THIRD EDITION

STRUCTURAL
STEELWORK

DESIGN TO LIMIT
STATE THEORY

DENNIS LAM
THIEN-CHEONG ANG
SING-PING CHIEW




Structural Steelwork:
Design to Limit State Theory

Third edition

Dennis Lam
School of Civil Engineering
The University of Leeds, Leeds, UK

Thien-Cheong Ang
School of Civil and Environmental Engineering
Nanyang Technological University, Singapore

Sing-Ping Chiew
School of Civil and Environmental Engineering
Nanyang Technological University, Singapore

AMSTERDAM ¢ BOSTON ® HEIDELBERG ® LONDON ¢ NEW YORK ® OXFORD
PARIS ® SAN DEIGO ® SAN FRANCISCO ® SINGAPORE ¢ SYDNEY ® TOKYO

LSEVIER
BUTTERWORTH
HEINEMANN



Elsevier Butterworth-Heinemann
Linacre House, Jordan Hill, Oxford OX2 8DP
200 Wheeler Road, Burlington, MA 01803

First published 1987

Reprinted 1988 (with corrections), 1990, 1991

Second edition 1992

Reprinted 1993 (twice), 1994, 1995, 1997, 1998, 1999, 2001, 2002
Third edition 2004

Copyright © 1987, 1992, 2004, Elsevier Ltd. All rights reserved

No part of this publication may be reproduced in any material form
(including photocopying or storing in any medium by electronic
means and whether or not transiently or incidentally to some other
use of this publication) without the written permission of the
copyright holder except in accordance with the provisions of the
Copyright, Designs and Patents Act 1988 or under the terms of a
licence issued by the Copyright Licensing Agency Ltd, 90
Tottenham Court Road, London, England W1T 4LP. Applications
for the copyright holder’s written permission to reproduce any part
of this publication should be addressed to the publisher.

Permissions may be sought directly from Elsevier’s Science and
Technology Rights

Department in Oxford, UK: phone: (+44) (0) 1865 843830;

fax: (+44) (0) 1865 853333; e-mail: permissions @elsevier.co.uk.
You may also complete your request on-line via the Elsevier
homepage (http://www.elsevier.com), by selecting ‘Customer
Support’ and then ‘Obtaining Permissions’.

Cover Image: Swiss Re Building — 30 St Mary Axe — The Gherkin.
Photo with kind permission from Grant Smith Photographer

British Library Cataloguing in Publication Data
Lam, Dennis
Structural steelwork : design to limit state theory. — 3rd ed.
1. Steel, Structural 2. Building, Iron and steel
I. Title II. Ang, Paul III. Chiew, Sing-Ping
624.1'821

ISBN 07506 59122

Library of Congress Cataloguing in Publication Data
A catalogue record for this book is available from the Library of Congress

ISBN 07506 59122

For information on all Butterworth-Heinemann publications
visit our website at www.bh.com

Typeset by Newgen Imaging Systems (P) Ltd, Chennai, India
Printed and bound in Great Britain



Contents

Preface to the third edition vi
Preface to the second edition vii
Preface to the first edition viii

Chapter 1 INTRODUCTION 1

1.1 Steel structures 1

1.2 Structural elements 1

1.3  Structural design 4

1.4  Design methods 4

1.5 Design calculations and computing 6
1.6  Detailing 7

Chapter 2 LIMIT STATE DESIGN 8

2.1  Limit state design principles 8

2.2 Limit states for steel design 8

2.3 Working and factored loads 9

2.4  Stability limit states 11

2.5  Structural integrity 11

2.6 Serviceability limit state deflection 12
2.7  Design strength of materials 13

2.8  Design methods for buildings 14

Chapter 3 MATERIALS 15

3.1  Structural steel properties 15
3.2 Design considerations 15
3.3 Steel sections 18

3.4  Section properties 21

Chapter 4 BEAMS 24

4.1  Types and uses 24

4.2  Beam loads 25

4.3  Classification of beam cross-sections 26
4.4 Bending stresses and moment capacity 28
4.5 Lateral torsional buckling 34



