palgrave

macmillan

Design of
Structural Elements

W.M.C. M%Kenzie




Design of Structural Elements

W.M.C. M Kenzie BSc, PhD, CPhys, MInstP, CEng.
Teaching Fellow, Napier University, Edinburgh



© W. M. C. McKenzie 2004

All rights reserved. No reproduction, copy or transmission of
this publication may be made without written permission.

No paragraph of this publication may be reproduced, copied or
transmitted save with written permission or in accordance with

the provisions of the Copyright, Designs and Patents Act 1988,

or under the terms of any licence permitting limited copying

issued by the Copyright Licensing Agency, 90 Tottenham Court Road,
London W1T 4LP.

Any person who does any unauthorised act in relations to this
publication may be liable to criminal prosecution and civil
claims for damages.

The author(s) has/have asserted his/her/their right(s) to be identified as the author(s) of this
work in accordance with the Copyright, Designs and Patents Act 1988.

First published 2004 by

PALGRAVE MACMILLAN

Houndmills, Basingstoke, Hampshire RG21 6XS and
175 Fifth Avenue, New York, N.Y. 10010
Companies and representatives throughout the world

PALGRAVE MACMILLAN is the global academic imprint of the Palgrave Macmillan division
of St. Martin’s Press LLC and of Palgrave Macmillan Ltd. Macmillan® is a registered trademark
in the United States, United Kingdom and other countries. Palgrave is a registered trademark in
the European Union and other countries.

ISBN 1-4039-1224-6 paperback

This book is printed on paper suitable for recycling and made from fully managed and sustained
forest sources

A catalogue record for this book is available from the British Library.
Library of Congress Cataloging-in-Publication Data

p.cm.
Includes bibliographical references and index.
ISBN 0-333-00000-0

Printed in Great Britain by
Antony Rowe Ltd, Chippenham and Eastbourne



Contents

Preface

Acknowledgements

1. Structural Analysis Techniques

1.1
1.2

1.3
1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

Resumé of Analysis Techniques

Method of Sections for Pin-Jointed Frames

1.2.1 Example 1.1: Pin-Jointed Truss

Method of Joint Resolution for Pin-Jointed Frames

Unit Load Method to Determine the Deflection of Pin-Jointed Frames
1.4.1 Example 1.2: Deflection of a Pin-Jointed Truss

Shear Force and Bending Moment

1.5.1 Shear Force Diagrams

1.5.2 Bending Moment Diagrams

1.5.3 Example 1.3: Beam with Uniformly Distributed Load (UDL)
1.5.4 Example 1.4: Beam with Combined Point Loads and UDLs
McCaulay’s Method for the Deflection of Beams

1.6.1 Example 1.5: Beam with Point Loads

1.6.2 Example 1.6: Beam with Combined Point Loads and UDLs
Equivalent UDL Technique for the Deflection of Beams

Elastic Shear Stress Distribution

1.8.1 Example 1.7: Shear Stress Distribution in a Rectangular Beam
Elastic Bending Stress Distribution

1.9.1 Example 1.8: Bending Stress Distribution in a Rectangular Beam
Transformed Sections

1.10.1 Example 1.9: Composite Timber/Steel Section

Moment Distribution

1.11.1 Bending (Rotational) Stiffness

1.11.2 Carry-Over Moment

1.11.3Pinned End

1.11.4 Free and Fixed Bending Moments

Xvii
XiX

o) N e L "

10
13
16
20
23
25
26
29
32
33
34
36
38
39
40
42
44
45
45
45



Y

1.11.5
1.11.6
1.11.7
1.11.8
1.11.9

1.11.10 Example 1.12: Three-span Continuous Beam

Contents

Example 1.10: Single-span Encastre Beam

Propped Cantilevers
Example 1.11: Propped Cantilever
Distribution Factors

Application of the Method

2. Design Philosophies

2.1
22
23
24
2.5
2.6

Introduction

Permissible Stress Design

Load Factor Design

Limit State Design

Design Codes

Eurocodes

2.6.1
2.6.2
263

2.64
2.6.5

2.6.6

National Annex
Normative and Informative

Terminology, Symbols and Conventions
2.6.3.1 Decimal Point
2.6.3.2 Symbols and Subscripts

Limit State Design

Design Values
2.6.5.1 Partial Safety Factors

Conventions

3. Structural Loading

3.1

Introduction

3.1.1
3.1.2
3.13
3.14

Dead loads: BS 648:1964

Imposed Loads: BS 6399-1:1996
Imposed Roof Loads: BS 6399-3:1988
Wind Loads: BS 6399-2:1997

3.2  Floor Load Distribution

33

3.4 Example 3.2: Load Distribution — Two-way Spanning Slabs

Example 3.1: Load Distribution — One-way Spanning Slabs

47
49
50
53
54
55

63
63
63
63
64
65
67
67
68

68
68
68

69

70
71

73

74
74
74
74
75
75
75
76
77



Contents \%

3.5 Example 3.3: Load Distribution — Secondary Beams 78
3.6 Example 3.4: Combined One-way/Two-way Slabs and Beams —1 79
3.7 Example 3.5: Combined One-way/Two-way Slabs and Beams — 2 80
3.8 Example 3.6: Combined One-way/Two-way Slabs and Beams — 3 83
4. Structural Instability, Overall Stability and Robustness 86
4.1 Introduction 86
4.2 Opverall Buckling 86
4.2.1 Short Elements 87
4.2.2  Slender Elements 87
4.2.3 Intermediate Elements 88
4.2.4  Secondary Stresses 88
4.2.4.1 Effect on Short Elements 89

4.2.4.2 Effect on Slender Elements 90

4.2.4.3 Effect on Intermediate Elements 90

4.2.5 Critical Stress 90
4.2.5.1 Critical Stress for Short Columns 90

4.2.5.2 Critical Stress for Slender Columns 90

4.2.5.3 Effective Buckling Length 92

4.2.5.4 Critical Stress for Intermediate Columns 94

4.3  Local Buckling 100
4.4  Lateral Torsional Buckling 100
4.4.1 Lateral Restraint 101
4.4.1.1 Full Lateral Restraint 101

4.4.1.2 Intermittent Lateral Restraint 102

4.4.1.3 Torsional Restraint 102

4.4.1.4 Beams without Torsional Restraint 103

442 Effective Length 103

4.5 Overall Structural Stability 103
4.5.1 Structural Form 106
4.5.2 Braced Frames 106
4.5.3 Unbraced Frames 107
4.5.4 Shear Cores/Walls 108
4.5.5 Cross-Wall Construction 110
4.5.6  Cellular Construction 110

4.5.7 Diaphragm Action 111



Vi

4.5.8

Contents

Accidental Damage and Robustness

5. Design of Reinforced Concrete Elements

5.1

Introduction

5.2 Material Properties

5.3

54

5.2.1
522
523
524
525
526
527
5.2.8
529
5.2.10

5.2.11
52.12
5.2.13

Concrete Compressive Strength

Concrete Tensile Strength

Concrete Stress-Strain Relationship

Concrete Modulus of Elasticity

Concrete Poisson’s Ratio

Steel Reinforcement Strength

Steel Reinforcement Stress-Strain Relationship
Steel Reinforcement Modulus of Elasticity
Material Partial Safety Factors

Durability
5.2.10.1 Minimum Dimensions

Example 5.1: Nominal Cover 1
Example 5.2: Nominal Cover 2

Example 5.3: Nominal Cover 3

Flexural Strength of Sections

5.3.1
532
533
534
535
5.3.6
5.3.7
5.3.8
5.39

Singly-reinforced Sections

Example 5.4: Singly-reinforced Rectangular Beam 1
Example 5.5: Singly-reinforced Rectangular Beam 2
Example 5.6: Singly-reinforced Rectangular Beam 3
Example 5.7: Singly-reinforced Rectangular Slab 1
Doubly-reinforced Sections

Example 5.8: Doubly-reinforced Rectangular Beam 1
Example 5.9: Doubly-reinforced Rectangular Beam 2

Example 5.10: Doubly-reinforced Rectangular Beam 3

Shear Strength of Sections

54.1
54.2

Example 5.11: Shear Links Beam 1
Example 5.12: Shear Links Beam 2

111

113
116
116
116
116
118
118
118
118
120
120

120
123

123
124
126
126
131
133
133
134
135
140
142
143
145
147
151
153



55

5.6
5.7

5.8

59

Contents

Deflection of Beams

5.5.1 Example 5.13: Deflection — Beam 1

5.5.2 Example 5.14: Deflection — Beam 2

5.5.3 Example 5.15: Deflection — Rectangular Slab
Effective Span of Beams
Detailing of Sections

5.7.1 Minimum Areas of Steel
5.7.1.1 Example 5.16: Minimum Areas of Steel

5.7.2 Maximum Areas of Steel
5.7.3  Minimum Spacing of Bars
5.7.4 Maximum Spacing of Bars
5.7.5 Bond and Anchorage

5.7.6  Lap Lengths

5.7.7  Curtailment of Bars and Anchorage at Supports
5.7.7.1 Simplified Detailing Rules for Beams

Example 5.17: Slab and Beam Design
5.8.1 Solution to Example 5.17

Example 5.18: Doubly Reinforced Beam
5.9.1 Solution to Example 5.18

5.10 T and L Beams

5.10.1 Introduction

5.10.2 Bending

5.10.3 Shear

5.10.4 Deflection

5.10.5 Transverse Reinforcement

5.10.6 Example 5.19: Single-Span T-Beam Design
5.10.7 Solution to Example 5.19

5.11 Multi-Span Beams and Slabs

5.11.1 Analysis

5.11.1.1 Example 5.20: Analysis of a Typical Sub-Frame

5.11.2 Re-Distribution of Moments

5.11.2.1 Example 5.21: Redistribution of Moments in a Two-Span

Beam

vii
156
158
159
162
163
163

164
164

167
167
168
170
172

173
175

177
178
186
186
188
188
189
189
189
189
189
191
195

195
201

203

204



viii
5.11.3
5.11.4

Contents

Example 5.22: Multi-Span Floor System Design
Solution to Example 5.22

5.12 Ribbed Slabs (with Solid Blocks, Hollow Blocks or Voids)

5.12.1
5.12.2
5.12.3
5.12.4
5.12.5
5.12.6
5.12.7
5.12.8
5.12.9

Introduction

Spacing and Size of Ribs

Thickness of Structural Topping

Deflection

Arrangement of Reinforcement

Links in Ribs

Design Resistance Moments

Design Shear Stress

Example 5.23: Single-Span Hollow- Tile Floor

5.12.10 Solution to Example 5.23

5.13 Two-Way Spanning Slabs

5.13.1
5.13.2
5.133
5.13.4
5.135
5.13.6
5.13.7
5.13.8
5.139

Introduction
Simply-Supported Slabs
Deflection

Restrained Slabs
Torsion

Loads on Supporting Beams

Example 5.24: Simply-Supported Two-Way Spanning Slab

Solution to Example 5.24
Example 5.25: Two-Way Spanning Restrained Slab

5.13.10 Solution to Example 5.25

5.14 Design Charts for Bending Moments

5.14.1
5.142

5.14.3 Example 5.28: Doubly-Reinforced Rectangular Beam

Example 5.26: Singly-Reinforced Rectangular Beam
Example 5.27: Singly-Reinforced Rectangular Slab

5.15 Columns

5.15.1

Design Resistance of Columns

5.15.1.1 Short Columns Resisting Moments and Axial Forces
5.15.1.2 Short Braced Columns Supporting an Approximately

Symmetrical Arrangement of Beams

207
208
221
221
223
223
223
223
224
224
224
224
225
229
229
230
231
231
232
233
233
234
237
238
243
243
244
245
246
248
249

249



Contents

5.15.2 Example 5.29: Axially Loaded Short Column
5.15.3 Solution to Example 5.29
5.15.4 Example 5.30: Reinforced Concrete Multi-Storey Braced Column
5.15.5 Solution to Example 5.30
5.16 Foundations
5.16.1 Introduction
5.16.2 Pad Foundations
5.16.3 Combined Foundations
5.16.4 Strip Footings
5.16.5 Raft Foundations
5.16.6 Piled Foundations
5.16.7 Loading Effects

5.16.8 Base Pressures
5.16.8.1 Case 1: Uniform Pressure (compression throughout)
5.16.8.2 Case 2: Varying Pressure (compression throughout)
5.16.8.3 Case 3: Varying Pressure (compression over part of
the base)

5.16.9 Design of Pad Foundations
5.16.9.1 Critical Section for Bending
5.16.9.2 Critical Sections for Shear
5.16.9.3 Design Procedure

5.16.10 Example 5.31: Axially Loaded Pad Foundation
5.16.11 Solution to Example 5.31
5.16.12 Example 5.32: Pad Foundation with Axial Load and Moment
5.16.13 Solution to Example 5.32
5.16.14 Example 5.33: Inverted T-Beam Combined Foundation
5.16.15 Solution to Example 5.33
6. Design of Structural Steelwork Elements

6.1 Introduction

6.2  Material Properties
6.2.1  Stress-Strain Characteristics

6.2.2  Ductility
6.2.2.1 Example 6.1
6.2.2.2 Example 6.2

6.2.3  Fatigue

ix
249
250
251
252
256
256
256
256
257
257
258
259

259
259
260
260

261
261
262
262

263
263
268
268
275
275
282
282
283
283

284
285
286

287



6.2.4
6.2.5

6.2.6

Contents

Elastic Properties

Section Classification

6.2.5.1 Aspect Ratio

6.2.5.2 Type of Section

6.2.5.3 Plastic Sections

6.2.5.4 Compact Sections

6.2.5.5 Semi-compact Sections

6.2.5.6 Slender Sections

6.2.5.7 Example 6.3: Classification of Sections

Cross-Section Properties

6.2.6.1 Gross Cross-sectional Properties

6.2.6.2 Net Cross-sectional Area

6.2.6.3 Example 6.4: Net Cross-sectional Area

6.2.6.4 Effective Net Cross-sectional Area

6.2.6.5 Example 6.5: Effective Net Cross-sectional Area

6.2.6.6 Effective Plastic Section Modulus for Class 3 Sections

6.2.6.7 Example 6.6: Effective Plastic Section Modulus for Class 3
Sections

6.2.6.8 Effective Cross-sectional Area and Section Modulus for
Class 4 Sections

6.2.6.9 Example 6.7: Effective Plastic Section Properties for
Class 4 Sections

6.3 Axially Loaded Elements

6.3.1
6.3.2

6.3.3

Introduction

Tension Members

6.3.2.1 Effects of Eccentric Connections

6.3.2.2 Single Angle, Channels and T-Sections

6.3.2.3 Double Angles, Channels and T-Sections Connected Both
Sides of a Gusset Plate

6.3.2.4 Other Simple Ties

6.3.2.5 Example 6.8: Plate with Staggered Holes — Single and
Double Angle Sections

6.3.2.6 Solution to Example 6.8

Compression Members

6.3.3.1 Compressive Strength

6.3.3.2 Compressive Resistance

6.3.3.3 Slenderness

6.3.3.4 Example 6.9: Single Angle Strut

6.3.3.5 Solution to Example 6.9

6.3.3.6 Example 6.10: Double Angle Strut

6.3.3.7 Solution to Example 6.10

6.3.3.8 Example 6.11: Side Column with Lateral Restraint to
Flanges

6.3.3.9 Solution to Example 6.11

287

287
288
289
291
291
291
292
292

295
295
295
296
297
297
297

298

300

301
302
302

306
306
307

307
308

309
309

312
312
313
313
314
315
316
316

318
318



6.3.4

6.3.5

6.3.6

Contents bl

6.3.3.10 Example 6.12: Concentrically Loaded Column 319
6.3.3.11 Solution to Example 6.12 320
6.3.3.12 Column Base Plates 321
6.3.3.13 Example 6.13: Column Base Plate 323
6.3.3.14 Solution to Example 6.13 323
Flexural Elements 326
6.3.4.1 Section Classification 327
6.3.4.2 Shear Capacity 327
6.3.4.3 Example 6.14: Shear Check of a Simply Supported Beam 328
6.3.4.4 Moment Capacity 329
6.3.4.5 Example 6.15: Moment Capacity of Beam with Full Lateral

