B.y,) (4.45)

R, = steel design strength X area of steel section
= pyA
The maximum allowable force in the concrete
flange, R, is given by
R_ = design stress in concrete X
area of concrete flange
= (0.45/,,)(B.D,) (4.46)
Eliminating 0.45f,, from equations 4.45 and 4.46
gives
R = Bedo
¢ D,

S

(4.47)

Combining equations 4.44 and 4.47 and rearrang-
ing obtains the following expression for depth of
the plastic neutral axis, y,

R

¥, = —D, <D, (4.48)

R.
Taking moments about the top of the concrete
flange and substituting for y,, the moment capacity
of the section, M, is given by

M=R[D+L2|-r2
2 2
_r|D+2|-rEp,
2 2R,
2
_Rr|D+L2|-&D (4.49)
2] 2R

C

where
D = depth of steel section
D, = depth of concrete flange

Note that the equation for M, does not involve
¥,- Nonetheless it should be remembered that this
equation may only be used to calculate M, pro-
vided that y, < D,. This condition can be checked
either via equation 4.48 or, since R, = R, (equation
4.44) and R. > R/, by checking that R, > R.. Clearly
if R, < R,, it follows that the plastic neutral axis
occurs within the steel beam.

(ii) Case 2: R_< R,. Figure 4.42a shows the stress
distribution in the section when the plastic neutral
axis lies within the steel flange.

By equating horizontal forces, the depth of
plastic neutral axis below the top of the steel flange,
¥, is obtained as follows

R. + py(By) = R, — p,(By)
N _ Rs B Rc
Y~ "2Bp,

Resistance of the steel flange, R; = p (BT) = p,
_ R

BT
Substituting into the above expression for y gives

_RS_RC<T

YT ORIT (4.50)

The expression for moment capacity is derived
using the equivalent stress distribution shown in
Fig. 4.42(b). Taking moments about the top of the
steel flange, the moment capacity of the section is
given by
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B,
Ds © Dbo q—’ Rc q-’ Rc
T N
\
D R~ p,By €—— R, < bi2
[ |
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(@) (o)

Fig. 4.42 Stress distribution when plastic neutral axis lies within steel flange.

Section X-X

Fig. 4.43 Slab thickness and depth of metal decking.

D D, v
M, =R — + R.= — (2p,By)=
c 52 c2 (py y)z
D D,
=R = +R, = - p By
s2 02 pyy

Substituting for p, and y and simplifying gives

_ 2
M_rD gD (R-RY
2 2 4R,

T (4.51)

(iii) Moment capacity of composite beam
incorporating metal decking. The moment
capacity of composite beams incorporating profiled
metal decking is given by the following:

Case 1: Plastic neurral axis is in the concrete flange

MCZRSB"‘DS—&M
2 R\ 2

(4.52)
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/ consideration
|
s |
metal
|
|
|
|
]
1

Profiled
decking

X
!<_
|
|
|
|
|
]
|
e

Case 2: Plastic neutral axis is in the steel flange

_ 2
M, = ng + RC[DS - D"] SR CRIT

2 R, 4
(4.53)

These expressions are derived in the same way
as for beams incorporating solid slabs but further
assume that (a) the ribs of the metal decking run
perpendicular to the beams and (b) the concrete
within the depth of the ribs is ignored (Fig. 4.43).
The stress distributions used to derive equations
4.52 and 4.53 are shown in Fig. 4.44. Note that
the symbols in these equations are as previously
defined except for R_, which is given by

R = 0.45f,B.(D, — D,) (4.54)
where D, is the overall depth of the profiled metal
decking (Fig. 4.43).
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B, Iel 0.45f, |e| 0.45f,,
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% E — .
_Y}F ..... 2;y —
™~
R
5 : R4~ [NNpp
Plastic
N neutral
axes
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Fig. 4.44 Stress distributions in composite beams incorporating profiled metal decking: (a) plastic neutral axis is within the

concrete flange (b) plastic neutral axis is within the steel flange.

4.10.2.3 Shear capacity

According to BS 5950-3.1, the steel beam should
be capable of resisting the whole of the vertical
shear force, F,. As discussed in 4.8.5, the shear
capacity, P,, of a rolled I-section is given by

P, = 0.6p,tD

Like BS 5950: Part 1, BS 5950-3.1 recommends
that where the co-existent shear force exceeds 0.5P,
the moment capacity of the section, M, should be
reduced in accordance with the following:

Mcv = Mc - (Mc - Mf)(ZFv/Pv - 1)2 (455)
where
M; 1is the plastic moment capacity of that part

of the section remaining after deduction of
the shear area A, defined in Part 1 of

BS 5950

is the lesser of the shear capacity and the
shear buckling resistance, both determined
from Part 1 of BS 5950

4.10.2.4 Shear connectors

(i) Headed studs. For the steel beams and slab
to act compositely and also to prevent separation
of the two elements under load, they must be struc-
turally tied. This is normally achieved by providing
shear connectors in the form of headed studs as
shown in Fig. 4.45. The shear studs are usually
welded to the steel beams through the metal
decking.