4.6  Shear in beams 40

4.7  Deflection of beams 42

4.8 Beam connections 42

4.9  Examples of beam design 47
4.10 Compound beams 56

4.11 Crane beams 62

4.12 Purlins 77

4.13 Sheeting rails 85

Chapter 5 PLATE GIRDERS 94

5.1 Design considerations 94

5.2 Behaviour of a plate girder 97

5.3 Designto BS 5950: Part 1 101

5.4 Design of a plate girder 112

5.5 Design utilizing tension field action 120

Chapter 6 TENSION MEMBERS 131

6.1  Uses, types and design considerations 131
6.2  End connections 132

6.3  Structural behaviour of tension members 134
6.4  Design of tension members 139

6.5 Design examples 141

Chapter 7 COMPRESSION MEMBERS 144

7.1 Types and uses 144

7.2 Loads on compression members 146

7.3  Classification of cross-sections 148

7.4  Axially loaded compression members 148

7.5 Beamcolumns 165

7.6 Eccentrically loaded columns in buildings 173

7.7  Cased columns subjected to axial load and moment 182
7.8  Side column for a single-storey industrial building 184
7.9  Crane columns 194

7.10 Column bases 204

Chapter § TRUSSES AND BRACING 210

8.1  Trusses—types, uses and truss members 210

8.2 Loadson trusses 210

8.3 Analysis of trusses 212

8.4  Design of truss members 214

8.5  Truss connections 218

8.6  Design of a roof truss for an industrial building 220
8.7 Bracing 233



Chapter 9

9.1
9.2
9.3
94
9.5
9.6
9.7
9.8
9.9

Chapter 10

10.1
10.2
10.3
10.4
10.5

Chapter 11

11.1
11.2
11.3
11.4
11.5
11.6

Chapter 12

12.1
12.2
12.3
12.4
12.5
12.6
12.7
12.8
12.9
12.10
12.11

PORTAL FRAMES 246

Design and construction 246

Elastic design 248

Plastic design =~ 259

In-plane stability 264

Restraints and member stability 267
Serviceability check for eaves deflection 270
Design of joints 271

Design example of a portal frame 274
Further reading for portal design 282

CONNECTIONS 284

Types of connections 284

Non-preloaded bolts 284

Preloaded bolts 301

Welded connections 306

Further considerations in design of connections 318

WORKSHOP STEELWORK DESIGN EXAMPLE 325

Introduction 325

Basic design loads 325

Computer analysis data 327
Results of computer analysis 330
Structural design of members 334
Steelwork detailing 337

STEELWORK DETAILING 338

Drawings 338

General recommendations 339
Steel sections 340

Grids and marking plans 341

Bolts 343
Welds 344
Beams 347

Plate girders 347

Columns and bases 348
Trusses and lattice girders 349
Computer-aided drafting 350

References 352

Index

353



Preface to the third edition

This is the third edition of the Structural Steelwork: Design to Limit State Theory
by T.J. MacGinley and T.C. Ang, which proved to be very popular with both stu-
dents and practising engineers. The change of authorship was forced upon by the
deceased of Mr T.J. MacGinley. All the chapters have been updated and rearranged
to comply with the latest revision of the BS 5950-1:2000 Structural use of steel-
work in building - Part 1: Code of practice for design rolled and welded sections, it
may be used as a stand-alone text or in conjunction with BS 5950. The book con-
tains detailed explanation of the principles underlying steel design and is intended
for students reading for civil and/or structural engineering degrees in universit-
ies. It should be useful to final year students involved in design projects and also
sufficiently practical for practising engineers and architects who require an intro-
duction to the latest revision of BS 5950. Every topic is illustrated with fully
worked examples and problems are also provided for practice.

D.L.



Preface to the second edition

The book has been updated to comply with

BS 5950: Part I: 1990

Structural Use of Steelwork in Building

Code of Practice for Design in Simple and Continuous Construction:
Hot Rolled Sections

A new chapter on portal design has been added to round out its contents. This type
of structure is in constant demand for warehouses, factories and for many other
purposes and is the most common single-storey building in use. The inclusion of
this material introduces the reader to elastic and plastic rigid frame design, member
stability problems and design of moment-transmitting joints.

T.J.M.
T.C.A.



Preface to the first edition

The purpose of this book is to show basic steel design to the new limit state code
BS 5950. It has been written primarily for undergraduates who will now start
learning steel design to the new code, and will also be of use to recent graduates
and designers wishing to update their knowledge.

The book covers design of elements and joints in steel construction to the simple
design method; its scheme is the same as that used in the previous book by the
principal author, Structural Steelwork Calculations and Detailing, Butterworths,
1973. Design theory with some of the background to the code procedures is given
and separate elements and a complete building frame are designed to show the use
of the code.