Restraint 332
6.3.4.6 Solution to Example 6.15 333
6.3.4.7 Moment Capacity of Beams with Intermittent Lateral

Restraint 336
6.3.4.8 Example 6.16: Beam with No Lateral Restraint 338
6.3.4.9 Solution to Example 6.16 339
6.3.4.10 Example 6.17: Beam I with Intermittent Lateral Restraint 344
6.3.4.11 Solution to Example 6.17 344
6.3.4.12 Example 6.18: Rectangular Hollow Section 349
6.3.4.13 Solution to Example 6.18 349
6.3.4.14 Deflection — Example 6.19 354
6.3.4.15 Web Bearing and Web Buckling — Example 6.20 357
6.3.4.16 Example 6.21: Beam 2 with Intermittent Lateral Restraint 361
6.3.4.17 Solution to Example 6.21 362
6.3.4.18 Example 6.22: Beam 3 Beam with Cantilever Span 368
6.3.4.19 Solution to Example 6.22 368
Elements Subject to Combined Axial and Flexural Loads 375
6.3.5.1 Introduction 375
6.3.5.2 Combined Tension and Bending 375
6.3.5.3 Reduced Moment Capacity 377
6.3.5.4 Combined Compression and Bending 378
6.3.5.5 Example 6.23: Lattice Top Chord with Axial and Bending

Loads 381
6.3.5.6 Solution to Example 6.23 381
6.3.5.7 Simple Construction — Examples 6.24 and 6.25 387
Connections 399
6.3.6.1 Introduction 399
6.3.6.2 Simple Connections 400
6.3.6.3 Moment Connections 401
6.3.6.4 Bolted Connections 407
6.3.6.5 Single Lap Joint — Examples 6.26 and 6.27 415
6.3.6.6 Welded Connections — Examples 6.28 and 6.29 419
6.3.6.7 Beam End Connections — Example 6.30 423

6.3.6.8 Design of Moment Connections 433



Xii

Contents

6.3.6.9 Typical Site Connection using H.S.F.G. Bolts
Examples 31 and 32

7. Design of Structural Timber Elements

7.1

7.2

7.3

7.4
7.5
7.6
7.7

7.8

Introduction

7.1.1
7.1.2

Moisture Content

Defects in Timber

Classification of Timber

7.2.1
7.2.2

Visual Strength Grading
Machine Strength Grading

Material Properties

7.3.1

Permissible Stress Design

Modification Factors

Flexural Members

Effective Span

Solid Rectangular Beams

7.7.1
7.7.2
7.1.3
7.7.4
7.1.5
7.7.6

7.1.7

Shear

Bending
Deflection
Bearing

Lateral Stability

Notched Beams
7.7.6.1 Effect on Shear Strength
7.7.6.2 Effect on Bending Strength

Example 7.1: Suspended Timber Floor System
7.7.7.1 Solution to Example 7.1

Ply-web Beams

7.8.1

7.8.2

7.8.3
7.8.4

Web

7.8.1.1 Panel Shear
7.8.1.2 Rolling Shear
7.8.1.3 Web Stiffeners

Flanges
7.8.2.1 Bending
7.8.2.2 Deflection

Lateral stability
Example 7.2: Ply-web Beam Design

434

439
439
441
442
443
444
444
446
448
451
453
453
453
454
454
455
456

457
457
458

459
460

468

469
469
470
471

471
471
473

474
475



Contents Xiii

7.8.4.1 Solution to Example 7.2 475

7.9 Glued Laminated Beams (Glulam) 479
7.9.1 Manufacture of Glulam 480
7.9.1.1 Finger-Joints 480

7.9.1.2 Adhesives 480

7.9.1.3 Surface finishes 481

7.9.1.4 Preservation treatment 481

7.9.2  Vertically Laminated Beams 481
7.9.3  Horizontally Laminated Beams 481
7.9.3.1 Modification factors 483

7.9.4 Example 7.3: Glulam Roof Beam Design 484
7.9.4.1 Solution to Example 7.3 484

7.10 Axially Loaded Members 487
7.10.1 Introduction 487
7.10.2 Design of Tension Members 487
7.10.3 Example 7.4: Truss Tie Member 488
7.10.3.1 Solution to Example 7.4 488

7.10.4 Design of Compression Members 489
7.10.4.1 Slenderness 490

7.10.5 Example 7.5: Concentrically Loaded Column 493
7.10.5.1 Solution to Example 7.5 493

7.11 Members Subject to Combined Axial and Flexural Loads 496
7.11.1 Introduction 496
7.11.2 Combined Bending and Axial Tension 496
7.11.3 Example 7.6: Ceiling Tie 497
7.11.3.1 Solution to Example 7.6 497

7.11.4 Combined Bending and Axial Compression 499
7.11.5 Example 7.7: Stud Wall 500
7.11.5.1 Solution to Example 7.7 501

7.12 Mechanical Fasteners 505
7.12.1 Nails 505
7.12.2 Example 7.8: Nailed Tension Splice 509

8. Design of Structural Masonry Elements
8.1 Introduction 513
8.2  Materials 514



X1V

8.3

8.4

8.2.1

8.2.2
8.2.3
824
8.2.5
8.2.6
8.2.7

Contents

Structural Units
8.2.1.1 Dimensions and Size

Mortar

Bonds

Joint Finishes
Damp-Proof Courses
Rendering

Wall Ties

Material Properties

8.3.1 Compressive Strength

8.3.2  Flexural Strength

8.3.3 Tensile Strength

8.3.4 Shear Strength

8.3.5 Modulus of Elasticity

8.3.6  Coefficient of Friction

8.3.7 Creep, Moisture Movement and Thermal Expansion
Axially Loaded Walls

8.4.1 Introduction

8.4.2  Characteristic Compressive Strength of Masonry

8.4.3

8.44
8.4.5

8.4.6

8.4.7

8.4.2.1 Compressive Strength of Unit
8.4.2.2 Compressive Strength of Mortar

Partial Safety Factor for Material Strength
8.4.3.1 Normal Control
8.4.3.2 Special Control

Plan Area

Thickness of Wall
8.4.5.1 Effective Thickness

Slenderness

8.4.6.1 Effective Height

8.4.6.2 Effective Length

8.4.6.3 Horizontal Simple Supports
8.4.6.4 Horizontal Enhanced Supports
8.4.6.5 Vertical Simple Supports
8.4.6.6 Vertical Enhanced Support

Eccentricity of Applied Loading
8.4.7.1 Eccentricity in the Plane of a Wall

514
514

515
516
517
518
519
520
521
521
522
523
523
524
525
525
525
525

526
527
529

529
530
530

531

532
532

533
534
535
536
537
538
538

539
539



Contents

8.4.7.2 Eccentricity Perpendicular to the Plane of a Wall
8.4.8 Combined Slenderness and Eccentricity
8.4.9  Eccentricities in Columns
8.4.10 Type of Structural Unit
8.4.11 Laying of Structural Units
8.5 Example 8.1: Single-Leaf Masonry Wall — Concentric Axial Load
8.5.1 Solution to Example 8.1
8.6  Example 8.2: Single-Leaf Masonry Wall — Eccentric Axial Load
8.6.1 Solution to Example 8.2
8.7  Columns
8.8  Example 8.3: Masonry Column
8.8.1  Solution to Example 8.3
8.9  Stiffened Walls
8.10 Example 8.4: Stiffened Single-Leaf Masonry Wall
8.10.1 Solution to Example 8.4
8.11 Cavity Walls
8.11.1 Limitation on Uninterrupted Height
8.11.2 Accommodation of Differential Vertical Movement
8.11.3 Accommodation of Differential Horizontal Movement
8.12 Example 8.5: Cavity Wall
8.12.1 Solution to Example 8.5
8.13 Laterally Loaded Walls
8.13.1 Introduction
8.13.2 Design Strength of Panels
8.13.3 Edge Support Conditions and Continuity
8.13.4 Limiting Dimensions
8.13.5 Design Lateral Strength of Cavity Walls
8.14 Example 8.6: Laterally Loaded Single-Leaf Wall
8.14.1 Solution to Example 8.6
8.15 Example 8.7: Laterally Loaded Cavity Wall
8.15.1 Solution to Example 8.7
8.16 Concentrated Loads on Walls

XV

539
540
541
542
542
543
544
549
549
552
553
554
555
556
557
558
560
561
561
561
562
564
564
565
567
569
570
571
572
574
575
577



XVvi Contents

8.16.1 Example 8.8: Concentrated Load Due to Reinforced Concrete Beam 581

8.16.2 Solution to Example 8.8 582
8.17 Glossary of Commonly Used Terms 586
Appendices
Appendix 1
Greek Alphabet 593
SI Prefixes 593
Approximate Values of Coefficients of Static Friction 593
Approximate Values of Material Properties 593
Appendix 2: Properties of Geometric Figures 594
Appendix 3: Beam Reactions, Bending Moments and Deflections 599
Simply Supported Beams 600
Cantilever Beams 601
Propped Cantilevers 602
Fixed-End Beams 603
Appendix 4: Continuous Beam Coefficients 606
Two-span Beams — Uniformly distributed loads 607
Three-span Beams — Uniformly distributed loads 608
Four-span Beams — Uniformly distributed loads 609
Two-span Beams — Point loads 611
Three-span Beams — Point loads 612
Four-span Beams — Point loads 613
Appendix 5: Self-weights of Construction Materials 615
Appendix 6: Areas of Reinforcing Steel 617
Appendix 7: Bolt and Weld Capacities 619
Bibliography 622

Index 630



Preface
It has been suggested that structural engineering is:

‘The science and art of designing and making with economy and elegance buildings,
bridges, frameworks and other similar structures so that they can safely resist the forces to
which they may be subjected.’ (ref. 49).

The development of new building materials/structural systems and improved
understanding of their behaviour has increased at a faster rate during the latter half of the
20" century than at any time in history. The most commonly used materials are reinforced
concrete, structural steelwork, timber and masonry. In all developed countries of the world
structural design codes/codes of practice have been formulated or adopted to enable
engineers to design structures using these materials which should be safe and suitable for
the purpose for which they are intended. Despite this, the fact remains that structural
failures do, and always will, occur.

In order to minimize the occurrence of failure it is necessary to incorporate education,
training, experience and quality control in all aspects of a design project. To provide
merely familiarity with design codes as part of an educational program is clearly
inadequate; understanding and competence will only develop with further training and
experience.

This text is intended to introduce potential engineers to the design requirements of the
codes for the four materials mentioned above and illustrates the concepts and calculations
necessary for the design of the most frequently encountered basic structural elements.

Whilst the emphasis of the text is on reinforced concrete and structural steelwork, there
are sufficient explanation and worked examples relating to timber and masonry design for
most undergraduate courses. Comprehensive and detailed information, including
numerous, worked examples in both timber and masonry design is available, in the
following texts by the author; Design of Structural Timber ISBN 0-333-79236-X and
Design of Structural Masonry 1SBN 0-333-79237-8, published by Palgrave Macmillan

The most commonly used hand-analysis techniques, design philosophies and structural
loadings are summarized and illustrated in Section One, whilst specific design
requirements for reinforced concrete, structural steelwork, timber and masonry are given
in Sections Two, Three, Four and Five respectively.

Structural stability, which is fundamental to the success of any building, is discussed in
Section One. A number of ‘Data Sheets’ providing general information for analysis and
design are given in the Appendices.

This book is intended for use by architectural, building and civil engineering students
studying B.Sc./B.Eng./HND/HNC level courses in structural design. In addition it will be

suitable for recently qualified, practising engineers or those who require a refresher course

Xvii
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in structural design.

Extensive reference is made to the appropriate Clauses in the relevant design codes,
most of which are given in ‘Extracts from British Standards for students of structural
design’ (ref. 39).

W.M.C. M°Kenzie
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1. Structural Analysis Techniques

Objective: to provide a resumé of the elastic methods of structural analysis, most
commonly used when undertaking structural design.

1.1  Resumé of Analysis Techniques

The following resumé gives a brief summary of the most common manual techniques
adopted to determine the forces induced in the members of statically determinate
structures. There are numerous structural analysis books available which give
comprehensive detailed explanations of these and other more advanced techniques.

The laws of structural mechanics are well established in recognised ‘elastic theory’
using the following assumptions:

¢ The material is homogeneous, which implies, its constituent parts have the same
physical properties throughout its entire volume.

¢ The material is isotropic, which implies that the elastic properties are the same in
all directions.

¢ The material obeys Hooke’s Law, i.e. when subjected to an external force system
the deformations induced will be directly proportional to the magnitude of the
applied force.

¢ The material is elastic, which implies that it will recover completely from any
deformation after the removal of load.

& The modulus of elasticity is the same in tension and compression.

¢ Plane sections remain plane during deformation. During bending this
assumption is violated and is reflected in a non-linear bending stress diagram
throughout cross-sections subject to a moment; this is normally neglected.

1.2 Method of Sections for Pin-Jointed Frames

The method of sections involves the application of the three equations of static equilibrium
to two-dimensional plane frames. The sign convention adopted to indicate ties (i.e. tension
members) and struts (i.e. compression members) in frames is as shown in Figure 1.1.

o< o
Joint Strut — compression member Joint
o > <4— Y

Tie — tension member

Figure 1.1
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The method involves considering an imaginary section line which cuts the frame under
consideration into two parts A and B as shown in Figure 1.4.

Since only three independent equations of equilibrium are available any section taken
through a frame must not include more than three members for which the internal force is
unknown.

Consideration of the equilibrium of the resulting force system enables the magnitude
and sense (i.e. compression or tension) of the forces in the cut members to be determined.

1.2.1 Example 1.1: Pin-Jointed Truss

A pin-jointed truss simply supported by a pinned support at A and a roller support at E
carries three loads at nodes G, H and I as shown in Figure 1.4. Determine the magnitude
and sense of the forces induced in members X, Y and Z as indicated.

10 kN 10 kN 10 kN

F G H I J
X

Y

Z
%A B C D E T
4 4bays @ 2.0m=8.0m j

Figure 1.2

H#— 20m —+

Step 1: Evaluate the support reactions. It is not necessary to know any information
regarding the frame members at this stage other than dimensions as shown in Figure 1.3,
since only externally applied loads and reactions are involved.

10 kN 10 kN 10 kN

.

2.0m J

Hy

2.0m 2.0 m 2.0 m 2.0m
VA VE
Figure 1.3
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Apply the three equations of static equilibrium to the force system:

+ve 4 TF, =0 VaA—(10+10+10)+Vg = 0 Va+Ve = 30kN
+ve —» XF, =0 Hy =0
+ve ) My =0 (10x2.0)+ (10 x4.0) + (10 x 6.0) — (Vg x 8.0) =0

Vg = 15kN

hence V, = 15kN

Step 2: Select a section through which the frame can be considered to be cut and using
the same three equations of equilibrium determine the magnitude and sense of the
unknown forces (i.e. the internal forces in the cut members).

Section line

[
10 kN 10 kN | 10 kKN
I
I
F G 0 ;I J
p Fy; | Fii €z-d--------2,
| e // : /’ 1
e ’ |
I s | // |
K I L
FCI I FCI i ,/ :
I ! // !
Zero | » :
% >FCD| Fep € --%----—--==
oA b C i E 3
15 kN | T
Part A Sectlon line Part B
Figure 1.4

It is convenient to assume all unknown forces to be tensile and hence at the cut section
their direction and lines of action are considered to be pointing away from the joint (refer
to Figure 1.4). If the answer results in a negative force this means that the assumption of a
tie was incorrect and the member is actually in compression, i.e. a strut.