Shear studs are available in a range of diameters
and lengths as indicated in Table 4.18. The 19 mm
diameter by 100 mm high stud is by far the most
common in buildings. In slabs comprising profiled
metal decking and concrete, the heights of the studs
should be at least 35 mm greater than the overall
depth of the decking. Also, the centre-to-centre
distance between studs along the beam should lie
between 5¢ and 600 mm or 4D; if smaller, where
¢ is the shank diameter and D, the depth of the
concrete slab. Some of the other code recommen-
dations governing the minimum size, transverse
spacing and edge distances of shear connectors are
shown in Fig. 4.45.

(ii) Design procedure. The shear strength of
headed studs can be determined using standard
push-out specimens consisting of a short section
of beam and slab connected by two or four studs.
Table 4.18 gives the characteristic resistances, Q,,
of headed studs embedded in a solid slab of
normal weight concrete. For positive (i.e. sagging)
moments, the design strength, Q,, should be
taken as

Q,=0.80,

A limit of 80% of the static capacity of the shear
connector is deemed necessary for design to ensure
that full composite action is achieved between the
slab and the beam.

The capacity of headed studs in composite slabs
with the ribs running perpendicular to the beam
should be taken as their capacity in a solid slab

(4.56)
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| 1.50
i 40 | 0.4¢
25 mm or 1.25¢ >k |
: _>| : IqJ l 15 mm
50 mm | | | | | |
! | 3 35 mm
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]
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50 mm
[

Fig. 4.45 Geometrical requirements for placing of studs (CIRIA Report 99).

Table 4.18 Characteristic resistance, Q,, of headed studs in normal
weight concrete (Table 5, BS 5950-3.1)

Shank diameter Height Characteristic strength (N/mm?)
(mm) (mm)

25 30 35 40
25 100 146 154 161 168 kN
22 100 119 126 132 139 kKN
19 100 95 100 104 109 kKN
19 75 82 87 91 96 kN
16 75 70 74 78 82 kN
13 65 44 47 49 52 kN

multiplied by a reduction factor, k, given by the
following expressions:

for one stud per rib
k =0.85(b,/D,){(h/D,) — 1} <1

for two studs per rib
k=0.6(b/D,){(h/D,) — 1} < 0.8

for three or more studs per rib
k= 0.5(,/D,){(h/D,) — 1} < 0.6

where

b, breadth of the concrete rib

D, overall depth of the profiled steel sheet

h  overall height of the stud but not more than

2D, or D, + 75 mm, although studs of
greater height may be used

208

For full shear connection, the total number of
studs, N, required over half the span of a simply
supported beam in order to develop the positive
moment capacity of the section can be determined
using the following expression:

N, =F,/Q, (4.57)

where

F, = Ap, (if plastic neutral axis lies in the
concrete flange)

F, = 0.45f.,B.D, (if plastic neutral axis lies in the
steel beam)

Q, = design strength of shear studs = 0.8Q,
(in solid slab) and 2Q, (in a composite slab
formed using ribbed profile sheeting aligned
perpendicular to the beam)
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In composite floors made with metal decking it accommodate the total number of studs required. In
may not always be possible to provide full shear con- this case, the reader should refer to BS 5950-3.1:
nection between the beam and the slab because  Appendix B, which gives alternative expressions for
the top flange of the beam may be too narrow moment capacity of composite sections with partial
and/or the spacing of the ribs may be too great to shear connection.

Example 4.17 Moment capacity of a composite beam (BS 5950)

Determine the moment capacity of the section shown in Fig. 4.46 assuming the UB is of grade S275 steel and the
characteristic strength of the concrete is 35 N/mm?,

Hwoo mmﬂ

|°Dbo | ® 130 mm

€—— 406 x 178 x 74 UB

L 1

Fig. 4.46

(A) PLASTIC NEUTRAL AXIS OF COMPOSITE SECTION

Resistance of the concrete flange, R, is
R. = (0.45f,,)B.D, = (0.45 x 35)1500 x 130 x 107° = 3071.25 kN

From Table 4.3, since T(= 16 mm) < 16 mm and steel grade is S275, design strength of beam, p, = 275 N/mm?.
Resistance of steel beam, R,, is

R, = Ap, = 95 x 10 x 275 x 107° = 2612.5 kN
Since R, > R, the plastic neutral axis falls within the concrete slab. Confirm this by calculating y,:

_ Ap, _ 26125x10°
(0.45f,)B,  0.45 x 35 x 1500

Yo =110.6 mm < D, OK

(B) MOMENT CAPACITY

Since y, < D, use equation 4.49 to calculate the moment capacity of the section, M. Hence

D R.D
M, = Apy(DS +o - R—?J =2612.5 x 103(130 +

4128 26125 130
- X — |10 = 7344 kN m
2 3071.25 2

c
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Example 4.18 Moment capacity of a composite beam (BS 5950)

Repeat Example 4.17 assuming the beam is made of grade S355 steel. Also, design the shear connectors assuming the
beam is 6 m long and that full composite action is to be provided.