The application of microcomputers in the design process is discussed and the
listings for some programs are given. Recommendations for detailing are included
with a mention of computer-aided drafting (CAD).

TJM.
T.C.A.



1
Introduction

1.1 Steel structures

Steel frame buildings consist of a skeletal framework which carries all the
loads to which the building is subjected. The sections through three common
types of buildings are shown in Figure 1.1. These are:

(1) single-storey lattice roof building;
(2) single-storey portal frame building;
(3) medium-rise braced multi-storey building.

These three types cover many of the uses of steel frame buildings such as
factories, warehouses, offices, flats, schools, etc. A design for the lattice roof
building (Figure 1.1(a)) is given and the design of the elements for the braced
multi-storey building (Figure 1.1(c)) is also included. Design of portal frame
is described separately in Chapter 9.

The building frame is made up of separate elements—the beams, columns,
trusses and bracing—Ilisted beside each section in Figure 1.1. These must be
joined together and the building attached to the foundations. Elements are
discussed more fully in Section 1.2.

Buildings are three dimensional and only the sectional frame has been shown
in Figure 1.1. These frames must be propped and braced laterally so that they
remain in position and carry the loads without buckling out of the plane of
the section. Structural framing plans are shown in Figures 1.2 and 1.3 for the
building types illustrated in Figures 1.1(a) and 1.1(c).

Various methods for analysis and design have been developed over the years.
In Figure 1.1, the single-storey structure in (a) and the multi-storey building in
(c) are designed by the simple design method, while the portal frame in (b) is
designed by the continuous design method. All design is based on the newly
revised limit state design code BS 5950-1: 2000: Part 1. Design theories are
discussed briefly in Section 1.4 and design methods are set out in detail in
Chapter 2.

1.2 Structural elements

As mentioned above, steel buildings are composed of distinct elements:

(1) Beams and girders—members carrying lateral loads in bending and shear;
(2) Ties—members carrying axial loads in tension;

1



2 Introduction

(a) Single-storey lattice roof building with crane

1

— - 1 Lattice girder
3 /4 2 Crane column
3 3 Crane girder
2 —
Fixed base r77 rm

(b) Single-storey rigid pinned base portal

Elements

1 Portal rafter

Haunched 2 Portal column

joint

Pinned base L 1

(c) Multi-storey building

Elements
1 Floor beam
3 1 2 Plate girder
/ 3 Column
3 4 Bracing
2 4

Figure 1.1 Three common types of steel buildings

(3) Struts, columns or stanchions—members carrying axial loads in com-
pression. These members are often subjected to bending as well as
compression;

(4) Trusses and lattice girders—framed members carrying lateral loads. These
are composed of struts and ties;

(5) Purlins—beam members carrying roof sheeting;

(6) Sheeting rails—beam members supporting wall cladding;

(7) Bracing—diagonal struts and ties that, with columns and roof trusses, form
vertical and horizontal trusses to resist wind loads and hence provided the
stability of the building.

Joints connect members together such as the joints in trusses, joints between
floor beams and columns or other floor beams. Bases transmit the loads from
the columns to the foundations.
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Roof plan

Lower chord bracing

8 4 3
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L
¥
—7
= - = = =S =S == / =2
Side elevation 3
7 / X
2 1 4 10
Section Gable framing

Building elements

1 Lattice girder 6 Lower chord bracing
2 Column 7 Wall bracing

3 Purlins and sheeting rails 8 Eaves tie

4 Crane girder 9 Ties

5 Roof bracing 10 Gable column

Figure 1.2 Factory building

The structural elements are listed in Figures 1.1-1.3, and the types of
members making up the various elements are discussed in Chapter 3.
Some details for a factory and a multi-storey building are shown in
Figure 1.4.
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— 1 ]
£2 /?
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Front elevation End elevation
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I 1 1 I 1 r/ 1 Building elements
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Plan first floor level

Figure 1.3 Multi-storey office building

1.3 Structural design

Building design nowadays usually carried out by a multi-discipline design
team. An architect draws up plans for a building to meet the client’s require-
ments. The structural engineer examines various alternative framing arrange-
ments and may carry out preliminary designs to determine which is the most
economical. This is termed the ‘conceptual design stage’. For a given framing
arrangement, the problem in structural design consists of:

(1) estimation of loading;

(2) analysis of main frames, trusses or lattice girders, floor systems, bracing
and connections to determine axial loads, shears and moments at critical
points in all members;

(3) design of the elements and connections using design data from step (2);

(4) production of arrangement and detail drawings from the designer’s
sketches.