The application of the equations of equilibrium to either part of the cut frame will
enable the forces X, Y and Z to be evaluated.
Note: The section considered must not cut through more than three members with
unknown internal forces since only three equations of equilibrium are applicable.
Consider Part A:

10 kN 10 kN

l:;CD

15 kN
2.0m JZDm \ Figure 1.5

~ \ 1




4 Design of Structural Elements

cos 0= L =0.707,

Note: sin 0=
V2

=0.707,

b
V2

+ve f XFy, =0 15.0 - (10.0 + 10.0) + F¢r sinf@ = 0
Foa = ,5'0 =+7.07 kN
sin@
Member Cl is a tie
+ve o XF, =0 Fui+ Fep +Fcicos@ = 0
+ve ) IMc =0  (15.0x4.0)-(10.0x2.0)+ (Fgr x2.0) = 0
FHI == 20.0 kN
Member HI is a strut
hence Fcp = — Fagr— Forcos@= — (—20.0) — (7.07 X cos0O) = +15.0 kN
Member CD is a tie

These answers can be confirmed by considering Part B of the structure and applying the
equations as above.

1.3  Method of Joint Resolution for Pin-Jointed Frames

Considering the same frame using joint resolution highlights the advantage of the method
of sections when only a few member forces are required.

In this technique (which can be considered as a special case of the method of sections),
sections are taken which isolate each individual joint in turn in the frame, e.g.

10 kKN 10KN|  10kN
F G H J
X )
Y
7 — Yy
A B C D ?E Fioure L6
15 kN 15 kN lgure -

In Figure 1.6 four sections are shown, each of which isolates a joint in the structure as
indicated in Figure 1.7.

10 kN
Fgy I
Fy % J For Fp; Fn Fy
Fep E Fip F <M F Fic
FJE DC D DE FID
15.0 kKN
Joint E Joint J Joint D Joint I

Figure 1.7
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Since in each case the forces are coincident, the moment equation is of no value, hence
only two independent equations are available. It is necessary when considering the
equilibrium of each joint to do so in a sequence which ensures that there are no more than
two unknown member forces in the joint under consideration. This can be carried out until
all member forces in the structure have been determined.

Consider Joint E:

tved TF, =0 +150+Fy = 0
Fey Fgy = —15.0kN
+ve 7 XF, =0 —Fgp= 0
Fgp E

Member ED is a zero member
15.0 kN Member EJ is a strut

Consider Joint J: substitute for calculated values, i.e. Fig (direction of force is into the
joint)

Fy J +ved TFy =0 +150-Fpcosd = 0
Fpp = +15.0/0.707
Fm: 9' Fp = +21.21kN
15.0 kKN +ve—» ZFXZO —Fn—Fp sin@ = 0
Fy = -21.21x0.707
FJI = - 15.0 kN
Member JD is a tie

Member JI is a strut
Consider Joint D: substitute for calculated values, i.e. Fpy and Fpg

+ve 4 TFy=0 +Fp+212lsin6= 0

1::Dl
2121 kN FDI = —212] X 0707
FDI = —IS.OkN
9 +ve— XF, =0 — Fpc+21.21cosO = 0O
Fpc o 0 Fpe = +2121x0.707

Fpoce = +15.0kN
Member DI is a strut
Member DC is a tie

Consider Joint I: substitute for calculated values, i.e. Fip and Fy

10 kN

+Ve* XFy, =0 +15.0-10.0-Ficcosf = 0
Fy —-a— ! 15 kN FIC = +5.0/0.707
Fc = +7.07kN
g tve—»3IF, =0  —Fy—150 — Fesinf = 0
Fic Fiy = -20.0kN
15 kN Member IC is a tie

Member IH is a strut
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1.4  Unit Load Method to Determine the Deflection of Pin-Jointed Frames

The unit load method is an energy method which can be used to determine the deflection
at any node in a pin-jointed frame as follows:

_ Pul
AE
where:
0 is the displacement of the point of application of any load, along the line of action of
that load,

is the force in a member due to the externally applied loading system,

u is the force in a member due to a unit load acting at the position of and in the
direction of the desired displacement,

L/A is the ratio of the length to the cross-sectional area of the members,

E  is the modulus of elasticity of the material for each member (i.e. Young’s modulus).

1.4.1 Example 1.2: Deflection of a Pin-Jointed Truss

A pin-jointed truss ABCD is shown in Figure 1.8 in which both a vertical and a horizontal
load are applied at joint B as indicated. Determine the magnitude and direction of the
resultant deflection at joint B and the vertical deflection at joint D.

Assume the  cross- B Y 20 kN

sectional area of all
members is equal to A
and all members are
made from the same
material, i.e. have the
same modulus of
elasticity E

3.0m

C

ey

Vb

3.0m

Figure 1.8

Step 1: Evaluate the support reactions. It is not necessary to know any information
regarding the frame members at this stage other than dimensions as shown in Figure 1.8,
since only externally applied loads and reactions are involved.

The reader should follow the procedure given in Example 1.1 to determine the following
results:

Horizontal component of reaction at support A Hx= + 20 kN <
Vertical component of reaction at Support A Va= —4.29 kN *
Vertical component of reaction at Support C Vo= + 14.28 kN ?
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Step 2: Use the method of sections or joint resolution as indicated in Sections 1.2 and 1.3
respectively to determine the magnitude and sense of the unknown member forces (i.e. the
P forces).

The reader should complete this calculation to determine the member forces as
indicated in Figure 1.9.

10 kN
BY 20 kN
+ve — tension member
—-ve — compression member
+7.15 kN zero force -20.19 kKN
A D C
20 kN +1428 kN ——aq——Pp— +14.28 kN
N b 3o
4.28 kKN 14.28 kN

The member P forces
Figure 1.9

Step 3: To determine the vertical deflection at joint B remove the externally applied load
system and apply a unit load only in a vertical direction at joint B as shown in
Figure 1.10. Use the method of sections or joint resolution as before to determine the
magnitude and sense of the unknown member forces (i.e. the u forces).

The reader should complete this calculation to determine the member forces as
indicated in Figure 1.10.

1.0
BY
-0.72 zero force -0.81
A D C
zero <— +0.57 <« p— 057 =
- .
0.43 0.57

The member u forces for vertical deflection at joint B

Figure 1.10



8 Design of Structural Elements

PulL

AE
This is better calculated in tabular form as shown in Table 1.1.

The vertical deflection &5 = z

Member | Length | X-Section Modulus | P forces | u forces PulL
(9 A ) (kN) (kNm)
AB (tie) 5.0m A E +7.15 -0.72 —25.75
BC (strut) | 424 m A E —20.19 -0.81 +69.32
AD (tie) 4.0m A E +14.28 +0.57 + 32.56
CD (tie) 3.0m A E + 14.28 + 0.57 +24.42

BD (zero) 3.0m A E 0.0 0.0 0.0
| +100.6

Table 1.1

The +ve sign indicates that the deflection is in the same direction as the applied unit load.

Hence the vertical deflection 6.5 = % = + (100.6/AE) l

Note: Where the members have different cross-sectional areas and/or modulii of elasticity
each entry in the last column of the table should be based on (Pul/AE) and not only (Pul).

Step 4: A similar calculation can be carried out to determine the horizontal deflection at
joint B.

The reader should complete this calculation to determine the member forces as
indicated in Figure 1.11.

B 1.0
+0.72 zero force -0.61
A D C
1.0 +0.43 > > +0.43
N by =
0.43 0.43

The member u forces for horizontal deflection at joint B
Figure 1.11

Pul

The horizontal deflection &5 =
AE
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Member | Length | X-Section Modulus | P forces | u forces PuL
L) A (E) (kN) (kNm)
AB (tie) 5.0m A E +7.15 +0.72 +25.75
BC (strut) | 424 m A E —20.19 -0.61 + 52.23
AD (tie) 4.0m A E + 14.28 +0.43 + 24.56
CD (tie) 3.0m A E + 14.28 +0.43 +18.42

BD (zero) | 3.0m A E 0.0 0.0 0.0
> | +120.9

Table 1.2
Hence the horizontal deflection 615 = % = +(120.9/AE) —»

The resultant deflection at joint B can be determined from the horizontal and vertical
components evaluated above, i.e.

R > (100.6/AE)
R = (1006 +1209%)/AE = 1573/AE  (120.9/AE) \
\

Resultant ‘R’

A similar calculation can be carried out to determine the vertical deflection at joint D.
The reader should complete this calculation to determine the member forces as
indicated in Figure 1.12.

B
-0.71 +1.0 -0.81
A 0.57 D 0.57 C
Zero ™ +0. +0. meuruos
0.43 1.0 0.57

The member u forces for vertical deflection at joint D

Figure 1.12

The vertical deflection & .p = z ib;
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Member | Length | X-Section Modulus | P forces | u forces PuL
@) A) ) (kN) (kNm)
AB (tie) 5.0m A E +7.15 -0.71 —25.35
BC (strut) | 424 m A E —20.19 -0.81 +69.32
AD (tie) 4.0m A E +14.28 + 0.57 + 32.56
CD (tie) 3.0m A E +14.28 + 0.57 +24.42

BD (zero) | 3.0m A E 0.0 +1.0 0.0
> | +100.9

Table 1.3

Hence the vertical deflection

PuL
Sp= D~ = +(1009/AE) l

1.5 Shear Force and Bending Moment

Two parameters which are fundamentally important to the design of beams are shear force
and bending moment. These quantities are the result of internal forces acting on the
material of a beam in response to an externally applied load system.

Consider a simply supported beam as shown in Figure 1.13 carrying a series of
secondary beams each imposing a point load of 4 kN.

)M K K K K

6 @ 600 mm = 3600 mm

Figure 1.13

This structure can be represented as a line diagram as shown in Figure 1.14:

4KN  4KN  4kN  4kN
A G
Va J 6 @ 600 mm = 3600 mm . Vo

Figure 1.14

Since the externally applied force system is in equilibrium, the three equations of static
equilibrium must be satisfied, i.e.

+ve T

2Fy, =0 The sum of the vertical forces must equal zero.
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+ve ) XM =0 The sum of the moments of all forces about any point on the
plane of the forces must equal zero.
+ve —  XF;y=0 The sum of the horizontal forces must equal zero.

The assumed positive direction is as indicated. In this particular problem there are no
externally applied horizontal forces and consequently the third equation is not required.

(Note: It is still necessary to provide horizontal restraint to a structure since it can be
subject to a variety of load cases, some of which may have a horizontal component.)

Consider the vertical equilibrium of the beam:

+ve b 5F,=0
+Va-(5%x4.0)+V5=0 s Va+Ve=20kN (1)
Consider the rotational equilibrium of the beam:

+ve) SMy=0

Note: The sum of the moments is taken about one end of the beam (end A) for
convenience. Since one of the forces (V,) passes through this point it does not produce a
moment about A and hence does not appear in the equation. It should be recognised that
the sum of the moments could have been considered about any known point in the same
plane.

+(4.0x0.6)+(4.0x1.2)+(4.0x1.8)+(4.0%x2.4)+(4.0x3.0)—(V5x3.6)=0
= Vo=10kN (ii)
Substituting into equation (i) gives o Va=10kN

This calculation was carried out considering only the externally applied forces, i.e.

4 kN 4 kN 4kN  4kN 4 kN
L l i i L structure
Va 6 @ 600 mm = 3600 mm Vo

| q
LY

Figure 1.15

The structure itself was ignored, however the applied loads are transferred to the end
supports through the material fibres of the beam. Consider the beam to be cut at
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section X—X producing two sections each of which is in equilibrium as shown in
Figure 1.16.

Y]

cut surfaces

IIIIiV(//
LICe vy
—
AT
L

1500 mm ‘
4 kN 4kN 4kN 4kN 4kN 4 kN 4kN 4kN 4kN 4kN
BRI R
y ]
10 kN 10 kN 1okN [ 1500mm [ o 2100mm i kN
X
section A section B

Figure 1.16

Clearly if the two sections are in equilibrium there must be internal forces acting on the cut
- surfaces to maintain this; these forces are known as the shear force and the bending
moment, and are illustrated in Figure 1.17.

4 kN 4kN 4 kN 4kN 4 kN
l l shear force V l l l
| _ bending moment M \( *
A T B C X¢ |X D E F TG
10 kN
10kN shear force V
section A section B

Figure 1.17

The force V and moment M are equal and opposite on each surface. The magnitude and
direction of V and M can be determined by considering two equations of static equilibrium
for either of the cut sections; both will give the same answer.

Consider the left-hand section with the ‘assumed’ directions of the internal forces V
and M as shown in Figure 1.18.
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4kN - 4kN +ve f XF,=0
l l +10-4.0-40-F=0 .. V=2kN
A B Cc X 7 M
T \ 4 +ve ) ZM =0
10 kKN %4
+(4.0x0.6)+(4.0x12)—(Vx15-M=0
600 J 600 ‘ 300 o.M =10.2 kNm
Figure 1.18

1.5.1 Shear Force Diagrams

In a statically determinate beam, the numerical value of the shear force can be obtained by
evaluating the algebraic sum of the vertical forces to one side of the section being
considered. The convention normally adopted to indicate positive and negative shear
forces is shown in Figure 1.19.

e | B Y =

i %S ( N i

shear induced by a +VE shear force shear induced by a —VE shear force
Figure 1.19

The calculation carried out to determine the shear force can be repeated at various
locations along a beam and the values obtained plotted as a graph; this graph is known as
the shear force diagram. The shear force diagram indicates the variation of the shear force
along a structural member.

Consider any section of the beam between A and B:

4 kN

F'wy Bl 0 <x <600 mm

10 kN .

»
»

Note: The value immediately under the point load at the cut section is not being
considered.

Y vertical forces to one side
+10.0 kKN

The shear force at any position x

This value is a constant for all values of x between zero and 600 mm, the graph will
therefore be a horizontal line equal to 10.0 kN. This force produces a +ve shear effect, i.e.
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N
+ve shear effect = %S
T S 7

Consider any section of the beam between B and C:

l4 kN 4 kN
AA B C 600 mm <x< 1200 mm
10 kN N
The shear force at any positionx = X vertical force to one side

= +10.0-4.0=6.0kN
This value is a constant for all values of x between 600 mm and 1200 mm, the graph will
therefore be a horizontal line equal to 6.0 kN. This force produces a +ve effect shear
effect.

Similarly for any section between C and D:

4 kKN ka l4kN
AA B C D
10kN X N 1200 mm <x< 1800 mm

Y vertical forces to one side
+10.0-4.0-4.0=2.0kN

The shear force at any position x

Consider any section of the beam between D and E:

4 kN 4 kN 4 kN 4 kN

l l l l

AA B C D E
10 kN X

L

1800 mm < x < 2400 mm

> vertical forces to one side
+10.0-4.0-4.0-4.0=-2.0kN

The shear force at any position x

.~ |
EA N | N N—

In this case the shear force is negative: (m T
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Similarly between E and F 2400 mm < x < 3000 mm
The shear force at any position x = X vertical forces to one side
+10.0-4.0-40-4.0-40=-6.0kN

and
between F and G 3000 mm < x < 3600 mm
The shear force at any position x = X vertical forces to one side

= +10.0-4.0-40-4.0-4.0-4.0=-10.0kN

In each of the cases above the value has not been considered at the point of application
of the load.

Consider the location of the applied load at B shown in Figure 1.20.

‘ m i4 kN
~—
I;/%{ A T B
10 kN
1 Jﬁ 600 mm JL
E—TGEO mm

Figure 1.20

The 4.0 kN is not instantly transferred through the beam fibres at B but instead over the
width of the actual secondary beam. The change in value of the shear force between
x <600 mm and x > 600 mm occurs over this width, as shown in Figure 1.21.