PLASTIC NEUTRAL AXIS OF COMPOSITE SECTION
As before, the resistance of the concrete flange, R, is
R. = (0.45f,,)A. = (0.45 x 35)1500 x 130 X 10~ = 3071.25 kN

From Table 4.3, since T(= 16 mm) < 16 mm and steel grade is S355, design strength of beam, p, = 355 N/mm?.
Resistance of steel beam, R,, is

R, = Ap, = 95 x 10* x 355 x 10~ = 3372.5 kN
Since R. < R, the plastic neutral axis will lie within the steel beam. Confirm this by calculating y:

R, —R. 3372.5x10° —3071.25 x 10°

2Bp, 2 x179.7 x 355

y = =24mm OK

MOMENT CAPACITY

Since y < T use equation 4.51 to calculate moment capacity of the section, M.
Resistance of steel flange, R; = BTp, = 179.7 X 16 x 355 = 1.02 x 10° N
Moment capacity of composite section, M,, is

D, R-R)PT

M =r2+r2
2 %2 R, " .
130 ((3372.5 — 3071.25) x 10°) 16
3~ _ —
+3071.25 x 102 o7 100 4

41
=3372.5x 103

=895.4 x 10° N mm = 895.4 kN m

SHEAR STUDS

From Table 4.18, characteristic resistance, Q,, of headed studs 19 mm diameter X 100 mm high embedded in grade
35 concrete is 104 kN.

Design strength of studs under positive moment, Q,, is given by

Q,=0.8Q,=0.8 x 104 =83.2 kN

. R 3071.25
Number of studs required = —= = ————

Q 83.2
Provide 38 studs, evenly arrang;ed in pairs, in each half span of beam as shown.

= 36.9

75
X 19 pairs of studs @ 150 centres
’_>1 S | '
r r . >~~~ r. . J7J7.. 57T 5757 1 1 .1 .1 .11
1 .
i !
225 | |
i |
| 1 .
l< H Section X—X
3m
< — |
X Centre line of beam 1
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4.10.2.5 Longitudinal shear capacity
A solid concrete slab, which is continuous over sup-
ports, will need to be reinforced with top and bottom
steel to resist the sagging and hogging moments due
to the applied loading. Over beam supports, this steel
will also be effective in transferring longitudinal forces
from the shear connectors to the slab without splitt-
ing the concrete. Design involves checking that the
applied longitudinal shear force per unit length, v, does
not exceed the shear resistance of the concrete, v,.
The total longitudinal shear force per unit length,
v, is obtained using the following

v =NQ,/s (4.58)

where

N number of shear connectors in a group

s longitudinal spacing centre-to-centre of
groups of shear connectors

Q, design strength of shear connectors

In a solid slab, the concrete shear resistance, V,, is
obtained using the following:

V= 0.74.f, + 0.03N A for < 0.8NAe\ fun  (4.59)
In slabs with profiled steel sheeting, v,, is given by
v, = 0.74,.f, + 0.03nA4_. 1., + v,

<0.8NAdyfou TV, (4.60)
where
f..  characteristic strength of the concrete
< 40 N/mm?

ul 1.0 for normal weight concrete

Floor systems for steel framed structures
A,, cross-sectional area, per unit length of the
beam, of the combined top and bottom
reinforcement crossing the shear surface
(Fig. 4.47)
contribution of the profiled steel decking.
Assuming the decking is continuous across
the top flange of the steel beam and that the
ribs are perpendicular to the span of the
beam, v, is given by

VP = tPPYP

sV

(4.61)

in which

t thickness of the steel decking

by, design strength of the steel decking obtained
either from Part 4 of BS 5950 or
manufacturer’s literature

4.10.2.6 Deflection

The deflection experienced by composite beams
will vary depending on the method of construction.
Thus where steel beams are unpropped during
construction, the total deflection, &1, will be the
sum of the dead load deflection, &y, due to the self
weight of the slab and beam, based on the proper-
ties of the steel beam alone, plus the imposed load
deflection, &;, based on the properties of the com-
posite section:

81 =0p + 0;
For propped construction the total deflection is

calculated assuming that the composite section sup-
ports both dead and imposed loads.