This book covers the design of elements first. Then, to show various elements
in their true context in a building, the design for the basic single-storey structure
with lattice roof shown in Figure 1.2 is given.

1.4 Design methods

Steel design may be based on three design theories:

(1) elastic design;
(2) plastic design;
(3) limit state design.

Elastic design is the traditional method and is still commonly used in the United
States. Steel is almost perfectly elastic up to the yield point and elastic theory
is a very good method on which the method is based. Structures are analysed
by elastic theory and sections are sized so that the permissible stresses are not



Design methods 5
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Figure 1.4 Factory and multi-storey building

exceeded. Design in accordance with BS 449-2: 1967: The Use of Structural
Steel in Building is still acceptable in the United Kingdom.

Plastic theory developed to take account of behaviour past the yield point is
based on finding the load that causes the structure to collapse. Then the working
load is the collapse load divided by a load factor. This too is permitted under
BS 449.

Finally, limit state design has been developed to take account of all condi-
tions that can make the structure become unfit for use. The design is based on
the actual behaviour of materials and structures in use and is in accordance
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with BS 5950: The Structural Use of Steelwork in Building; Part 1—Code of
Practice for Design—Rolled and Welded Sections.

The code requirements relevant to the worked problems are noted and dis-
cussed. The complete code should be obtained and read in conjunction with
this book.

The aim of structural design is to produce a safe and economical structure
that fulfils its required purpose. Theoretical knowledge of structural analysis
must be combined with knowledge of design principles and theory and the
constraints given in the standard to give a safe design. A thorough knowledge
of properties of materials, methods of fabrication and erection is essential for
the experienced designer. The learner must start with the basics and gradually
build up experience through doing coursework exercises in conjunction with
a study of design principles and theory.

British Standards are drawn up by panels of experts from the professional
institutions, and include engineers from educational and research institu-
tions, consulting engineers, government authorities and the fabrication and
construction industries. The standards give the design methods, factors of
safety, design loads, design strengths, deflection limits and safe construction
practices.

As well as the main design standard for steelwork in buildings, BS 5950-1:
2000: Part 1, reference must be made to other relevant standards, including:

(1) BS EN 10020: 2000. This gives definition and classification of grades of
steel.

(2) BSEN10029: 1991 (plates); BSEN 10025: 1993 (sections); BSEN 10210-
1: 1994 (hot finished hollow sections); BS EN 10219-1: 1997 (cold formed
hollow sections). This gives the mechanical properties for the various types
of steel sections.

(3) BS 6399-1: 1996 Part 1, Code of Practice for Dead and Imposed Loads.

(4) BS 6399-2: 1997 Part 2, Code of Practice for Wind Loads.

(5) BS 6399-3: 1998 Part 1, Code of Practice for Imposed Roof Loads.

Representative loading may be taken for element design. Wind loading depends
on the complete building and must be estimated using the wind code.

1.5 Design calculations and computing

Calculations are needed in the design process to determine the loading on the
structure, carry out the analysis and design the elements and joints, and must
be set out clearly in a standard form. Design sketches to illustrate and amplify
the calculations are an integral part of the procedure and are used to produce
the detail drawings.

Computing now forms an increasingly larger part of design work, and all
routine calculations can be readily carried out on a PC. The use of the computer
speeds up calculation and enables alternative sections to be checked, giving
the designer a wider choice than would be possible with manual working.
However, it is most important that students understand the design principles
involved before using computer programs.

It is through doing exercises that the student consolidates the design theory
given in lectures. Problems are given at the end of most chapters.
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1.6 Detailing

Chapter 12 deals with the detailing of structural steelwork. In the earlier
chapters, sketches are made in design problems to show building arrange-
ments, loading on frames, trusses, members, connections and other features
pertinent to the design. It is often necessary to make a sketch showing the
arrangement of a joint before the design can be carried out. At the end of the
problem, sketches are made to show basic design information such as section
size, span, plate sizes, drilling, welding, etc. These sketches are used to produce
the working drawings.