4 kN

secondary beam

[

/ﬁ_}v h//
B j{

|

|

AT 10kN

L 600

mm

10 kN 10 kN

N6 kN

1

Figure 1.21
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The width of the secondary beam is insignificant when compared with the overall span,
and the shear force is assumed to change instantly at this point, producing a vertical line
on the shear force diagram as shown in Figure 1.22.

10 kN 10 kN

1 6 kN
I [

Figure 1.22

The full shear force diagram can therefore be drawn as shown in Figure 1.23.

4kN 4kN 4 kN 4kN
A G
V, =10kN 6 @ 600 mm = 3600 mm Vg=10kN
10 kN 6 kN
+ve 2 kN
2kN —ve
6 kN 10 kN

Shear force diagram
Figure 1.23

The same result can be obtained by considering sections from the right-hand side of the
beam.

1.5.2 Bending Moment Diagrams

In a statically determinate beam the numerical value of the bending moment (i.e. moments
caused by forces which tend to bend the beam) can be obtained by evaluating the algebraic
sum of the moments of the forces to one side of a section. In the same manner as with
shear forces either the left-hand or the right-hand side of the beam can be considered. The
convention normally adopted to indicate positive and negative bending moments is shown
in Figures 1.24(a) and (b).

Bending inducing tension on the underside of a beam is considered positive.

tension on underside tension on underside

+ve bending

Figure 1.24 (a)
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Bending inducing tension on the top of a beam is considered negative.

tension on top X X y tension on top

%x Tk

—ve bending

Figure 1.24 (b)

Note: Clockwise/anti-clockwise moments do not define +ve or —ve bending moments. The
sign of the bending moment is governed by the location of the tension surface at the point
being considered.

As with shear forces the calculation for bending moments can be carried out at various
locations along a beam and the values plotted on a graph; this graph is known as the
‘bending moment diagram’. The bending moment diagram indicates the variation in the
bending moment along a structural member.

Consider sections between A and B of the beam as before:

4 kN

l

AA B
10kN X

0 <x <600 mm

»
»

In this case when x = 600 mm the 4.0 kN load passes through the section being considered
and does not produce a bending moment, and can therefore be ignored.

Bending moment = X algebraic sum of the moments of the forces to one side of a
section

2 (Force X lever arm)

M = 100xx = 10.0 xkNm

Unlike the shear force, this expression is not a constant and depends on the value of ‘x’
which varies between the limits given. This is a linear expression which should be
reflected in the calculated values of the bending moment.

x=0 M = 10.0x0 = O0kNm

x =100 mm = 10.0x0.1 = 1.0kNm
x=200mm M = 10.0x0.2 = 2.0kNm
x =300 mm = 10.0x0.3 = 3.0kNm
x=400mm M = 10.0x04 = 4.0kNm
x =500 mm = 10.0x0.5 = 5.0kNm

x=600mm M = 10.0x0.6 = 6.0kNm
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Clearly the bending moment increases linearly from zero at the simply supported end to a
value of 6.0 kNm at point B.

Consider sections between B and C of the beam:

l4kN 4 kN
AA B | Cl 600 mm <x< 1200 mm
10 kN N .

>

Bending moment X algebraic sum of the moments of the forces to ‘one’ side of a

section

M= +(10.0xx)— (4.0 X [x - 0.6] )

4.0 kKN tension

bending effect of T; bending effect /
10.0 kN load is / of 4.0 kN load is
+ve 10.0 kN tension —ve

RN for

x=700mm M =+ve (10.0x0.7) = (4.0x0.1) = 6.6 kNm
x=800mm M =+ve (10.0x0.8)— (4.0x0.2) = 7.2kNm
x=900mm M =+ve (10.0x0.9)— (4.0x0.3) = 7.8 kNm
x=1000mm M =+ve (10.0x 1.0)— (4.0 x 0.4) = 8.4 kNm
x=1100mm M =+ve (10.0x 1.1)— (4.0 x 0.5) = 9.0 kNm
x=1200mm M =+ve (10.0x 1.2) — (4.0 x 0.6) = 9.6 kNm

As before the bending moment increases linearly, i.e. from 6.6 kNm at x = 700 mm to a
value of 9.6 kNm at point C.

Since the variation is linear it is only necessary to evaluate the magnitude and sign of the
bending moment at locations where the slope of the line changes, i.e. each of the point

load locations.

Consider point D:

4 kN

| —

I

x=1800mm M = (10.0x1.8)— (4.0x 1.2)— (4.0 x0.6)= 10.8 kNm

AA
10 kN X
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Consider point E:
4 kN kN 4 kN

19

AA

S —

10 kN

x=2400mm M = (100%x24)-(4.0x1.8)-(4.0x12)-(4.0x0.6) = 9.6kNm

Similarly at point F:
x=3000mm M

= 6.0 kNm

(10.0x3.0)—(4.0x2.4)—(4.0x1.8) - (4.0x 1.2) — (4.0 x0.6)

The full bending moment diagram can therefore be drawn as shown in Figure 1.25.

4kN 4 kN 4111 4kN 4kN
A B C D E F G
Va =10.0 kN 6 @ 600 mm = 3600 mm Vg =10kN

6.0 kNm

9.6 kNm 9.6 kNm
10.8 kNm

bending moment diagram

Figure 1.25

6.0 kKNm

The same result can be obtained by considering sections from the right-hand side of the
beam. The value of the bending moment at any location can also be determined by

evaluating the area under the shear force diagram.

Consider point B:

10kN 6 KN

2 kN

600 mm |B 2 kKN

6 kN

6.0 kNm 6.0 kKNm

9.6 kKNm 9.6 kNm

10.8 kNm

Bending moment at B = shaded area on the shear force diagram

10 kN
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Mg = (10.0x0.6) = 6.0 kNm as before

Consider a section at a distance of x = 900 mm along the beam between B and C:

I0KN[ | 6 KN
2kN

900 mm 2 kN

6 kN 10 kN

6.0 kNm

9.6 kNm 9.6 kNm
10.8 kNm

Bending moment at x = shaded area on the shear force diagram
M, (10.0 X 0.6) + (6.0 x 0.3) = 7.8 kNm as before

Consider a section at a distance of x =2100 mm along the beam between B and C:

10kN 6 kKN
2 kN —Ve aréa
|
L + ve area
2kN ‘
1200 mm L 6kN 10 kN
I

M,

6.0 kNm

6.0 kKNm

9.6 kNm 9.6 kNm

10.8 kNm
Bending moment at x = shaded area on the shear force diagram
M, = (10.0x0.6) + (6.0x0.6) + (2.0 x0.6) — (2.0 x 0.3)
= 10.2 kNm
Note: A maximum bending moment occurs at the same position as a zero shear force.

1.5.3 Example 1.3: Beam with Uniformly Distributed Load (UDL)

Consider a simply - supported beam carrying a uniformly distributed load of 5 kN/m, as
shown in Figure 1.26.

5.0 kN/m

-

AT TG
9 kN i6m 9 kN

Figure 1.26
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The shear force at any section a distance x from the support at A is given by:

Vi = algebraic sum of the vertical forces

5.0 kN/m
| ‘F ‘ the force inducing +ve shear= 9.0 kN
AA the force inducing —ve shear= (5.0 xx) = 5.0x kN
9kN . Vi= +9.0-5.0x

This is a linear equation in which Vy decreases as x increases. The points of interest are at
the supports where the maximum shear forces occur, and at the locations where the
maximum bending moment occurs, i.e. the point of zero shear.

Vi = 0 when +9.0-50x= 0 Soox = 1.8m

Any intermediate value can be found by substituting the appropriate value of ‘x’ in the
equation for the shear force; e.g.

x=600mm Vy= 4+9.0-(5.0x0.6) = +6.0kN
x=2100mm Vy= 4+9.0-(5.0x2.1) = —1.5kN

The shear force can be drawn as before as shown in Figure 1.27.

!
600 mm 9kN

2100 mm J

Shear force diagram
Figure 1.27

The bending moment can be determined as before, either using an equation or evaluating
the area under the shear force diagram.
Using an equation

F 5.0 kN/m

9 kN

Bending moment at x = My =+ (9.0xx) - [(5.0xXx) X (x/2)] = (9.0x - 2.5x%)

In this case the equation is not linear, and the bending moment diagram will therefore be
curved.
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Consider several values:

x=0 M= 0

x=600mm  M,= +(9.0x0.6)—(2.5x0.6% 4.5 kNm
x=1800mm M,= +(9.0x1.8)—(2.5x1.8% 8.1 kNm
x=2100mm M,= +(9.0x2.1)—(2.5x2.1) = 7.88kNm

Using the shear force diagram

x =600 mm
9 kN ’\‘ 6 kN
[600 mm kN
M, = shaded area = +[0.5 X (9.0 +6.0) X 0.6]= 4.5 kNm
x = 1800 mm
9 kN
| 1800 mm |
L !
9 kN
M,= shaded area = +[0.5x9.0 x 1.8] = 8.1 kNm
x =2100 mm
9 kKN
+ ve
1800 mm 1300 mm- 1.5 kN —ve
2100 mm L 9kN

M,= shaded area =+ [8.1 — (0.5x0.3x1.5)] = 7.88 kNm

The bending moment diagram is shown in Figure 1.28.

8.1 kNm

Bending moment diagram
Figure 1.28

The UDL loading is a ‘standard’ load case which occurs in numerous beam designs and
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can be expressed in general terms using L for the span and w for the applied load/metre or
Wit (= wL) for the total applied load, as shown in Figure 1.29.

W kN/m OR [ Wiotal kN
W_L . L ﬁW_L Wtotal ' L Wtotal
2 2 2 2

W_L ’\ Wtotal ’\
2 2
\1 wL \‘ Wtotal

- 2

total

Figure 1.29

Clearly both give the same magnitude of support reactions, shear forces and bending
moments.

1.5.4 Example 1.4: Beam with Combined Point Loads and UDLs

A simply supported beam ABCD carries a uniformly distributed load of 3.0 kN/m between
A and B, point loads of 4 kN and 6 kN at B and C respectively, and a uniformly
distributed load of 5.0 kN/m between B and D, as shown in Figure 1.30. Determine the
support reactions, sketch the shear force diagram, and determine the position and
magnitude of the maximum bending moment.

4 kKN 6 kN
T 3.0 kN/m r 5.0 kN/m
r 4 v |
A A B C D
Va 2.0m 2.0m 20m Vb

6.0m J

Figure 1.30

Consider the vertical equilibrium of the beam:
+ve d £F, =0
Va—(3.0%x20)-4.0-6.0-(50x4.0)+Vp=0 oo Va+ Vp=36kN 1
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Consider the rotational equilibrium of the beam:

+Ve) 2My=0

(B3.0x20x1.0)+(4.0x2.0)+(6.0x4.0)+(5.0x4.0x4.0)—(Vpx6.0)=0 (ii)

- Vp=19.67 kKN

Substituting into equation (i) gives o Va=16.33 kN

4 kN 6 kN
T 3.0 kN/m | B 5.0 kN/m
| v |
A B C D
16.33 kN T 2.0m 2.0m ‘ 2.0m T19.67 kN

Shear force = algebraic sum of the vertical forces
Consider the shear force at a section ‘x’ from the left-hand end of the beam:

x=0 V.=0

At position x to the left of B before the 4.0 kN load
Vi=+1633-(3.0x2.0) = +10.33kN

At position x to the right of B after the 4.0 kN load

Vi=+10.33-4.0 = +633kN
At position x to the left of C before the 6.0 kN load
Vi=+633-(50%x20) = —3.67kN
At position x to the right of C after the 6.0 kN load
Vi==3.67-6.0 = —9.67kN
x=60m Vy=-967-(5.0x2.00 = -19.67kN
1633 kN 1033 kN
6.33 kKN
+ve o y
A B C D
. |367KN ve
9.67 kN

' 19.67 kN
Shear force diagram

The maximum bending moment occurs at the position of zero shear, i.e. point y on the
shear force diagram. The value of z can be determined from the shear force and applied
loads:
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z= 633 =1.266 m
5.0

Note: The slope of the shear force diagram between B and C is equal to the UDL

of 5 kN/m.
Maximum bending moment M = shaded area
= [0.5x(16.33 + 10.33) x 2.0] + [0.5 X 1.266 X 6.33]
= 30.67 kNm

Alternatively, consider the beam cut at this section:

4 kN

T 3.0 kN/m 5.0 kN/m%
\
A B y
16.33 kN 3266m ————»

+(16.33 x 3.266) — (3.0 x 2.0 X 2.266) — (4.0 x 1.266) — [(5.0 X 1.266) x (0.633)]
= + 30.67 kNm

M,

1.6 McCaulay’s Method for the Deflection of Beams

In elastic analysis the deflected shape of a simply supported beam is normally assumed to
be a circular arc of radius R (R is known as the radius of curvature), as shown in
Figure 1.31.

Consider the beam AB to be subject \
to a variable bending moment along its 46
length. The beam is assumed to deflect ,
as indicated. .

R is the radius of curvature, -
L is the span, Y ‘x\ R
I is the second moment of area about A Voo

the axis of bending,

E is the modulus of elasticity,

ds is an elemental length of beam
measured a distance of x from the
left-hand end

M is the value of the bending moment
at position x.

The slope of the beam at position x is given by: Figure 1.31
slope = i = Jﬂdx
dx EI
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Differentiating the slope with respect to x gives:

2
d Z = % and hence:
dx EI
d? y
EI 1o =M Equation (1) — bending moment

Integrating Equation (1) with respect to x gives

Y - jde Equation (2) — slope
dx

Integrating Equation (2) with respect to x gives

M . .
Ely = -U(E dx )dx Equation (3) — deflection

Equations (1) and (2) result in two constants of integration Cl1 and C2; these are
determined by considering boundary conditions such as known values of slope and/or
deflection at positions on the beam.

1.6.1 Example 1.5: Beam with Point Loads
Consider a beam supporting three point loads as shown in Figure 1.32.

5kN 10 kN 8 kN

AT B C D TE

Vil 20m ‘ 4.0m ‘ 3.0m \I.Om Ve
i K K AN 3

Figure 1.32

Step 1: Formulate an equation which represents the value of the bending moment at a
position measured x from the left-hand end of the beam. This expression must include all
of the loads and x should therefore be considered between points D and E.

5kN 10 kN 8 kN
B C D

Va

>
- —Pp
-

Figure 1.33
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Consider the vertical equilibrium of the beam:
+ve f 2Fy=0
Va—5.0-100-8.0+Vg=0 o Va+ VE=23kN (1)

Consider the rotational equilibrium of the beam:

+ve ) M, =0
(5.0x2.0) +(10.0 x6.0) + (8.0 x9.0) = (Ve x 10.0) =0 (ii)
© Vp=142kN

Substituting into equation (i) gives o Va=8.8kN
The equation for the bending moment at x is:

2
EIZ Y = M, = +88x—5.0[x—2]-10.0[x—6] - 8.0[x-9]

X

Equation (1)
The equation for the slope at x is:
jMd _4 380 5;)[ 2P - M[ —6) - %[x—9]2+A

Equation (2)
The equation for the deflection at x iS'
M 8.8 10.0 8.0
Ely = H(de)dx =+ P —[ 2P - ok _6] - . S k=9 +Ax+ B
Equation (3)
where A and B are constants of integration related to the boundary conditions.

Note: It is common practice to use square brackets, i.e. [ ], to enclose the lever arms for
the forces as shown. These brackets are integrated as a unit and during the calculation for
deflection they are ignored if the contents are —ve, i.e. the position x being considered is to
the left of the load associated with the bracket.

Boundary Conditions

The boundary conditions are known values associated with the slope and/or deflection. In
this problem, assuming no settlement occurs at the supports then the deflection is equal to
zero at these positions, i.e.