A., mean cross-sectional area per unit length of The mid-span deflection of a simply supported
the beam of the concrete surface under beam of length L subjected to a uniformly distrib-
consideration uted load, o, is given by

A
A, Sheeting
(a) Solid slab (b) Composite slab with the sheeting
spanning perpendicular to the beam
Surface A,
a-a Ap+ A
b—b 2A,
e—e A,
Fig. 4.47
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_ 5oL
384E]

where
E elastic modulus = 205 kN/mm? for steel
I second moment of area of the section

Deflections of simply supported composite beams
should be calculated using the gross value of the
second moment of area of the uncracked section,
1,, determined using a modular ratio approach. The
actual value of modular ratio, o, depends on the
proportions of the loading which are considered to
be long term and short term. Imposed loads on
floors should be assumed to be 2/3 short term and
1/3 long term. On this basis, appropriate values of
modular ratio for normal weight and lightweight
concrete are 10 and 15, respectively. For com-
posite beams with solid slabs I, is given by

B.D? N AB.D,(D + D,)?
120, 4(Aa. + B.D,)
where [ is the second moment of area of the steel
section.

Equation 4.62 is derived assuming that the con-
crete flange is uncracked and unreinforced (see
Appendix D). In slabs with profiled steel sheeting
the concrete within the depth of the ribs may con-
servatively be omitted and I, is then given by:

, B(D.-Dy
120,
AB(D, - D,)(D + D, + D, )’
4(Aa., + B[D, - D,])
The deflections under unfactored imposed loads

should not exceed the limits recommended in
BS 5590, as summarised in Table 4.5.

I,=1 +

g S

(4.62)

I, =1

g S

(4.63)

Example 4.19 Design of a composite floor (BS 5950)

Steel UBs at 3.5 m centres with 9 m simple span are to support a 150 mm deep concrete slab of characteristic
strength 30 N/mm? (Fig. 4.48). If the imposed load is 4 kN/m? and the weight of the partitions is 1 kN/m?

a) select a suitable UB section in grade S355 steel
b) check the shear capacity

¢) determine the number and arrangement of 19 mm diameter x 100 mm long headed stud connectors required
d) assuming the slab is reinforced in both faces with H8@150 centres (A = 335 mm?/m), check the longitudinal

shear capacity of the concrete
e) calculate the imposed load deflection of the beam.

Assume that weight of the finishes, and ceiling and service loads are 1.2 kN/m? and 1 kN/m? respectively. The density
of normal weight reinforced concrete, p,, can be taken as 24 kN/m’.

L 1

kk—35m—>f—35

Fig. 4.48

BEAM SELECTION

Design moment
Beam span, L=9 m
Slab span, € =3.5 m

T T

m —>}— 3.5m —>)|

Design load per beam, ® = 1.4(D,p, + finishes + ceiling/services)¢ + 1.6(q, + partition loading)¢
= 1.4(0.15 x 24 + 1.2 + 1)3.5 + 1.6(4 + 1)3.5 = 56.4 kN/m

ol 56.4 x 9’

Design moment, M = e =57TkN m
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Example 4.19 continued

Effective width of concrete slab

B. is the lesser of beam span/4 (= 9000/4 = 2250 mm) and beam spacing (= 3500 mm)

.~ B.=2250 mm

Moment capacity
Using trial and error, try 356 X 171 x 45 UB in grade S355 steel
Resistance of the concrete flange, R, is

R. = (0.45f,)B.D, = (0.45 x 30) 2250 x 150 x 107 = 4556.3 kN
From Table 4.3, since T (= 9.7 mm) < 16 mm and steel grade is S355, design strength of beam, p, = 355 N/mm?

Resistance of steel beam, R, is

R, = Ap, = 57 x 107 x 355 x 10 = 2023.5 kN

Since R. > R, the plastic neutral axis will lie in the concrete slab. Confirm this by substituting into the following

expression for y,

_Ap, 20235 x10°
(0.45f,)B.  0.45 x 30 x 2250

Hence, moment capacity of composite section, M,, is

=Y,

b_R.D
2

352 20235
=2023.5x10% 150 + — —
2 4556.3

M, = Apy[DS +

c

M.> M+ M,, =571 + (45 x 9.8 x 107%)9%/8 = 5755 kN m OK

SHEAR CAPACITY
Shear force, F, = %u)L = % X 56.4 x 9 = 253.8 kN

15

2

=66.6 mm< D, 0K

0

Shear resistance, P, = 0.6p,tD = 0.6 x 355 x 6.9 X 352 X 10° =517 kN > F, 0K
At mid-span, F, (= 0) < 0.5P, (= 258 kN) and therefore the moment capacity of the section calculated above is valid.

SHEAR CONNECTORS

From Table 4.18, characteristic resistance, Q,, of headed studs 19 mm diameter X 100 mm high is 100 kN.

Design strength of shear connectors, Op, is
Q, = 0.8Q, = 0.8 x 100 = 80 kN
Longitudinal force that needs to be transferred, F, is 2023.5 kN

Number of studs required = R, _ 20235
Q 80

p
Provide 26 studs, evenly arranged in pairs, in each half span of beam.