The general arrangement drawing and marking plans give the information
for erection. The detailed drawings show all the particulars for fabrication of
the elements. The designer must know the conventions for making steelwork
drawings, such as the scales to be used, the methods for specifying mem-
bers, plates, bolts, welding, etc. He/she must be able to draw standard joint
details and must also have a knowledge of methods of fabrication and erection.
AutoCAD is becoming generally available and the student should be given an
appreciation of their use.



2
Limit state design

2.1 Limit state design principles

The central concepts of limit state design are as follows:

(1) All the separate conditions that make the structure unfit for use are taken
into account. These are the separate limit states.

(2) The design is based on the actual behaviour of materials and performance
of structures and members in service.

(3) Ideally, design should be based on statistical methods with a small prob-
ability of the structure reaching a limit state.

The three concepts are examined in more detail below.

Requirement (1) means that the structure should not overturn under applied
loads and its members and joints should be strong enough to carry the forces
to which they are subjected. In addition, other conditions such as excessive
deflection of beams or unacceptable vibration, though not in fact causing col-
lapse, should not make the structure unfit for use.

In concept (2), the strengths are calculated using plastic theory and post-
buckling behaviour is taken into account. The effect of imperfections on design
strength is also included. It is recognized that calculations cannot be made in
all cases to ensure that limit states are not reached. In cases such as brittle
fracture, good practice must be followed to ensure that damage or failure does
not occur.

Concept (3) implies recognition of the fact that loads and material strengths
vary, approximations are used in design and imperfections in fabrication and
erection affect the strength in service. All these factors can only be realistically
assessed in statistical terms. However, it is not yet possible to adopt a complete
probability basis for design, and the method adopted is to ensure safety by using
suitable factors. Partial factors of safety are introduced to take account of all
the uncertainties in loads, materials strengths, etc. mentioned above. These are
discussed more fully below.

2.2 Limit states for steel design

The limit states for which steelwork is to be designed are set out in Section 2
of BS 5950-1: 2000. These are as follows.

8



Working and factored loads 9
2.2.1 Ultimate limit states

The ultimate limit states include the following:

(1) strength (including general yielding, rupture, buckling and transformation
into a mechanism);

(2) stability against overturning and sway;

(3) fracture due to fatigue;

(4) brittle fracture.

When the ultimate limit states are exceeded, the whole structure or part of it
collapses.

2.2.2 Serviceability limit states
The serviceability limit states consist of the following:

(5) deflection;

(6) vibration (for example, wind-induced oscillation);
(7) repairable damage due to fatigue;

(8) corrosion and durability.

The serviceability limit states, when exceeded, make the structure or part of it
unfit for normal use but do not indicate that collapse has occurred.

All relevant limit states should be considered, but usually it will be appro-
priate to design on the basis of strength and stability at ultimate loading and
then check that deflection is not excessive under serviceability loading. Some
recommendations regarding the other limit states will be noted when appro-
priate, but detailed treatment of these topics is outside the scope of this book.

2.3 Working and factored loads

2.3.1 Working loads

The working loads (also known as the specified, characteristic or nominal
loads) are the actual loads the structure is designed to carry. These are normally
thought of as the maximum loads which will not be exceeded during the life of
the structure. In statistical terms, characteristic loads have a 95 per cent probab-
ility of not being exceeded. The main loads on buildings may be classified as:

(1) Dead loads: These are due to the weights of floor slabs, roofs, walls,
ceilings, partitions, finishes, services and self-weight of steel. When sizes
are known, dead loads can be calculated from weights of materials or
from the manufacturer’s literature. However, at the start of a design, sizes
are not known accurately and dead loads must often be estimated from
experience. The values used should be checked when the final design is
complete. For examples on element design, representative loading has been
chosen, but for the building design examples actual loads from BS 6399:
Part 1 are used.

(2) Imposed loads: These take account of the loads caused by people, furniture,
equipment, stock, etc. on the floors of buildings and snow on roofs. The
values of the floor loads used depend on the use of the building. Imposed
loads are given in BS 6399: Part 1 and snow load is given in BS 6399:
Part 3.
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(3) Wind loads: These loads depend on the location and building size. Wind
loads are given in BS 6399: Part 2." Calculation of wind loads is given in
the examples on building design.

(4) Dynamic loads: These are caused mainly by cranes. An allowance is made
for impact by increasing the static vertical loads and the inertia effects
are taken into account by applying a proportion of the vertical loads as
horizontal loads. Dynamic loads from cranes are given in BS 6399: Part 1.
Design examples show how these loads are calculated and applied to crane
girders and columns.