:(()) +?x—?[x_z]3_@[ 6]’ - 80[ ~9P+Ax+B =0

Substituting for x and y in equation (3) .. B = 0
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x=10.0 +ﬁ103——[10 2P - 199 o e - 30— 9p v ax10) = 0
y=0 6 6 6
+(1.466><10)—(0.426><103)—(0.106><103)—1.33+10A=0

~ A=-93.265

The general equations for the slope and bending moment at any point along the length of
the beam are given by:

The equation for the slope at x is:

E]dyz +§ Z_E[x_z]_w[ — 6] - 'O[x—9]2+A
dx 2 2 2
Equation (4)
The equation for the deflection at x is:
Ely = +%x3——[ -27 —M[ 6]’ - %[x—9]3+Ax

Equation (5)

e.g. the deflection at the mid-span point can be determined from equation (5) by
substituting the value of x = 5.0 and ignoring the [ ] when their contents are — ve, i.e.

, 838, 10. , 875\{5\\3
Ely = +—— ——5 2P — — SISO — IS 91 - (93.265 X 5
y 6 [5-21° 5 ] - P —( )
ignore ignore
3
El'y = +183.33-22.5-466.325 Wy = 3055 305Sx10T
El EI

The maximum deflection can be determined by calculating the value of x when the slope,
i.e. equation (4) is equal to zero and substituting the calculated value of x into equation (5)
as above.

In most simply supported spans the maximum deflection occurs near the mid-span
point this can be used to estimate the value of x in equation (4) and hence eliminate some
of the [ ] brackets, e.g. if the maximum deflection is assumed to occur at a position less
than 6.0 m from the left-hand end the last two terms in the [ ] brackets need not be used to
determine the position of zero slope. This assumption can be checked and if incorrect a
subsequent calculation carried out including an additional bracket until the correct answer
is found.

Assume ymaximum Occurs between 5.0 m and 6.0 m from the left-hand end of the beam,
then:

The equation for the slope at x is:

Elﬂz +§ 2__[ _2 Ds{[~§\6] _%9] -93265=0 foryma)umum
dx 2

ignore ignore
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This equation reduces to:
1.9x* + 10x-103.265= 0  and hence x = 52m
since x was assumed to lie between 5.0 m and 6.0 m ignoring the two [ ] terms was correct.

The maximum deflection can be found by substituting the value of x = 5.2 m in
equation (5) and ignoring the [ ] when their contents are —ve, i.e.

El Yoaximam = + %5.23 - %[5.2_ 2P - %13 - %&&9]3 —(93.265 x 5.2)

ignore ignore
Elymaximum = +206.23 —27.31 — 484.98 <o Ymaximum = — % m

Note: There is no significant difference from the value calculated at mid-span.

1.6.2 Example 1.6: Beam with Combined Point Loads and UDLs

A simply supported beam ABCD carries a uniformly distributed load of 3.0 kN/m between
A and B, point loads of 4 kN and 6 kN at B and C respectively, and a uniformly
distributed load of 5.0 kN/m between B and D as shown in Figure 1.34. Determine the
position and magnitude of the maximum deflection.

4 kN 6 kN
T 3.0 kN/m r 5.0 kN/m
- 4 v |
AA B C D
Va 2.0m 2.0m 2.0m TVD
6.0 m J

Figure 1.34

Consider the vertical equilibrium of the beam:
+ve b £F, =0
Va—(3.0x2.0)-4.0-6.0-(5.0%x4.0)+Vp=0 oo Va+ Vp=36kN 1)

Consider the rotational equilibrium of the beam:

+Ve) My = 0

B.0x20x1.0)+(4.0x2.0)+(6.0x4.0)+(5.0x4.0x4.0)—(Vpx6.0)=0 (i1)
. Vb=19.67 kN

Substituting into equation (i) gives s Va=16.33 kN
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4kN 6 kN
T 3.0 kN/m | 5.0 kN/m

| sow
= i CW ! |

AT ; D
16.33 kN X »l 19.67 kN

| 4

Figure 1.35

In the case of a UDL when a term is written in the moment equation in square brackets,
[ 1, this effectively applies the load for the full length of the beam. For example, in
Figure 1.35 the 3.0 kN/m load is assumed to apply from A to D and consequently only an
additional 2.0 kN/m need be applied from position B onwards as shown in Figure 1.36.

4 kN 6 kN
T 3.0 kN/m 2.0 kN/m

L \ 4 ! |
C

AT B ; D
16.33 kN X >l 19.67 kN

| 4

Figure 1.36

The equation for the bending moment at x is:

2 2 AR
B - 41633230 — 40— 20]- 2022 o4
dx 2
Equation (1)
The equation for the slope at x is:
2 3 iy AP e
AP e S YIE AR i) BV L] Iy e RN
dx 2 6 2 6 2
Equation (2)
The equation for the deflection at x is:
3 4 _ 5P Y P
Ely = +1633° _30> Y i) PPN e PN ] A
6 24 6 24 6

Equation (3)
where A and B are constants of integration related to the boundary conditions.

Boundary Conditions
In this problem, assuming no settlement occurs at the supports then the deflection is equal
to zero at these positions, i.e.

=0 s g0t _gok=2l =2k
y=0 B T VR Y

Substituting for x and y in equation 3) .. B = 0

[x—4F

-6.0 +Ax+ B
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3

4 _ 14 _ 3
x=60 L ye33X _a0X _golx=2F k=2l bk=dP o
y=0 6 24 6 24 6
3 4 3 4 3
1163300 3089 4040 5040 602 L60a =0
24 6 24
. A=_58098

The general equations for the slope and bending moment at any point along the length of
the beam are given by:

The equation for the slope at x is:

2 3 2 3 2

P AP NS SRR ant) PN ] WYY ikl Y
dx 2 6 2 6 2
Equation (4)

The equation for the deflection at x is:

3 4 _ 4 _ 3
Ely = +1633% 302 Y ) PN ] NP L] AN

6 24 6 24

Equation (5)

Assume ypaximum Occurs between 2.0 m and 4.0 m from the left-hand end of the beam,
then:
The equation for the slope at ‘x’ is:

2 3 2 3 2
Y - 116335 _3.0° _40 [ —2] ~2.0 2] —6EL{_4] —5898 =0
dx 2 6 2 6 N

ignore

This cubic can be solved by iteration.
Guess a value for x, e.g. 3.1 m
(16.33 x3.1%)/2 = (3.0 x 3.1%)/6 — (4.0 x 1.1%)/2 = (2.0 x 1.1%)/6 — 58.98 = 1.77>0

The assumed value of 3.1 is slightly high, try x = 3.05 m

(16.33 X 3.05%)/2 - (3.0 X 3.05°)/6 — (4.0 x 1.05%)/2 — (2.0 x 1.05)/6 — 58.98= 0.21

This value is close enough. x = 3.05 m and since x was assumed to lie between 2.0 m and
4.0 m, ignoring the [x — 4] term was correct.

The maximum deflection can be found by substituting the value of x = 3.05 m in
equation (5) and ignoring the [ ] when their contents are —ve, i.e.

3 o Y P
EI Yagimam = + 1633730 —4o[x 2f 20[x 2] ~6.0 \41 — 5898 x
6 24 6 24 6
ignore
114.4
El Yoaimm = +77.22-10.82-0.77-0.1-179.89 .. Ymaximum = — ——" m

El
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1.7  Equivalent UDL Technique for the Deflection of Beams

In a simply supported beam, the maximum deflection induced by the applied loading
always approximates the mid-span value if it is not equal to it. A number of standard
frequently used load cases for which the elastic deformation is required are given in
Appendix 3 in this text.

In many cases beams support complex load arrangements which do not lend
themselves either to an individual load case or to a combination of the load cases given in
Appendix 3. Provided that deflection is not the governing design criterion, a calculation
which gives an approximate answer is usually adequate. The equivalent UDL method is a
useful tool for estimating the deflection in a simply supported beam with a complex
loading.

Consider a single-span, simply supported beam carrying a non-uniform loading which
induces a maximum bending moment of M as shown in Figure 1.37.

non—uniform loading

W

bending moment diagram

Figure 1.37

The equivalent UDL (w.) which would induce the same magnitude of maximum bending
moment (note: the position may be different) on a simply supported span carrying a
uniform loading can be determined from:

L2
Maximum bending moment M = Weg
8M
we = 2

where w, is the equivalent uniform distributed load.

The maximum deflection of the beam carrying the uniform loading will occur at the mid-

5w L
span and will be equal to d = £ see Appendix 3
p q 3R4E] ( pp )

Using this expression, the maximum deflection of the beam carrying the non-uniform
loading can be estimated by substituting for the w, term, i.e.
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8M \ 4
5x| = |L
Sw, L' (ﬁ ) _0104M L

384E1 384 EI EI

The maximum bending moments in Examples 1.5 and 1.6 are 32.8 kNm and 30.67 kNm
respectively (the reader should check this as shown in Section 1.5.2).

Using the equivalent UDL method to estimate the maximum deflection in each case
gives:

2
Example 1.5  Onaximum = 0104M L = - 3411 m (actual value = ﬁm)
EI EI EI
2
Example 1.6 5maximum = 0104M L = - 114.9 m (aCtual value = —1 14.4 m)
El EI EI

Note: The estimated deflection is more accurate for beams which are predominantly
loaded with distributed loads.

1.8 Elastic Shear Stress Distribution

The shear forces induced in a beam by an applied load system generate shear stresses in
both the horizontal and vertical directions. At any point in an elastic body, the shear
stresses in two mutually perpendicular directions are equal to each other in magnitude.

Consider an element of material subject to shear stresses along the edges, as shown in
Figure 1.38.

B
A/Tx / Force on surface AB = Fap = TXbt
— fk Force on surface CD = Fcp = TXbt
o) | T Force on surface AC = Fac = tTXat
Ty | Force on surface BD = Fpp = TXat
T s
a D hve f 2F, =0
,———“"/’// b Fac = Fpp
N
— ZFX =
C Mgure 1.38 ve 0
Fap = Fcp
+Ve) >Mo=0
a a b b
— (Fag X E)_(FCDX §)+(FAC>< E)"‘(FBDX E) =0

Substitute for Fcp and Fgp:
— (FapXa)+ (Facxb) = 0 o Fapa = Fach
(nwbya = (tat)b
= Ty
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The two shear stresses are equal and complementary. The magnitude of the shear stress at
any vertical cross-section on a beam can be determined using:

VAy .
T b Equation (1)
where:
Vv the vertical shear force at the section being considered,
A the area of the cross-section above (or below) the ‘horizontal’ plane being

considered (note that the shear stress varies throughout the depth of a cross-section
for any given value of shear force),
the distance from the elastic neutral axis to the centroid of the area A,

y

b the breadth of the beam at the level of the horizontal plane being considered,

1 the second moment of area of the full cross-section about the elastic neutral axis.
The intensity of shear stress throughout the depth of a section is not uniform and is a
maximum at the level of the neutral axis.

1.8.1 Example 1.7: Shear Stress Distribution in a Rectangular Beam

The rectangular beam shown in Figure 1.39 is subject to a vertical shear force of 3.0 kN.
Determine the shear stress distribution throughout the depth of the section.

F=50mm —  AreaA The shear stress at any horizontal level a distance y
R from the neutral axis is given by:
SRR
{ 1 L VA
| | g V = shear force = 3.0kN
X X o 3 3
S 1 = b 30200 335550100 mt
12 12
b = 50mm (for all values of y)
Figure 1.39
Consider the shear stress at a number of values of y,
y = 100 mm Ay =0 (since A = 0) Tioo = 0
y = 75mm
0o
R ) A = 50%x25 = 1250 mm’
y y y = 75+12.5= 87.5mm
X L Ay = 109.375x 10 mm’

3 3
o = 3x10° x109.375x10 — 0197 N/mm>

33.3x10° x50
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y = 50 mm
X i A = 50x50 = 2500 mm’
y y y = 50+25 = 75mm
« Ay = 187.5x10° mm’
3 3
= 3x10 ><1876.5><10 = 0.338 N/mm?
33.3%10° x50
y = 25 mm
\ A = 50x75 = 3750 mm’
yT e Ay ¥ = 25+375= 62.5mm
o . Ay = 234.375x 10’ mm’
3 3
o = 3%10 ><234.6375><10 0422 N/mm®
33.3x10° x50
y = 0mm
A = 50x100= 5000 mm’
Ay y = 50mm
Ay = 250 x 10’ mm’
h b 3x10° x250x10°
5 = XX = 0.45 N/mm?
33.3%x10° x50
y = —25mm
A = 50x125= 6250 mm’
y = 37.5mm
o ty . Ay = 234.375x10° mm’
3 3
y e = 3x10 ><233675><10 — 0.422 N/
33.3x10° x50
This is the same value as fory =+ 25 mm

The cross-section (and hence the stress diagram) is symmetrical about the elastic neutral
axis, as shown in Figure 1.40.
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0.197 N/mm’>
\ 0.338 N/mm?

\ 0.422 N/mm’*
X X X 0.45 N/mm> shear stress distribution

[ 0.422 N/mm’

/ 0.338 N/mm?
0.197 N/mm?

Figure 1.40

The maximum value occurs at the same level as the elastic neutral axis. The ‘average’
shear stress for a cross-section is equal to the applied force distributed uniformly over the
entire cross-section, i.e.

3
Taverage = Force = K = m = 03 I\I/I'I'II‘II2
Area A 50%200
For a rectangular section:
L.
T maximum = 1.5 Xraverage = % = 1.5x03= 045 N/l'l'lIIl2

1.9 Elastic Bending Stress Distribution

The bending moments induced in a beam by an applied load system generate bending
stresses in the material fibres which vary from a maximum in the extreme fibres to a
minimum at the level of the neutral axis as shown in Figure 1.41.

Vg Otop

compression

Obottom

Bending stress distribution Stress diagram
Figure 1.41

The magnitude of the bending stresses at any vertical cross-section can be determined
using the simple theory of bending from which the following equation is derived:
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M_E_o RN My Equation  (2)
I R vy 1
where:
M the applied bending moment at the section being considered,
E the value of Young’s modulus of elasticity,
R the radius of curvature of the beam,
o the bending stress,
y the distance measured from the elastic neutral axis to the level on the cross-section

at which the stress is being evaluated,
the second moment of area of the full cross-section about the elastic neutral axis.

~

It is evident from Equation (2) that for any specified cross-section in a beam subject to a
known value of bending moment (i.e. M and [ constant), the bending stress is directly
proportional to the distance from the neutral axis; i.e.

O = constant Xy SOy

This is shown in Figure 1.41, in which the maximum bending stress occurs at the extreme
fibres, i.. Ymaximum = D/2.

In design it is usually the extreme fibre stresses relating to the yyuximum vValues at the top
and bottom which are critical. These can be determined using:

M M
O-lop = Z_ and Obottom =

top bottom
where:
o and M are as before,

XX

Zp  1s the elastic section modulus relating to the top fibres and defined as
y top

XX

Zvotom 18 the elastic section modulus relating to the top fibres and defined as
Ybottom
If a cross-section is symmetrical about the x—x axis then Zg, = Zyouom. In asymmetric
sections the maximum stress occurs in the fibres corresponding to the smallest Z value.
For a rectangular cross-section of breadth B and depth D subject to a bending moment M
about the major x—x axis, the appropriate values of /, y and Z are:
BD’ D BD®

I = y maximum - Zminimum

12 ) - 6

In the case of bending about the minor y—y axis:
DB’ B DB®

y maximum - Zminimum

12 ) 6
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The maximum stress induced in a cross-section subject to bi-axial bending is given by:

M X M y
Omaximum = +
Z Z

X minimum y minimum

where M, and M, are the applied bending moments about the x and y axes respectively.

1.9.1 Example 1.8: Bending Stress Distribution in a Rectangular Beam

The rectangular beam shown in Figure 1.42 is subject to a bending moment of 2.0 kNm.
Determine the bending stress distribution throughout the depth of the section.