. 4500
Spacing = ST = 375 mm, say 350 mm centres

=253

12
59| l&—— 12 x 350 = 4200 (26 studs) ————>|
I I

|
N

4500 mm

s
|

)10‘6 =5923kNm

|
iE 175
|

Centre line
of beam
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Example 4.19 continued
LONGITUDINAL SHEAR

Longitudinal force, v, is

NQ, 2x80x10°
v=—=%L=" " =457 N/mm
S 350
A= 335 mm?m
154 it 4 ' 1.5¢
a | e | a
; — H : ¢ = shank diameter
D, =150 | T ol i | of stud
i - : :
i i
an : ) 1 a
b b
A, =335 mm?m
100

Shear failure surface a-a

Length of failure surface =2 x 150 = 300 mm

Cross-sectional area of failure surface per unit length of beam, A., = 300 X 10° mm?/m
Cross-sectional area of reinforcement crossing potential failure surface, A,,, is

A=A+ A, =2 x335=670 mm’m

Hence shear resistance of concrete, v,, is

v, = 0.7A,f, + 0.03n A, f,, < 0.8NA,\/f,, = (0.8 X 1.0 x (300 x 10° 4/30)/10° = 1315 N/mm
= (0.7 x 670 x 500 + 0.03 x 1.0 x 300 x 10° x 30)/10° = 504.5 N/mm >v OK

Shear failure surface b-b

Length of failure surface = 2 times stud height + 7¢ =2 x 100 + 7 X 19 = 333 mm
Cross-sectional area of failure surface per unit length of beam, A., = 333 X 10° mm?/m
Cross-sectional area of reinforcement crossing potential failure surface, A,,, is

A, = 2A, = 2 X 335 = 670 mm?/mm

Hence shear resistance of concrete, v, is

v, = 0.7A,,f, + 0.03NA, f,, < 0.8NA,\/f, = (0.8 X 1.0 x (333 x 10°}30)/10° 1459 N/m
= (0.7 x 670 x 500 + 0.03 X 1.0 x 333 x 10° X 30)/10° = 534 N/mm >v 0K

DEFLECTION
Since beam is simply supported use the gross value of second moment of area, I, of the uncracked section to
calculate deflections.

B.D}  AB.D.(D + D.)
0 120, i 4(Aat, + B.D,)
2250 x 150° N 57 x 102 x 2250 x 150(352 + 150)
12 x 10 4(57 x 102x 10 + 2250 x 150)

=12100 x 10* + = 49150 x 10* mm*
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Example 4.19 continued

Mid-span deflection of beam, 9, is

_ 5wl  5x(5x3.5x9)9 x107
384E] 384 x 205 x 10° x 49 150 x 10*
L 9000
=148mm<—=——=25mm OK
360 360

Therefore adopt 356 x 171 x 45 UB in grade S355 steel.

Example 4.20 Design of a composite floor incorporating profiled metal
decking (BS 5950)

Figure 4.49 shows a part plan of a composite floor measuring 9 m x 6 m. The slab is to be constructed using profiled
metal decking and normal weight, grade 35 concrete and is required to have a fire resistance of 60 mins. The lon-
gitudinal beams are of grade S355 steel with a span of 9 m and spaced 3 m apart. Design the composite slab and
internal beam A2-B2 assuming the floor loading is as follows:

imposed load = 4 kN/m?
partition load =1 kN/m?
weight of finishes = 1.2 kN/m?
weight of ceiling and services = 1 kN/m?

The density of normal weight reinforced concrete can be taken to be 24 kN/m’.

3 W -
! i
| | |3m
! I
Y -
| I
! ' 3m
| I
| i
N H
1 k< 9m >i
A B

Fig. 4.49 Part plan of composite floor.

SLAB DESIGN

Assuming the slab is unpropped during construction, use Table 4.7 to select suitable slab depth and deck gauge for
required fire resistance of 1 hr. It can be seen that for a total imposed load of 7.2 kN/m? (i.e. occupancy, partition
load, finishes, ceilings and services) and a slab span of 3 m, a 125 mm thick concrete slab reinforced with A142 mesh
and formed on 1.2 mm gauge decking should be satisfactory.
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Example 4.20 continued

A cross-section through the floor slab is shown below.