Other loads on the structures are caused by waves, ice, seismic effects, etc. and
these are outside the scope of this book.

2.3.2 Factored loads for the ultimate limit states

In accordance with Section 2.4.1 of BS 5950-1: 2000, factored loads are used
in design calculations for strength and stability.

Factored load = working or nominal load x relevant partial load factor, y5

The partial load factor takes account of:

(1) the unfavourable deviation of loads from their nominal values; and
(2) the reduced probability that various loads will all be at their nominal value
simultaneously.

It also allows for the uncertainties in the behaviour of materials and of the
structure as opposed to those assumed in design.

The partial load factors, y; are given in Table 2 of BS 5950-1: 2000 and
some of the factors are given in Table 2.1.

Clause 2.4.1.1 of BS 5950-1: 2000 states that the factored loads should be
applied in the most unfavourable manner and members and connections should

Table 2.1 Partial factors for load, y¢

Loading Factors y¢
Dead load 14
Dead load restraining uplift or overturning 1.0
Dead load, wind load and imposed load 1.2
Imposed load 1.6
Wind load 14
Crane loads

Vertical load 1.6
Vertical and horizontal load 14
Horizontal load 1.6
Crane loads and wind load 1.2

Note: In countries other than United Kingdom, loads can be determined in accordance with this
clause, or in accordance with local or national provisions as appropriate.
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not fail under these load conditions. Brief comments are given on some of the
load combinations:

(1) The main load for design of most members and structures is dead plus
imposed load.

(2) In light roof structures uplift and load reversal occurs and tall structures
must be checked for overturning. The load combination of dead plus wind
load is used in these cases with a load factor of 1.0 for dead and 1.4 for
wind load.

(3) It is improbable that wind and imposed loads will simultaneously reach
their maximum values and load factors are reduced accordingly.

(4) It is also unlikely that the impact and surge load from cranes will reach
maximum values together and so the load factors are reduced. Again, when
wind is considered with crane loads the factors are further reduced.

2.4 Stability limit states

To ensure stability, Clause 2.4.2 of BS 5950 states that structures must be
checked using factored loads for the following two conditions:

(1) Overturning: The structure must not overturn or lift off its seat.
(2) Sway: To ensure adequate resistance, two design checks are required:

(a) Design to resist the applied horizontal loads.

(b) A separate design for notional horizontal loads. These are to be taken
as 0.5 per cent of the factored dead plus imposed load, and are to be
applied at the roof and each floor level. They are to act with 1.4 times
the dead and 1.6 times the imposed load.

Sway resistance may be provided by bracing rigid-construction shear walls,
stair wells or lift shafts. The designer should clearly indicate the system he
is using. In examples in this book, stability against sway will be ensured by
bracing and rigid portal action.

2.5 Structural integrity

The provisions of Section 2.4.5 of BS 5950 ensure that the structure complies
with the Building Regulations and has the ability to resist progressive collapse
following accidental damage. The main parts of the clause are summarized
below:

(1) All structures must be effectively tied at all floors and roofs. Columns must
be anchored in two directions approximately at right angles. The ties may
be steel beams or reinforcement in slabs. End connections must be able to
resist a factored tensile load of 75 kN for floors and for roofs except where
the steelwork only supports cladding that weighs not more than 0.7 kN/m?
and that carries only imposed roof loads and wind loads.

(2) Additional requirements are set out for certain multi-storey buildings
where the extent of accidental damage must be limited. In general, tied
buildings will be satisfactory if the following five conditions are met:

(a) sway resistance is distributed throughout the building;
(b) extra tying is to be provided as specified;
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(c) column splices are designed to resist a specified tensile force;
(d) any beam carrying a column is checked as set out in (3) below; and
(e) precast floor units are tied and anchored.

(3) Where required in (2) the above damage must be localized by checking
to see if at any storey any single column or beam carrying a column may
be removed without causing more than a limited amount of damage. If
the removal of a member causes more than the permissible limit, it must
be designed as a key element. These critical members are designed for
accidental loads set out in the Building Regulations.

The complete section in the code and the Building Regulations should be
consulted.

2.6 Serviceability limit state deflection

Deflection is the main serviceability limit state that must be considered in
design. The limit state of vibration is outside the scope of this book and fatigue
was briefly discussed in Section 2.2.1 and, again, is not covered in detail. The
protection for steel to prevent the limit state of corrosion being reached was
mentioned in Section 2.2.4.