50 mm
The bending stress at any horizontal level a distance y
from the neutral axis is given by:
r M
y o - My
| : !
X X S = bending moment = 2.0kNm
& 3 3
I = bflz - SOXéOO = 33.33x10° mm’*
Figure 1.42
Consider the bending stress at a number of values of y,
6
y = 100 mm Clp0 = M = 6.0 N/mm’
33.33x10
6
y = 75 mm 055 = M = 4.5 N/mm?
33.33x10
6
y = 50mm Osg = M = 3.0 N/mm’
33.33%x10°
6
y = 25mm G5 = M = 1.5 N/mm?
33.33x10
y = 0 Op =0
6
y = —25mm Gas = —LOX? = 1.5 N/mm’
33.33x10

The cross-section (and hence the stress diagram) is symmetrical about the elastic neutral
axis, as shown in Figure 1.43.



Structural Analysis Techniques 39

6.0 N/mm’

4.5 N/mm>
3.0 N/mm’
1.5 N/mm?>

Bending stress diagram

Figure 1.43

1.10 Transformed Sections

Beams such as ply-web and box-beams in timber are generally fabricated from different
materials, e.g. plywood webs and softwood flanges fastened together. During bending, the
stresses induced in such sections are shared among all the component parts. The extent to
which sharing occurs is dependent on the method of connection at the interfaces. This
connection is normally designed such that no slip occurs between the different materials
during bending. The resulting structural element is a composite section which is non-
homogeneous. (Note: This invalidates the simple theory of bending in which homogeneity
is assumed.)

A useful technique often used when analysing such composite sections is the
transformed section method. When using this method, an equivalent homogeneous section
is considered in which all components are assumed to be the same material. The simple
theory of bending is then used to determine the stresses in the transformed sections, which
are subsequently modified to determine the stresses in the acfual materials.

Consider the composite section shown in Figure 1.44(a) in which a steel plate has been
securely fastened to the underside face. There are two possible transformed sections which
can be considered:

(1) an equivalent section in terms of timber; Figure 1.44(b) or
(il)) an equivalent section in terms of steel; Figure 1.44(c).

To obtain an equivalent section made from timber, the same material as the existing timber
must replace the steel plate. The dimension of the replacement timber must be modified to
reflect the different material properties. The equivalent transformed section properties are
shown in Figure 1.44(b).

The overall depth of both sections is the same (D + ). The strain in element 0A; in the
original section is equal to the strain in element 04, of the transformed section:

Csteel = Ctimber

. stress o o
but strain = ———— = = nf=—
modulus (E) E E
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— B—— T nB -

I 1
&S 6At \ N— 5A5\ """
»
] ()
L5

tL e a8 [— Y i—
¢ oA
| nB
Composite Transformed timber Transformed steel Strain
section section section diagram
(a) (b) (© (d)

Figure 1.44

The force in each element must also be equal:

Force = (stress X area) P = Py
0.0A, = O0A,
E
A= Tisa, = 5sa,
o E

This indicates that in the transformed section:

Equivalent area of transformed timber = (n X original area of steel)

S

where: n is the ‘modular ratio’ of the materials and is equal to

t

The equivalent area of timber must be subject to the same value of strain as the original
material it is replacing, i.e. it is positioned at the same distance from the elastic neutral
axis. The simple equation of bending (see Equation (2) in section 1.9) can be used with the
transformed section properties to determine the bending stresses. The actual stresses in the
steel will be equal to (n X equivalent timber stresses.) The use of this method is illustrated
in Example 1.9. A similar, alternative analysis can be carried out using a transformed steel
section, as shown in Figure 1.46.

1.10.1 Example 1.9: Composite Timber/Steel Section

A timber beam is enhanced by the addition of two steel plates as shown in Figure 1.45.
Determine the maximum timber and steel stresses induced in the cross-section when the
beam is subjected to a bending moment of 70 kNm.
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250 mm

xim steel plate

Eimber = 8200 N/mm?
Eger = 205 % 10° N/mm?®

10 mm

>
300 mm

X
% timber beam

[ steel plate

10 mm
|

150 mm Figure 1.45

(a)  Transformed section based on timber

Equivalent width of timber to replace the steel plate = (n X 150) mm
where:
3
n o= Lwea _ 205x107 g nB = (25x150) = 3750 mm
E 8200

timber

The maximum stresses occur in the timber when y = 150 mm, and in the steel (or
equivalent replacement timber) when y = 160 mm.

c ‘F 3750 mm JT
ET T
= \
g
g
§ X ! j : X Equivalent timber
250 mm \
g 71
g zﬁ ~_ =~
S
- Transformed Section
3 3
Ixx transformed = 37SOX320 - 3SOOX300 = 2365 X 109 mm4
12 12
Maximum bending stress in the timber is given by:
M 10° x1
Otimber = Y150 = 70x107 x 30 = 443 N/mm2
I 2.365%x10

Maximum bending stress in the equivalent timber is given by:
My, 70x10°x160

_ 2
7 = 5 365510° = 4.74 N/mm

O =
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This value of stress represents a maximum value of stress in the steel plates given by:

Cweet = NXO = (25x4.74) = 118.5 N/mm’
(b) Transformed section based on steel
Equivalent width of steel to replace the timber beam = (n X 150) mm
where:
n=% :L nB:l><250 = 10 mm
E 25 25

steel

The maximum stresses occur in the timber (or equivalent replacement steel) when
y = 150 mm, and in the steel when y = 160 mm.

E =
=z 150%x320°  140x300°
— I xx transformed = -
12 12
g = 94.6x 10° mm®
Bl x— = 94, mm
=4 Maximum bending stress in the steel is given by:
M 10° x1
: O = o TOAOXIO0 gy
S I 94.6x10
L 150 mm —
Figure 1.46
Maximum bending stress in the equivalent steel is given by:
6
o = My,s, _ 70x10° x150 = 111 N/mm?
1 94.6x10°

This value of stress represents a maximum value of stress in the timber given by:
1 2
Otimper = X O = gxlll = 4.44 N/mm

Normally when using this method in the design of ply-web beams the plywood webs are
replaced by softwood timber of equivalent thickness to give the required transformed
section; as indicated in Example 1.9, both transformed sections produce the same result.

1.11 Moment Distribution

The methods of analysis illustrated in the previous sections of this chapter are suitable for
determinate structures such as single-span beams in which the support reactions and the
member forces, e.g. shear forces and bending moments, can be evaluated using stability
considerations and the three equations of static equilibrium, i.e. £Fy = 0, XF, = 0 and
2M = 0. In many instances multi-span beams and rigid-jointed frames are used in design,
and consequently it is necessary to consider the effects of continuity on the support
reactions and member forces. Such structures are indeterminate, i.e. there are more
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unknown variables than can be solved using only the three equations of equilibrium. A
few examples of such structures are shown in Figure 1.47.

20kN  40kN 20kN 30 kN

10 kN
K45 4 Unknown reactions:
1 horizontal

B $ C$ 3 vertical

4 Unknown reactions:
1 horizontal

2 vertical

1 moment

12kN 20kN 30kN 50 kN

12 kN/m 5 Unknown reactions:

1 horizontal

B $‘~ C T\ 3 vertical
1 moment

15 kN/m

10 kN

5 Unknown reactions:
2 horizontal

2 vertical

1 moment

Vb

Figure 1.47

This section deals with continuous beams and propped cantilevers. An American engineer,
Professor Hardy Cross, developed a very simple, elegant and practical method of analysis
for such structures called Moment Distribution. This technique is one of developing
successive approximations and is based on several basic concepts of structural behaviour
which are illustrated in sections 1.11.1 to 1.11.10.
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1.11.1 Bending (Rotational) Stiffness

A fundamental relationship which exists in the elastic behaviour of structures and
structural elements is that between an applied force system and the displacements which
are induced by that system, i.e.

Force = Stiffness x Displacement
P = ké
where:
P is the applied force,
k 1s the stiffness,
0 is the displacement.

A definition of stiffness can be derived from this equation by rearranging it such that:
k = P/é

when 6 = 1.0 (i.e. unit displacement) the stiffness is: ‘the force necessary to maintain a
UNIT displacement, all other displacements being equal to zero.’

The displacement can be a shear displacement, an axial displacement, a bending
(rotational) displacement or a torsional displacement, each in turn producing the shear,
axial, bending or torsional stiffness.

When considering beam elements in continuous structures using the moment
distribution method of analysis, the bending stiffness is the principal characteristic which
influences behaviour.

Consider the beam element AB shown in Figure 1.48 which is subject to a UNIT
rotation at end A and is fixed at end B as indicated.

Unit rotation My
A B
Ne— \
My > 7S meeee-mm 7T Fixed-End

Figure 1.48 (zero rotation)

The force (M,) necessary to maintain this displacement can be shown (e.g. using
McCaulay’s Method) to be equal to (4EI)/L. From the definition of stiffness given
previously, the bending stiffness of the beam is equal to (Force/1.0), therefore k = (4EI)/L.
This is known as the absolute bending stiffness of the element. Since most elements in
continuous structures are made from the same material, the value of Young’s Modulus (E)
is constant throughout and 4F in the stiffness term is also a constant. This constant is
normally ignored, to give k = I/L which is known as the relative bending stiffness of the
element. It is this value of stiffness which is normally used in the method of Moment
Distribution.

It is evident from Figure 1.48 that when the beam element deforms due to the applied
rotation at end A, an additional moment (Mp) is also transferred by the element to the
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remote end if it has zero slope (i.e. is fixed) The moment Mg is known as the carry-over
moment.

1.11.2 Carry-Over Moment

Using the same analysis as that to determine M,, it can be shown that My = (2EI)/L,
i.e. (Y2xX M,). It can therefore be stated that ‘if a moment is applied to one end of a beam
then a moment of the same sense and equal to half of its value will be transferred to the
remote end provided that it is fixed.’

If the remote end is ‘pinned’, then the beam is less stiff and there is no carry-over
moment.

1.11.3 Pinned End

Consider the beam shown in Figure 1.49 in which a unit rotation is imposed at end A as
before but the remote end B is pinned.

Unit rotation Zero
A B
Man > T~ ______-- - Pinned End

Figure 1.49

The force (Mja) necessary to maintain this displacement can be shown (e.g. using
McCaulay’s Method) to be equal to (3EI)/L, which represents the reduced absolute
stiffness of a pin-ended beam. It can therefore be stated that ‘the stiffness of a pin-ended
beam is equal to % X the stiffness of a fixed-end beam.’ In addition it can be shown that
there is no carry-over moment to the remote end. These two cases are summarised in
Figure 1.50.

Remote End Fixed:
Unit rotation Mg My = 4EI/L
AM B k=(/L)
My T ' My = 2EIL
Remote End Pinned:
l{nit rotation My M, = 3EI/L
A= —_.x B k=% (/L)
My Bt Mg = zero

Figure 1.50

1.11.4 Free and Fixed Bending Moments

When a beam is free to rotate at both ends as shown in Figures 1.51(a) and (b) such that no
bending moment can develop at the supports, then the bending moment diagram resulting
from the applied loads on the beam is known as the Free Bending Moment Diagram.
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w kN/m length

Pinned

_____________ Roller
Support

Support

(a) (b)
Figure 1.51 — Free Bending Moment Diagrams

When a beam is fixed at the ends (encastre) such that it cannot rotate, i.e. zero slope at the
supports, as shown in Figure 1.52, then bending moments are induced at the supports and
are called Fixed-End Moments. The bending moment diagram associated only with the
fixed-end moments is called the Fixed Bending Moment Diagram.

My

My
Fixed

Support

Figure 1.52 — Fixed Bending Moment Diagram

Using the principle of superposition, this beam can be considered in two parts in order to
evaluate the support reactions and the Final bending moment diagram:

(i)  The fixed-reactions (moments and forces) at the supports

\% Vi@ .
A fixed Deformation inducing B fixed Figure 1.53

tension on the topside

(ii)  The free reactions at the supports and the bending moments throughout the
length due to the applied load, assuming the supports to be pinned

Vi oo Figure 1.54

Deformation inducing
tension on the underside
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Combining (i) + (ii) gives the final bending moment diagram as shown in Figure 1.55:

Va = (Vafixed + Vafree); Ve = (VBiixed + VBiree)
My = ( My + 0 ), Mg = ( Mg + 0 )
My M Note: M = [Mg+ (Mx— Mg)b/L ]
| My
1 —ve
| Mag----
Fixed bending moment diagram A b T T T My
W\ <] Pab
+ — +ve L
Y
e Pab M
Pab L
L

Free bending moment diagram Final bending moment diagram

Figure 1.55

The values of M, and Mg for the most commonly applied load cases are given in
Appendix 3. These are standard Fixed-End Moments relating to single-span encastre
beams and are used extensively in structural analysis.

1.11.5 Example 1.10: Single-span Encastre Beam
Determine the support reactions and draw the bending moment diagram for the encastre
beam loaded as shown in Figure 1.56.

Figure 1.56

Solution:
Consider the beam in two parts.

(1) Fixed Support Reactions
The values of the fixed-end moments are given in Appendix 3.

2 2
My = - PO 20X 998 kNm
L 6
Pa’b 20%x2% x4
Mg = + I? =+ 62 = +8.89kNm These moments induce tension

in the top of the beam
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17.78 kNm 8.89 kNm
o~
A N
VA fixed VB fixed
6.0 m |
1

Consider the rotational equilibrium of the beam:

+Ve‘> MA=0
—(17.78) + (8.89) = (6.0 X Vg ixea) = O Equation (1)
VB fixed = — 148 kN +
Consider the vertical equilibrium of the beam:
+ve * 2XF, =0
+ VA fixed + VB fixed = 0 S Vatixed =—(—148kN)= + 148 ka Equation 2)
(ii) Free Support Reactions
20 kN
A B
VA free 2.0m ‘ 4.0m VB free
§ o )
J 6.0 m J

! N

Consider the rotational equilibrium of the beam:

+ve ) ZM, =0
+(20%2.0) = (6.0 X Vg free) = O S VB free = +6.67kN f Equation (1)
Consider the vertical equilibrium of the beam:

+ve f 2XF, =0
+ Va tree + VB free —20=10 S Vafree= +13.33 kN? Equation (2)

Bending Moment under the point load= (+13.33 xX2.0) = +26.67 kNm
This induces tension in
the bottom of the beam
The final vertical support reactions are given by (i) + (ii):
Va= Vi fixed T Va free — (+ 1.48 + 1333) = +14.81 kN
V= Vg fixed T Vs free — (— 1.48 + 667) = +5.19kN
Check the vertical equilibrium: Total vertical force = + 14.81 + 5.19 = +20 kN
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17.78 kNm
8.89 kNm

[}
[}
! -ve
)
I

M ={8.89 +[(17.78 — 8.89) x (4/6)]} = 14.82 kNm

Fixed bending moment diagram
+

+ve

26.67 kN
m Free bending moment diagram

17.78 kNm

26.67 kNm

+ve i

(26.67 — 14.82) = 11.87 kNm

Final Bending Moment Diagram
Figure 1.57

Note the similarity between the shape of the bending moment diagram and the final
deflected shape as shown in Figure 1.58.

tension tension Deflected shape indicating
tension zones and the
similarity to the shape of the
bending moment diagram

point of tension point of
contraflexure contraflexure

Figure 1.58

1.11.6 Propped Cantilevers

The fixed-end moment for propped cantilevers (i.e. one end fixed and the other end simply
supported) can be derived from the standard values given for encastre beams as follows.
Consider the propped cantilever shown in Figure 1.59, which supports a uniformly
distributed load as indicated.
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Figure 1.59

The structure can be considered to be the superposition of an encastre beam with the
addition of an equal and opposite moment to Mg applied at B to ensure that the final
moment at this support is equal to zero, as indicated in Figure 1.60.

carry-over

Figure 1.60

1.11.7 Example 1.11: Propped Cantilever

Determine the support reactions and draw the bending moment diagram for the propped
cantilever shown in Figure 1.61.