149 A142 Mesh
/ /

D=5 /—\_/—\KJ”/|—|\ o
> 3 K k26

Ribs at 300 c/c

BEAM A2-B2
Beam selection

Design moment
Beam span, L =9 m
Beam spacing, € =3 m
From manufacturers' literature effective slab thickness, D¢ = D, — 26 = 125 — 26 = 91 mm

9
3

Design load, ® = 1.4(Dp. + finishes + ceiling/services)¢ + 1.6(q, + partition loading)¢
= 1.4(0.091 x 24 + 1.2 + 1)3 + 1.6(4 + 1)3 = 42.4 kN/m

. 2 424 x9?
Design moment, M = % = T =429.3kN m

Effective width of concrete slab
B. is the lesser of L[4 (= 9000/4 = 2250 mm) and beam spacing (= 3000 mm)
.~ B.=2250 mm

Moment capacity
Using trial and error, try 305 x 165 x 40 UB in grade S355 steel
Resistance of concrete flange, R, is

R. = (0.45f.,)B.(D, — D,) = (0.45 x 35) x 2250 x (125 x 55) x 10~ = 2480.6 kN

From Table 4.3, since T (= 10.2 mm) < 16 mm and steel grade is S355, design strength of beam, p, = 355 N/mm*
Resistance of steel beam, R, is

R, = Ap, = 51.5 x 10° x 355 x 107 = 1828.3 kN
Since R, > R, plastic neutral axis lies within the slab. Confirm this by substituting into the following expression for y,

Ap, 18283 x10°
0.45f,)B,  0.45 x 35 x 2250

Hence, moment capacity of composite section, M, is

M, =R, 2+DS—5 b~ b,
2 R\ 2

3 —
= 18283 x 107 228 155 1828310 125 255
2 2480.6 x 10° 2

ypz( =516 mm< D, — D,=125-55=70 mm OK

):| %X 1078 =459 kN m

M.> M+ M,, = 429.3 + 1.4(40 x 9.8 X 10°)9%/8 = 4349 kN m OK
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Example 4.20 continued

Shear capacity
1 1
Shear force, F, = EmL = E X 42.4 x 9 = 190.8 kN
Shear resistance, P, = 0.6p,tD = 0.6 x 355 x 6.1 X 303.8 X 10° =394.7 kN > £, 0K
At mid-span F, =0 < 0.5P, (= 197.4 kN). Therefore moment capacity of section remains unchanged.

Shear connectors

Assume headed studs 19 mm diameter X 100 mm high are to be used as shear connectors.
From Table 4.18, characteristic resistance of studs embedded in a solid slab, Q, = 104 kN
Design strength of studs under positive (i.e. sagging) moment, Q,, is

0,=0.80Q,=0.8x 104 =83.2 kN

Design strength of studs embedded in a slab comprising profiled metal decking and concrete, Q7, is
Q;=kaQ,
Assuming two studs are to be provided per trough, the shear strength reduction factor, k, is given by
k=0.6(b/D,) {(h/D,) -1} <08
=0.6(149/55){(95/55) — 1} = 1.2
S k=028
= 0,=10.8 x 83.2 = 66.6 kN

Maximum longitudinal force in the concrete, F, = 1828.3 kN

R. 1828.
Total number of studs required = — = 8283
Q 66.6

p

As the spacing of deck troughs is 300 mm, fifteen (= 4500/300) trough positions are available for fixing of the shear
studs. Therefore, provide 30 studs in each half span of beam, i.e. two studs per trough.
Longitudinal shear

Longitudinal shear stress
Longitudinal force, v, is

NQ, 2 x66.6 x10°

= 444 N/mm
S 300

Shear failure surface e-e
Cross-sectional area of reinforcement crossing potential failure surface, A,, is

A, = A, =142 mm?m

Ai =142 mm?/m

] e R

|
55 : |
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Example 4.20 continued

Mean cross-sectional area of shear surface, A, is

[125 x 300 — '/2(164 + 112)55]/0.3 = 99.7 x 10° mm?*/m

Hence shear resistance of concrete, v,, is

v, = 0.7A,f, + 0.03N A, f, + U, < 0.8NA/

+1)p

= (0.7 X 142 x 500 + 0.03 X 1.0 X 99.7 X 103 x 35 + 1.2 X 10° x 280)/10° = 490 N/mm
< (0.8 X 1.0 X 99.7 x 10°v/35 + 1.2 x 10° x 280)/10° = 808 N/mm OK

v, = 490 N/mm >v 0K

(Note p,, = 280 N/mm? from the steel decking manufacturer's literature.)

Deflection

Since beam is simply supported use the gross value of second moment of area

calculate deflection.

+ Iy, of the uncracked section to

51.5 x 10? x 2250(125 — 55)(303.8 + 125 + 55)

,_,  BD.-DF  ABO,-D)0+D, +DF
9" 1201, 4{Ao, + B.(D, - D,)}
_ 3
8520 x 10* 4+ 2250(125 — 55)

12 %10
= 31873 x 10* mm*
Mid-span deflection of beam, 9, is
5oLl 5% (5% 3 x 9)9% x 10"

4{51.5 x 10 X 10 + 2250(125 — 55)}

Therefore adopt 305 X 165 X 40 UB in grade S355 steel.