BS 5950-1: 2000 states in Clause 2.5.1 that deflection under serviceability
loads of a building or part should not impair the strength or efficiency of the
structure or its components or cause damage to the finishings. The service-
ability loads used are the unfactored imposed loads except in the following
cases:

(1) Dead + imposed + wind. Apply 80 per cent of the imposed and wind load.
(2) Crane surge + wind. The greater effect of either only is considered.

The structure is considered to be elastic and the most adverse combination of
loads is assumed. Deflection limitations are given in Table 8 of BS 5950-1:
2000. These are given here in Table 2.2. These limitations cover beams and
structures other than pitched-roof portal frames.

It should be noted that calculated deflections are seldom realized in the
finished structure. The deflection is based on the beam or frame steel section
only and composite action with slabs or sheeting is ignored. Again, the full
value of the imposed load used in the calculations is rarely achieved in practice.

Table 2.2 Deflection limits

Deflection of beams due to unfactored imposed loads

Cantilevers Length/180
Beams carrying plaster Span/360

All other beams Span/200
Horizontal deflection of columns due to unfactored imposed and wind loads

Tops of columns in single-storey buildings Height/300

In each storey of a building with more than one storey Storey height/300
Crane gantry girders

Vertical deflection due to static wheel loads Span/600
Horizontal deflection (calculated on top flange properties alone) due to Span/500

crane surge
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2.7 Design strength of materials

The design strengths for steel complying with BS 5950-2 are given in
Section 3.1.1 of BS 5950-1: 2000. Note that the material strength factor yp,
part of the overall safety factor in limit state design, is taken as 1.0 in the code.
The design strength may be taken as

py = 1.0 Y but not greater than Us/1.2
where Y is the minimum yield strength, R.g and U the minimum ultimate
tensile strength, Ry,.

For the common types of steel values of py are given in Table 9 of the code
and reproduced in Table 2.3.

Table 2.3 Design strengths py for steel

Steel grade  Thickness (mm) less  Sections, plates and hollow

than or equal to sections, py (N/mmz)
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

The code states that the following values for the elastic properties are to
be used:

Modulus of elasticity, E = 205 000 N/mm?
Shear modulus, G = E/[2(1 + v)]
Poisson’s ratio, v = 0.30

Coefficient of linear thermal expansion

(in the ambient temperature range), o = 12 x 107%/°C
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Limit state design

2.8 Design methods for buildings

The design of buildings must be carried out in accordance with one of the
methods given in Clause 2.1.2 of BS 5950-1: 2000. The design methods are
as follows:

(M

(2)

3)

“4)

Simple design: In this method, the connections between members are
assumed not to develop moments adversely affecting either the members
or structure as a whole. The structure is assumed to be pin jointed for
analysis. Bracing or shear walls are necessary to provide resistance to
horizontal loading.

Continuous design: The connections are assumed to be capable of develop-
ing the strength and/or stiffness required by an analysis assuming full con-
tinuity. The analysis may be made using either elastic or plastic methods.
Semi-continuous design: This method may be used where the joints have
some degree of strength and stiffness, but insufficient to develop full con-
tinuity. Either elastic or plastic analysis may be used. The moment capacity,
rotational stiffness and rotation capacity of the joints should be based on
experimental evidence. This may permit some limited plasticity, provided
that the capacity of the bolts or welds is not the failure criterion. On this
basis, the design should satisfy the strength, stiffness and in-plane stabil-
ity requirements of all parts of the structure when partial continuity at the
joints is taken into account in determining the moments and forces in the
members.

Experimental verification: The code states that where the design of a struc-
ture or element by calculation in accordance with any of the above methods
is not practicable, the strength and stiffness may be confirmed by loading
tests. The test procedure is set out in Section 7 of the code.

In practice, structures are designed to either the simple or continuous meth-
ods of design. Semi-continuous design has never found general favour with
designers. Examples in this book are generally of the simple method of design.
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3.1 Structural steel properties

Structural steel products are manufactured to conform to new specifications
given in BS 5950 Part 2: 2001. The previously used specification for weldable
structural steels, BS 4360: 1990 has been replaced by a series of Euronorm
specifications for technical delivery requirements, dimensions and tolerances
suchas BSEN10025, BSEN10029,BS EN10051, BSEN10113,BSEN10137,
BS EN10155, BS EN10163, BS EN10210, BS EN10219 and others.