M 10 kN/m

Figure 1.61

Solution
Fixed-End Moment for Propped Cantilever:
Consider the beam fixed at both supports.

The values of the fixed-end moments for encastre beams are given in Appendix 3.

2 2
My = - M 108 s333kNm
12 12
2 2
My =+ YE o 1O 5333 kNm
12 12

The moment Mg must be cancelled out by applying an equal and opposite moment at B
which in turn produces a carry-over moment equal to (Y2 X My ) at support A.



Structural Analysis Techniques 51

53.33 kNm 53.33 kNm
80 kNm 10 kN/m
Va 8.0 m Vs
carry-over
(1) Fixed Support Reactions 80 kKNm
Va fixed 8.0m VB fixed
Consider the rotational equilibrium of the beam:
+ve ) ZM, =0
—(80) — (8.0 X VB fixea) =0 Equation (1)
VB fixed = —10.0kN *

Consider the vertical equilibrium of the beam:
+ve b £F, =0
+ VA fixed + VB fixed = 0 o VA fixed = — (— 10.0 kN) = +10.0kN f Equation (2)

(ii) Free Support Reactions

10 kN/m
VA free 8.0m VB free

Consider the rotational equilibrium of the beam:

+ve ) M, =0
+(10x8.0x4.0)—(8.0X Vgfee) = 0 s VBfee = +40.0kN f Equation (1)
Consider the vertical equilibrium of the beam:

+ve d £F, =0
+ Vot + Vo e — (10x8.0) =0 “ Vame= +40.0kN 4 Equation (2)

The final vertical support reactions are given by (i) + (ii):

Va= Vatixed+ Vafree = (+10.0+40.0) = +50.0 kN

VB = VB fixed T+ VB free = (— 10.0 + 400) = +30.0kN

Check the vertical equilibrium: Total vertical force = +50.0 +30.0 = +80kN
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80.0 kNm

Fixed bending moment diagram

e i

wL? Free bending moment diagram

-~
-~

-~

-~
-~

10x82

=80 kNm . .
maximum bending moment Final bending moment diagram

Figure 1.62

Note the similarity between the shape of the bending moment diagram and the final
deflected shape as shown in Figure 1.63

tension Deflected shape indicating
------------------ tension zones and the
similarity to the shape of the

bending moment diagram

|
point of contraflexure tension

Figure 1.63

The position of the maximum bending moment can be determined by finding the point of
zero shear force.

The position of zero shear:
30
xX=—
10

50 kN = 3.0m

50 kN

Maximum bending moment:
M = [+(30x3.0)—-(10x3.0x1.5)]
shear force diagram x 30kN = +45kNm
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1.11.8 Distribution Factors
Consider a uniform two-span continuous beam, as shown in Figure 1.64.

B h
A 0 C

11,L1 $ 12, L2

If an external moment M is applied to this structure at support B it will produce a rotation
of the beam at the support; part of this moment is absorbed by each of the two spans BA
and BC, as indicated in Figure 1.65.

Figure 1.64

M applied

Applied moment Rotation of beam at support
(Mapplied = M+ MZ)
Figure 1.65

The proportion of each moment induced in each span is directly proportional to the
relative stiffnesses, e.g.

Stiffness of span BA
Stiffness of span BC

(L/Ly)
(IL/L,)

kpa
kec

Total stiffness of the beam at the support

kiow = (kpa+ksc)= [(Li/L))+ (I/L)]

k BA
M applied X k
total

k
BC

M applied X k
total

] is known as the Distribution Factor for the member at the joint where

The moment absorbed by beam BA M,

The moment absorbed by beam BC M,

The ratio [ k

total

the moment is applied.

As indicated in Section 1.11.2, when a moment (M) is applied to one end of a beam in
which the other end is fixed, a carry-over moment equal to 50% of M is induced at the
remote fixed-end and consequently moments equal to ¥2 M, and Y2 M, will develop at
supports A and C respectively, as shown in Figure 1.66.

M,/2 M,

—-_———
- ~~o
~

w |
Figure 1.66
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1.11.9 Application of the Method

All of the concepts outlined in Sections 1.11.1 to 1.11.8 are used when analysing
indeterminate structures using the method of moment distribution. Consider the two
separate beam spans indicated in Figure 1.67.

w kN/m B
A
(E’I’ L)AB $" (E’L’ I)BC

Figure 1.67

Since the beams are not connected at the support B they behave independently as simply
supported beams with separate reactions and bending moment diagrams, as shown in
Figure 1.68.

Deformed shape:
note the different
slopes at point B

W Shape of bending
) moment diagram
wli g Pab

8 Lyc
Figure 1.68

When the beams are continuous over support B as shown in Figure 1.69(a), a continuity
moment develops for the continuous structure as shown in Figures 1.69(b) and (c). Note
the similarity of the bending moment diagram for member AB to the propped cantilever in
Figure 1.62. Both members AB and BC are similar to propped cantilevers in this structure.

(a)
Deformed shape: (b)
note the same slope
at support B
Shape of bending
moment diagram (©)

continuity moment

Figure 1.69
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Moment distribution enables the evaluation of the continuity moments. The method is
ideally suited to tabular representation and is illustrated in Example 1.12.

1.11.10 Example 1.12: Three-span Continuous Beam

A non-uniform, three span beam ABCD is fixed at support A and pinned at support D, as
illustrated in Figure 1.70. Determine the support reactions and sketch the bending moment
diagram for the applied loading indicated.

Figure 1.70
Solution:
Step 1
The first step is to assume that all supports are fixed against rotation and evaluate the
‘fixed-end moments’.

The values of the fixed-end moments for encastre beams are given in Appendix 3.
Span AB

Pab* 10x2x 4>
My = - P _ 10X 589 kNm
L 6.0
2 2
My = + 200 102 X4y 44 kN
L 6.0
Span BC
2 2
Mge = - YL 108 5333 kNm
12 12
wL? 108>
Mey = + - = +5333KkNm
12 12
Span CD*
2 2
Mo = — WL _PE_ ISXST X5 4689 kNm
12 8 2 8
2 2
Mpe = + WE L PL_ | XS X5 4689 kNm
2 8 12 8

* Since support D is pinned, the fixed-end moments are (Mcp + Mpc/2) at C and zero at D
(see Figure 1.60): (Mcp + Mpc/2) =  [46.89 + (0.5x46.89)] = 70.34 kNm.
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Step 2

The second step is to evaluate the member and total stiffness at each internal joint/support
and determine the distribution factors at each support. Note that the applied force system
is not required to do this.

B C

D

E, 1.51
5.0m

Support B
Stiffness of BA = kg,
Stiffness of BC = ke

gﬁéog))z gégzl } kow = (0.167+025)0 = 04171

0.1671

=~

Distribution factor (DF) for BA= —2& = = 04

ko 0.4171

X 0251 XDF’s= 1.0
Distribution factor (DF) for BC = —2& = . = 0.6

K oral 0.4171
Support C
Stiffness of CB = kcp = kpe = 0.251 Note: the remote end D is
Stiffness of CD= kep = 3% X (1.51/5.0)= 0.225] pinned and k =% (I/L)

kow = (0.25+0.2250 = 04751
kep 0.251

Distribution factor (DF) for CB = = = 0.53
K oral 0.4751 SDF° L0
o kse  0.1411 =4
Distribution factor (DF) for CD = = = 047
0.4751

total
The structure and the distribution factors can be represented in tabular form, as shown in
Figure 1.71.

i
Joints/Support AR = =
A B C D
Member AB BA BC CB CD DC
Distribution 0 0.4 0.6 0.53 | 0.47 1.0
Factors

Figure 1.71

The distribution factor for fixed supports is equal to zero since any moment is resisted by
an equal and opposite moment within the support and no balancing is required. In the case
of pinned supports the distribution factor is equal to 1.0 since 100% of any applied
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moment, e.g. by a cantilever overhang, must be balanced and a carry-over of %2 X the
balancing moment transferred to the remote end at the internal support.

Step 3
The fixed-end moments are now entered into the table at the appropriate locations, taking
care to ensure that the signs are correct.

s
Joints/Support R = =
A B C D

Member AB BA BC CB CDh DC

Distribution 0 04 0.6 0.53 | 0.47 1.0
Factors
Fixed-End — + - + -
Moments 8.89 4.44 | 53.33 53.33 | 70.34 Zero
Step 4

When the structure is restrained against rotation there is normally a resultant moment at a
typical internal support. For example, consider the moments B:
Mgy = +4.44kNm ¥and Mge = —5333kNm J

The ‘out-of-balance’ moment is equal to the algebraic difference between the two:
The out-of-balance moment = (+4.44—-53.33) = —48.89kNm ¥

If the imposed fixity at one support (all others remaining fixed), e.g. support B, is released,
the beam will rotate sufficiently to induce a balancing moment such that equilibrium is
achieved and the moments Mg, and Mpc are equal and opposite. The application of the
balancing moment is distributed between BA and BC in proportion to the distribution
factors as calculated previously.

Moment applied to BA = + (48.89x0.4) = +19.56 kNm
Moment applied to BC = + (48.89 X 0.6) = +29.33 kNm
s
Joints/Support e = g
A B C D
Member AB BA BC CB CD DC
Distribution 0 0.4 0.6 0.53 | 047 1.0
Factors
Fixed-End — + — + —
Moments 8.89 4.44 | 53.33 53.33 | 70.34 Z€ero
Balance + +
Moment 19.56 | 29.33
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As indicated in Section 1.11.2, when a moment is applied to one end of a beam whilst the
remote end is fixed, a carry-over moment equal to (Y2 X applied moment) and of the same
sign is induced at the remote end. This is entered into the table as shown.

e
Joints/Support R = ok
A B C D
Member AB BA BC CB CD DC
Distribution 0 0.4 0.6 0.53 | 047 1.0
Factors
Fixed-End — + — + —
Moments 8.89 4.44 | 53.33 53.33 | 70.34 Z€ero
Balance + +
Moment 19.56 | 29.33
Carry-over to + s
Remote Ends 9.78 14.67
Step 5

The procedure outline above is then carried out for each restrained support in turn. The
reader should confirm the values given in the table for support C.

e
Joints/Support R 7
A B C D
Member AB BA BC CB CD DC
Distribution 0 0.4 0.6 0.53 | 047 1.0
Factors
Fixed-End — + — + —
Moments 8.89 4.44 | 53.33 53.33 | 70.34 Zero
Balance + +
Moment 19.56 | 29.33
Carry-over to + N
Remote Ends 9.78 14.67
Balance + + Note:
Moment 1.27 | 1.12 | No carry-over |
Carry-over to M to the pinned
Remote Ends 0.64 end

If the total moments at each internal support are now calculated they are:

Mg
Mgc
Mcg
Mcp

(+ 4.44 + 19.56)
(- 53.33 +29.33 + 0.64) = —23.36 kNm
(+53.33 + 14.67 + 1.27)
= (7034 + 1.12)

+ 69.27 kNm
—69.27 KNm

j

= +24.0kNm | The difference = 0.64 kNm i.e.

the value of the carry-over moment

The difference =0
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It is evident that after one iteration of each support moment the true values are nearer to
23.8 kNm and 69.0 kNm for B and C respectively. The existing out-of-balance moments
which still exist, 0.64 kNm, can be distributed in the same manner as during the first
iteration. This process is carried out until the desired level of accuracy has been achieved,
normally after three or four iterations.

A slight modification to carrying out the distribution process which still results in the
same answers is to carry out the balancing operation for all supports simultaneously and
the carry-over operation likewise. This is quicker and requires less work. The reader
should complete a further three/four iterations to the solution given above and compare the
results with those shown in Figure 1.72.

N
Joints/Support B = =
A B C D
Member AB BA BC CB CD DC
Distribution 0 0.4 0.6 0.53 | 047 1.0
Factors
Fixed-End - + — + —
Moments 8.89 4.44 | 53.33 53.33 | 70.34 Zero
Balance + + + +
Moment 19.56 | 29.33 9.01 | 7.99
Carry-over to + | * + |y
Remote Ends 9.78 4.50 14.67
Balance - - - -
Moment 1.80 | 2.70 778 | 6.89
Carry-over to | —0.91 - - N -
Remote Ends 3.89 1.35
Balance + carry- + + + +
Moment 0.78 | " | 1.56 | 2.33 0.72 | 0.63
+ + - + -
Total 0.76 23.76 | 23.76 68.60 | 68.61 Zero

* The final carry-over, to the fixed support only, means that this value is one iteration more accurate than the
internal joints.

Figure 1.72

The continuity moments are shown in Figure 1.73.

ll() kN 23.76 kNm 10 kN/m  68.61 kNm

! . !
VA VB VC VD
Figure 1.73
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The support reactions and the bending moment diagrams for each span can be calculated
using superposition as before by considering each span separately.

(1) Fixed Support Reactions

A -
s =
B C D
6.0 m 8.0m 25m 25m ?
| I I F K N K
VAB fixed VBA fixed VBC fixed VCB fixed VCD fixed VDC fixed
68.61 kNm
23.76 kKNm
0.76 kNm
A B B C C D
Consider span AB:
+Ve) 2XMy=0
+0.76 + 23.76 — (6.0 X Vga fixea) = O Equation (1)
© Vaatixeda = +4.09 kN f
Consider the vertical equilibrium of the beam:
+ve * 2XF, =0
+ VaB fixed + VBa fixed =0 v VaB fixesa = —4.09kN * Equation (2)
Consider span BC:
+Ve‘> Mg=0
—23.76 + 68.61 — (8.0 X Vg fixea) = O Equation (1)
VCB fixed = T+ 5.61 kN f
Consider the vertical equilibrium of the beam:
+ve b £F, =0
+ Vic fixed + VeB fixed =0 . VBcfiea = —5.61 kN * Equation (2)
Consider span CD:
+ve ) IMc =0
- 68.61 — (50 X Vbe fixcd) =0 Equation (1)

VDC fixed = — 13.72 kN *
Consider the vertical equilibrium of the beam:

+ve b 5F,=0
+ Vb fixed + VDC fixed = 0 .. Vb fixed = + 13.72 kN f Equation (2)
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Fixed vertical reactions
The total vertical reaction at each support due to the continuity moments is equal to the
algebraic sum of the contributions from each beam at the support.