4.11 Design of connections

There are two principal methods for connecting
together steel elements of structure, and the various
cleats, end plates, etc. also required.

1. Bolting, using ordinary or high strength friction
grip (HSFG) bolts, is the principal method of
connecting together elements on site.

2. Welding, principally electric arc welding, is an
alternative way of connecting elements on site,
but most welding usually takes place in factory
conditions. End plates and fixing cleats are
welded to the elements in the fabrication yard.
The elements are then delivered to site where
they are bolted together in position.

Figure 4.50 shows some typical connections used
in steel structures.

The aim of this section is to describe the design
of some commonly used types of bolted and welded
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L
=19.6mm<—=m=25mm 0K
360 360

connections in steel structures. However, at the
outset, it is worthwhile reiterating some general
points relating to connection design given in clause
6 of BS 5950.

The first couple of sentences are vitally import-
ant — ‘Joints should be designed on the basis of
realistic assumptions of the distribution of internal
forces. These assumptions should correspond with
direct load paths through the joint, taking account
of the relative stiffnesses of the various components
of the joint’. Before any detailed design is embarked
upon therefore, a consideration of how forces will
be transmitted through the joint is essential.

‘The connections between members should be
capable of withstanding the forces and moments to
which they are subject . . . without invalidating the
design assumptions’. If, for instance, the structure
is designed in ‘simple construction’, the beam-
column joint should be designed accordingly to
accept rotations rather than moments. A rigid joint
would be completely wrong in this situation, as it
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end-plate
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Design of connections

Bolted
end-plate

Flange
_ cover plate
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Fig. 4.50 Typical connections: (a) beam to column; (b) beam to beam.

would tend to generate a moment in the column
for which it has not been designed.

“The ductility of steel assists in the distribution
of forces generated within a joint.” This means
that residual forces due to initial lack of fit, or due
to bolt tightening, do not normally have to be
considered.

4.11.1 BOLTED CONNECTIONS

As mentioned above, two types of bolts commonly
used in steel structures are ordinary (or black) bolts
and HSFG bolts. Black bolts sustain a shear load
by the shear strength of the bolt shank itself,
whereas HSFG bolts rely on a high tensile strength
to grip the joined parts together so tightly that they
cannot slide.

There are three grades of ordinary bolts, namely
4.6, 8.8 and 10.9. HSFG bolts commonly used in
structural connections conform to the general grade
and may be parallel shank fasteners designed to be
non-slip in service or waisted shank fasteners de-
signed to be non-slip under factored loads. The
preferred size of steel bolts are 12, 16, 20, 22, 24
and 30 mm in diameter. Generally, in structural
connections, grade 8.8 bolts having a diameter not
less than 12 mm are recommended. In any case, as
far as possible, only one size and grade of bolt
should be used on a project.

The nominal diameter of holes for ordinary bolts,
D,, is equal to the bolt diameter, d,, plus 1 mm for
12 mm diameter bolts, 2 mm for bolts between 16
and 24 mm in diameter and 3 mm for bolts 27
mm or greater in diameter (7able 33: BS 5950):

D,=d,+1mm ford,=12 mm
D, =d,+2mm for 16 <d, <24 mm

D,=d,+3 mm ford,=>27 mm

4.11.2 FASTENER SPACING AND

EDGE/END DISTANCES
Clause 6.2 of BS 5950 contains various recom-
mendations regarding the distance between fas-
teners and edge/end distances to fasteners, some of
which are illustrated in Fig. 4.51 and summarised
below:

1. Spacing between centres of bolts, i.e. pitch (p),
in the direction of stress and not exposed to
corrosive influences should lie within the follow-
ing limits:

2.5d, <p < 14t

where d, is the diameter of bolts and ¢ the thick-
ness of the thinner ply.

2. Minimum edge distance, ¢;, and end distance,
e,, to fasteners should conform with the follow-
ing limits:

Rolled, machine flame cut, sawn or planed
edge/end > 1.25D,

Sheared or hand flame cut edge/end > 1.40D,

1T

e
O -O- 'ﬁkﬂ
Dirgction| | ! ! !
— <
of stress v | I
A—O- -O- -O-
L I |1]
LI
Dy,
Hole
diameter

Fig. 4.51 Rules for fastener spacing and edgelend distances
to fasteners.
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where D, is the diameter of the bolt hole. Note
that the edge distance, ¢,, is the distance from
the centre line of the hole to the outside edge of
the plate at right angles to the direction of the
stress, whereas the end distance, e,, is the dis-
tance from the centre line to the edge of the
plate in the direction of stress.

3. Maximum edge distance, ¢,;, should not exceed
the following:

e, < 1lze

where ¢ is the thickness of the thinner part and
e = (275/py)"".