Steel is composed of about 98 per cent of iron with the main alloying
elements carbon, silicon and manganese. Copper and chromium are added to
produce the weather-resistant steels that do not require corrosion protection.
Structural steel is basically produced in three strength grades S275, S355 and
S5460. The important design properties are strength, ductility, impact resistance
and weldability.

The stress—strain curves for the three grades of steel are shown in
Figure 3.1(a) and these are the basis for the design methods used for steel. Elas-
tic design is kept within the elastic region and because steel is almost perfectly
elastic, design based on elastic theory is a very good method to use.

The stress—strain curves show a small plateau beyond the elastic limit and
then an increase in strength due to strain hardening. Plastic design is based on
the horizontal part of the stress—strain shown in Figure 3.1(b).

The mechanical properties for steels are set out in the respective specifica-
tions mentioned earlier. The yield strengths for the various grades vary with
the thickness and other important design properties are given in Section 2.7 of
this book.

3.2 Design considerations

Special problems occur with steelwork and good practice must be followed to
ensure satisfactory performance in service. These factors are discussed briefly
below in order to bring them to the attention of students and designers, although
they are not generally of great importance in the design problems covered in
this book. However, it is worth noting that the material safety factor yy, is set
to unity in BS 5950 which implies a certain level of quality and testing in steel
usage. Weld procedures are qualified by maximum carbon equivalent values.

15
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(a) Stress—strain diagrams for structural steels
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(b) Stress—strain diagram for plastic design
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Figure 3.1 Stress—strain diagrams for structural steels

Attention to weldability should be given when dealing with special, thick and
higher grade steel to avoid hydrogen induced cracking. Reader can refer to
BS EN10229: 1998 for more information if necessary.

3.2.1 Fatigue

Fatigue failure can occur in members or structures subjected to fluctuating
loads such as crane girders, bridges and offshore structures. Failure occurs
through initiation and propagation of a crack that starts at a fault or structural
discontinuity and the failure load may be well below its static value.

Welded connections have the greatest effect on the fatigue strength of steel
structures. Tests show that butt welds give the best performance in service
while continuous fillet welds are much superior to intermittent fillet welds.
Bolted connections do not reduce the strength under fatigue loading. To help
avoid fatigue failure, detail should be such that stress concentrations and abrupt
changes of section are avoided in regions of tensile stress. Cases where fatigue
could occur are noted in this book, and for further information the reader should
consult reference (1).
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3.2.2 Brittle fracture

Structural steel is ductile at temperatures above 10°C but it becomes more
brittle as the temperature falls, and fracture can occur at low stresses below
0°C. The Charpy impact test is used to determine the resistance of steel to
brittle fracture. In this test, a small specimen is broken by a hammer and the
energy or toughness to cause failure at a given test temperature is measured.

In design, brittle fracture should be avoided by using steel quality grade
with adequate impact toughness. Quality steels are designated JR, JO, J2, K2
and so forth in order of increasing resistance to brittle fracture. The Charpy
impact fracture toughness is specified for the various steel quality grades: for
example, Grade S275 JO steel is to have a minimum fracture toughness of 27 J
at a test temperature of 0°C.

In addition to taking care in the selection of steel grade to be used, it is also
necessary to pay special attention to the design details to reduce the likeli-
hood of brittle fracture. Thin plates are more resistant than thick ones. Abrupt
changes of section and stress concentration should be avoided. Fillets welds
should not be laid down across tension flanges and intermittent welding should
not be used.

Cases where brittle fracture may occur in design of structural elements
are noted in this book. For further information, the reader should consult
reference (2).

3.2.3 Fire protection

Structural steelwork performs badly in fires, with the strength decreasing with
increase in temperature. At 550°C, the yield stress has fallen to approximately
0.7 of its value at normal temperatures; that is, it has reached its working stress
and failure occurs under working loads.

The statutory requirements for fire protection are usually set out clearly in the
approved documents from the local Building Regulations (3) or Fire Safety
Authority. These lay down the fire-resistance period that any load-bearing
element in a given building must have, and also give the fire-resistance periods
for different types of fire protection. Fire protection can be provided by encas-
ing the member in concrete, fire board or cementitious fibre materials. The main
types of fire protection for columns and beams are shown in Figure 3.2. More
recently, intumescent paint is being used especially for exposed steelwork.

Solid casing Hollow casing Profile casing

Figure 3.2 