4.11.3 STRENGTH CHECKS

Bolted connections may fail due to various mechan-
isms including shear, bearing, tension and combined
shear and tension. The following sections describe
these failure modes and outline the associated

design procedures for connections involving (a)
ordinary bolts and (b) HSFG bolts.

4.11.3.1 Ordinary bolts

Shear and bearing. Referring to the connection
detail shown in Fig. 4.52, it can be seen that the
loading on bolt A between the web cleat and the
column will be in shear, and that there are three
principal ways in which the joint may fail. Firstly,
the bolts can fail in shear, for example along sur-
face x,—y, (Fig. 4.52(a)). Secondly the bolts can
fail in bearing as the web cleat cuts into the bolts
(Frg. 4.52(b)). This can only happen when the
bolts are softer than the metal being joined. Thirdly,
the metal being joined, i.e. the cleat, can fail in
bearing as the bolts cut into it (Fig. 4.52(¢)). This
is the converse of the above situation and can only
happen when the bolts are harder than the metal
being joined.

It follows, therefore, that the design shear strength
of the connection should be taken as the least of:

1. Shear capacity of the bolt,

P =pA, (4.64)
2. Bearing capacity of bolt,
P, = dyt,pyy, (4.65)
3. Bearing capacity of connected part,
Py, = kydypt,pos < 0.5k e, Dy (4.66)

where
p,  shear strength of the bolts (7able 4.19)
Pw, bearing strength of the bolts (Table 4.20)
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Section P-P

Fig. 4.52 Failure modes of a beam-to-column connection:
(@) single shear failure of bolt; (b) bearing failure of bolt;
(¢) bearing failure of cleat.

pvs Dbearing strength of the connected part
(Table 4.21)
e  end distance e,

A, effective area of bolts in shear, normally taken
as the tensile stress area, A, (Table 4.22)

t, thickness of connected part

k.. = 1.0 for bolts in standard clearance holes

Double shear. If a column supports two beams in
the manner indicated in Fig. 4.53, the failure modes
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Table 4.19 Shear strength of bolts (Table 30, Table 4.20 Bearing strength of bolts (Table 33,

BS 5950) BS 5950)

Bolt grade Shear strength Bolt grade Bearing strength

. (Nimm?) Peo (NImm?)

4.6 160 4.6 460
8.8 375 8.8 1000

10.9 400 10.9 1300

General grade HSFG < M24 400 General grade HSFG < M24 1000

to BS 4395-1 > M27 350 to BS 4395-1 > M27 900

Higher grade HSFG to BS 4395-2 400 Higher grade HSFG to BS 4395-2 1300

Other grades (U, < 1000 N/mm?) 0.4U, Other grades (U, < 1000 N/mm?) 0.7(U, + Yy)

Note. U, is the specified minimum tensile strength of the bolt.

Note. U, is the specified minimum tensile strength of the bolt
and Y, is the specified minimum yield strength of the bolt.

Table 4.21 Bearing strength of connected parts (Table 32)

Steel grade

S275
Bearing strength p,, (N/mm?) 460

S355 S460
550 670

Other grades
0.67(U, + Y})

Note. U is the specified minimum tensile strength of the bolt and Y; is the specified

minimum yield strength of the bolt.

Table 4.22 Tensile stress area, A,

Nominal size and thread Tensile stress area, A,

diameter (mm,) (mm?)
12 84.3
16 157
20 245
22 303
24 353
27 459
30 561

essentially remain the same as for the previous case,
except that the bolts (B) will be in ‘double shear’.
This means that failure of the bolts will only occur
once surfaces x,-y, and x,—y,; exceed the shear
strength of the bolt (Fig. 4.53(b)).

The shear capacity of bolts in double shear, P,
is given by

P,

S

.=2P, (4.67)

Thus, double shear effectively doubles the shear
strength of the bolt.

Tension. Tension failure may arise in simple con-
nections as a result of excessive tension in the bolts
(Frg. 4.54(a)) or cover plates (Fig. 4.54(b)). The
tension capacity of ordinary bolts may be calcu-
lated using a simple or more exact approach. Only
the simple method is discussed here as it is both
easy to use and conservative. The reader is re-
ferred to clause 6.3.4.3 of BS 5950 for guidance
on the more exact method.

According to the simple method, the nominal
tension capacity of the bolt, P, ,, is given by

Py = 0.8p.A, (4.68)

where
p. tension strength of the bolt (Table 4.23)
A, tensile stress area of bolt (Table 4.22)

The tensile capacity of a flat plate is given by

P = o.p, (4.69)
where effective net area, o, is
o, =Ko, <o, (4.70)

in which

K, = 1.2 for grade S275 steel plates

o, gross area of plate = bt (Fig. 4.54)

o, net area of plate = o, — allowance for bolt
holes (= D1, Fig. 4.54(b)).
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Fig. 4.54 Typical tension failures: (a) bolts in 