Vatixed = VaBifixed = —4.09 kN
Veiixed = VBafixed + VBCixea = (+4.09-5.61) = —1.52kN
VC fixed = VCB fixed T+ VCD fixed = (+ 5.61 + 1372) = +19.33 kN

VDC fixed = - 1372 kN

VD fixed

(ii) Free Support Reactions

10 kN 10 kN/m 15 kN/m 25 kN
2 Om ‘ i | % l 2.5m 25m
VAB free VBA free VBC free VCB free VCD free VDC free
A ‘ B B C C D
Pab Ei ﬂ
L w2 wL? L PL
8 8 4

Free bending moments
Pab 10x2x4

Span AB = = 13.3 kNm
L 6
2 2
spmnBC WL o 10x8 — 80.0 kNm
8 8
2 2
spancD | WL PLI_ 15X 25X ge i3 kNm
8 4 8 4
Consider span AB:
+Ve) 2MA=0
+(10%2.0) = (6.0X Veate) = 0  Veame = +333kN 4 Equation (1)

Consider the vertical equilibrium of the beam:
+ve d2F, =0

+ Vi e + Via e — 100 =0 “ Vapme = +6.67kN 4 Equation (2)
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Consider span BC:

+Ve) Mg =0
+ (10 x8.0%x4.0) = (8.0 X Vg free)= O S VB e = +40.0kN f Equation (1)

Consider the vertical equilibrium of the beam:
+ve b £F, =0
+Viceet Vepmee— (10X8.0) =0 = Vacpee = +40.0kN 4 Equation (2)

Consider span CD:

+ve) SMc=0

+(25%2.5)+ (15%x5.0%x2.5)—=(5.0X Vpcfree)= O f
S Vbefee = +50.0kN Equation (1)
Consider the vertical equilibrium of the beam:

+ve * XF, =0
+ Vb free + Ve free — 25.0 = (15X 5.0)=0 .. Veopiee = +50.0kN f Equation (2)

Free vertical reactions:

VA free = VAB free = +6.67kN
Vefiee = VBA free + VBCfree = (+3.33 +40.0) = +43.33kN
Vetee = VeB free + VoD free = (+ 40.0 + 500) = +90.0 kN
Vbfee = VDC free = +50.0 kN

The final vertical support reactions are given by (i) + (ii):

Va= Va fixed + VA free = (— 4.09 + 667) = +2.58 kN

V= Viifixed+ VB free = (—1.58+43.33) = +41.81kN

Vc = VC fixed + VC free = (+ 19.33 + 900) + 109.33 kN

Vb= Vbiixed + VD free = (— 13.72 + 500) + 36.28 kN

Check the vertical equilibrium: Total vertical force = +2.58 +41.81 + 109.33 + 36.28
= + 190 kN (= total applied load)

The final bending moment diagram is shown in Figure 1.74.

13.3 kNm

Bending moment diagram

maximum +ve value at
. point of zero shear
Figure 1.74 equals 43.84 kNm



2. Design Philosophies

Objective: to provide a resumé of the design philosophies most commonly used
when undertaking structural design.

2.1 Introduction

The successful completion of any structural design project is dependent on many
variables, however, there are a number of fundamental objectives which must be
incorporated in any design philosophy to provide a structure which throughout its intended
lifespan:

@) will possess an acceptable margin of safety against collapse whilst in use,

(ii) is serviceable and perform its intended purpose whilst in use,

(iii))  is sufficiently robust such that damage to an extent disproportionate to the
original cause will not occur,

@iv) is economic to construct, and

V) 1s economic to maintain.

Historically, structural design was carried out on the basis of intuition, trial and error, and
experience which enabled empirical design rules, generally relating to structure/member
proportions, to be established. These rules were used to minimise structural failures and
consequently introduced a margin-of-safety against collapse. In the latter half of the
19" century the introduction of modern materials and the development of mathematical
modelling techniques led to the introduction of a design philosophy which incorporated
the concept of factor-of-safety based on known material strength, e.g. ultimate tensile
stress; this is known as permissible stress design. During the 20" century two further
design philosophies were developed and are referred to as load-factor design and limit-
state design; each of the three philosophies is discussed separately in Sections 2.2 to 2.4.

2.2  Permissible Stress Design

When using permissible stress design, the margin of safety is introduced by considering
structural behaviour under working/service load conditions and comparing the stresses
under these conditions with permissible values. The permissible values are obtained by
dividing the failure stresses by an appropriate factor of safety. The applied stresses are
determined using elastic analysis techniques, i.e.

failure stress

factor of safety

stress induced by working loads <

2.3 Load Factor Design

When using load factor design, the margin of safety is introduced by considering structural
behaviour at collapse load conditions. The ultimate capacities of sections based on yield
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strength (e.g. axial, bending moment and shear force capacities) are compared with the
design effects induced by the ultimate loads. The ultimate loads are determined by
multiplying the working/service loads by a factor of safety. Plastic methods of analysis are
used to determine section capacities and design load effects. Despite being acceptable, this
method has never been widely used.

Ultimate design load effects due to Ultimate capacity based on the
(working loads X factor of safety) - failure stress of the material

2.4  Limit State Design

The limit state design philosophy, which was formulated for reinforced concrete design in
Russia during the 1930s, achieves the objectives set out in Section 2.1 by considering two
‘types’ of limit state under which a structure may become unfit for its intended purpose.
They are:

1. the Serviceability Limit State in which a condition, e.g. deflection, vibration or
cracking, occurs to an extent, which is unacceptable to the owner, occupier, client
etc. and

2. the Ultimate Limit State in which the structure, or some part of it, is unsafe for its
intended purpose, e.g. compressive, tensile, shear or flexural failure or instability
leading to partial or total collapse.

The basis of the approach is statistical and lies in assessing the probability of reaching a
given limit state and deciding upon an acceptable level of that probability for design
purposes. The method in most codes is based on the use of characteristic values and
partial safety factors.

Partial Safety Factors: The use of partial safety factors, which are applied separately to
individual parameters, enables the degree of risk for each one to be varied, reflecting the
differing degrees of control which are possible in the manufacturing process of building
structural materials/units (e.g. steel, concrete, timber, mortar and individual bricks) and
construction processes such as steel fabrication, in-situ/pre-cast concrete, or building in
masonry.

Characteristic Values: The use of characteristic values enables the statistical variability
of various parameters such as material strength, different load types etc. to be incorporated
in an assessment of the acceptable probability that the value of the parameter will be
exceeded during the life of a structure. The term ‘characteristic’ in current design codes
normally refers to a value of such magnitude that statistically only a 5% probability exists
of its being exceeded.

In the design process the characteristic loads are multiplied by the partial safety factors
to obtain the design values of design effects such as axial or flexural stress, and the design
strengths are obtained by dividing the characteristic strengths by appropriate partial safety
factors for materials. To ensure an adequate margin of safety the following must be
satisfied:
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Design strength 2 Design load effects

e.g. Jie 2 [(stress due to Gy X ¥ geaa) + (stress due to Ok X ¥ imposed) ]
m

where:

S is the characteristic compressive strength,

Y is the partial safety factor for materials,

Gy is the characteristic dead load,

Ok is the characteristic imposed load,

¥ dead is the partial safety factor for dead loads,
Yrimposed 18 the partial safety factor for imposed loads.

The limit state philosophy can be expressed with reference to frequency distribution
curves for design strengths and design effects, as shown in Figure 2.1.

A AR
1
1 \
1 \
1 \
> 1 \
2 1 \
8 ] \
=) 1 \
[} 1 \
= U N LN
Characteristic R Characteristic N
load effect { strength \
N > ~ |-
T >
i strength
]
5% probability of strength being 5% probability of exceeding

below the characteristic strength value  the characteristic load effect

Figure 2.1

The shaded area represents the probability of failure, i.e. the level of design load effect
which can be expected to be exceeded by 5% and the level of design strength which 5% of
samples can be expected to fall below. The point of intersection of these two distribution
curves represents the ultimate limit state, i.e. the design strength equals the design load
effects.

The partial safety factors represent the uncertainty in the characteristic values. The lack
of detailed statistical data on all of the parameters considered in design and the complexity
of the statistical analysis has resulted in the use of a more subjective assessment of the
values of partial safety factors than is mathematically consistent with the philosophy.

2.5 Design Codes

The design philosophies outlined above are reflected in structural design standards and
codes of practice which are used by designers in producing safe and economic structures.
The design ‘rules’ and guidance given within them are specific to individual materials, e.g.
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BS 8110 - Structural use of concrete,
BS 5950 - Structural use of steelwork,
BS 5268 — Structural use of timber,
BS 5628 — Structural use of masonry,

* & & o

and are based on material characteristics such as the stress—strain relationship, the modulus
of elasticity, Poisson’s ratio and the inherent variability both within the manufacture of the
materials and the processes adopted during construction.
Currently the structural timber design code is a permissible stress design code and
those for concrete, steelwork and masonry are based on the ‘limit state’ design philosophy.
The following values for the partial safety factors (%) applied to loads are given in most
limit state design codes used in the UK.

(a) Dead and imposed load

design dead load = 09 Gy or 1.4 Gy
design imposed load = 1.60«

design earth and

water load = 14E,

(b) Dead and wind load
design dead load = 09 Gy or 1.4 Gy
design wind load = 1.4 w,or 0.015G
whichever is the larger
design earth and
water load = 14E,

(¢c) Dead, imposed and wind load

design dead load = 1.2 Gy
design imposed load = 1.2 O
design wind load = 1.2 w,or 0.015Gy whichever is the larger
design earth and water load = 1.2E,

where:

G\ is the characteristic dead load,

QO is the characteristic imposed load,

Wi 1s the characteristic wind load,

E, is the earth load as described in ‘Earth retaining structures’, Civil Engineering Code of
Practice No.2.

Note: Upper case letters (e.g. Gy) are normally used for concentrated loads and lower case
letters (e.g. gx) for distributed loads.

The partial safety factors relating to material properties (,) are also given in the relevant
codes and considered in Chapters 5, 6, 7 and 8 for reinforced concrete, steelwork, timber
and masonry respectively.
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2.6 Eurocodes

The European Standards Organisation, CEN, is the umbrella organisation under which a
set of common structural design standards (EC1, EC2, EC3, etc.) are being developed. The
Structural Eurocodes are the result of attempts to eliminate barriers to trade throughout the
European Union. Separate codes exist for each structural material, as indicated in Table
2.1. The basis of design and loading considerations are included in EC1.

Each country publishes its own European Standards (EN), e.g. in the UK the British
Standards Institution (BSI) issues documents (which are based on the Eurocodes
developed under CEN), with the designation BS EN.

Structural Eurocodes are currently issued as Pre-standards (ENV) which can be used as
an alternative to existing national rules (with the exception of EN 1990 and EN 1991-1-1).
In the UK the BSI has used the designation DD ENV; the pre-standards are equivalent to
the traditional ‘Draft for development’ Documents.

CEN Number | Title of Eurocode
EN 1990 Eurocode: Basis of structural design
ENV 1991 Eurocode 1: Actions on structures
ENV 1992 Eurocode 2: Design of concrete structures
ENV 1993 Eurocode 3: Design of steel structures
ENV 1994 Eurocode 4: Design of composite steel and concrete structures
ENV 1995 Eurocode 5: Design of timber structures
ENV 1996 Eurocode 6: Design of masonry structures
ENV 1997 Eurocode 7: Geotechnical design
ENV 1998 Eurocode 8: Design of structures for earthquake resistance
ENV 1999 Eurocode 9: Design of aluminium structures

Table 2.1

After approval of an EN by CEN the Standard reaches the Date of Availability (DAV).
During the two years following this date, National Calibration is expected to be carried out
in each country to determine the NDPs Nationally Determined Parameters (previously
referred to as ‘boxed values’). The NDPs represent the safety factors to be adopted when
using the EN, and setting their values remains the prerogative for each individual country.

Following this will be Co-Existence Period for a maximum of three years during
which each country will withdraw all of the existing National Codes which have a similar
scope to the EC being introduced.

2.6.1 National Annex

Each country which issues a European Standard also issues a National Annex currently
published in the UK as a ‘NAD’ — National Application Document, for use with the EN.
There is no legal requirement for a country to produce a National Annex; however, it is
recommended to do so. The purpose of the National Annex is to provide information to
designers relating to product standards for materials, partial safety factors and any
additional rules and/or supplementary information specific to design within that country.
(Note: The contents of the core document of an EC cannot be changed to include the
NDPs being adopted: these should be provided if required in a separate document.)
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2.6.2 Normative and Informative

There are two types of information contained within the core documents: normative and
informative. Normative Annexes have the same status as the main body of the text whilst
Informative Annexes provide additional information. The Annexes generally contain more
detailed material or material which is used less frequently.

2.6.3 Terminology, Symbols and Conventions

The terminology, symbols and conventions used in EC6: Part 1.1 differ from those used by
current British Standards. The code indicates Principles which are general statements and
definitions which must be satisfied, and Rules which are recommended design procedures
which comply with the Principles. The Rules can be substituted by alternative procedures
provided that these can be shown to be in accordance with the Principles.

2.6.3.1 Decimal Point

Standard ISO practice has been adopted in representing a decimal point by a comma, i.e.
5,3=5.3.

2.6.3.2 Symbols and Subscripts

As in British Standards there are numerous symbols and subscripts used in the codes.
They are too numerous to include here, but some of the most frequently used ones are
given here for illustration purposes:

F: Action, A force (load) applied to a structure or an imposed deformation (indirect
action), such as temperature effects or settlement

G: permanent action such as dead loads due to self-weight, e.g.

Characteristic value of a permanent action = Gy
Design value of a permanent action = Gy
Lower design value of a permanent action = Gy
Upper design value of a permanent action = Gyyp

Q: variable actions such as imposed, wind or snow loads,
Characteristic value of a variable action = Q
Design value of a variable action = Qq

A: accidental actions such as explosions, fire or vehicle impact.
E: effect of actions on static equilibrium or of gross displacements etc., e.g.
Design effect of a destabilising action = Egux

Design effect of a stabilising action = Egw

Note: Ed,dst < Ed,stb

A
In most cases the Eurocode does not use italics for variables.
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R: Design resistance of structural elements, e.g.

. . . ¢1 mt fk
Design vertical load resistance of awall = Ngg = ———
Tm
. . £t
Design shear resistance of a wall = Vgg = =%
Tm
. . . AsfykZ
Design moment of resistance of a section = Mgqy = ————
¥s

S: Design value of actions Factored values of externally applied loads or load effects
such as axial load, shear force, bending moment etc., e.g.

Design vertical load Nsg < Nrgg
Design shear force Vsa < Vi
Design bending moment Mgy < Mgy

X: Material property Physical properties such as tension, compression, shear and bending
strength, modulus of elasticity etc., e.g.

Characteristic compressive strength of masonry = X, = fi, = Kf>® N/mm’

, , L Kf, % 2

Design compressive strength of masonry = Xy= — = f3 = N/mm
Tm Tm

2.6.4 Limit State Design

The limit states are states beyond which a structure can no longer satisfy the design
performance requirements (see Section 2.4). The two classes of limit state are:

¢ Ultimate limit states: These include failures such as full or partial collapse
due to e.g. rupture of materials, excessive deformations, loss of equilibrium
or development of mechanisms. Limit states of this type present a direct risk
to the safety of individuals.

¢ Serviceability limit states: Whilst not resulting in a direct risk to the safety of
people, serviceability limit states still render the structure unsuitable for its
intended purpose. They include failures such as excessive deformation
resulting in unacceptable appearance or non-structural damage, loss of
durability or excessive vibration causing discomfort to the occupants.

The limit states are quantified in terms of design values for actions, material properties and
geometric characteristics in any particular design. Essentially the following conditions
must be satisfied:

Ultimate limit state:
Rupture Sa £ Ry
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where:

Sq  is the design value of the effects of the actions imposed on the structure/structural
elements,

R,  is the design resistance of the structure/structural elements to the imposed actions.

Stability Sd,dst < Rd,stb
where:
Saast 18 the design value of the destabilising effects of the actions imposed on the
structure (including self-weight where appropriate).
Sasw 18 the design value of the stabilising effects of the actions imposed on the structure
(including self-weight where appropriate).

Serviceability limit state:
Serviceability Sqa £ Cq4
where:
Sa s the design value of the effects of the actions imposed on the structure/structural
elements,
Cq  is aprescribed value, e.g. a limit of deflection.

2.6.5 Design Values
The term design is used for factored loading and member resistance

Design loading (F4) = partial safety factor (yg) X characteristic value (Fy)

c.g. Gd = YGGk

where:
Yo  is the partial safety factor for permanent actions,
Gy is the characteristic value of the permanent actions.

Note: Gyup (= Yo.5upGisup OF Yo.5upGi) represents the ‘upper’ design value of a permanent
action,
Guint (= Yo.intGrinf O Yo.infGk) represents the ‘lower’ design value of a permanent
action.

. . material characteristic strength (X
Design resistance (Ry) = gth (X,)

material partial safety factor (Y, )
fx,k

e.g. Design flexural strength = f.;, =
The design values of the actions vary depending upon the limit state being considered. All
of the possible load cases should be considered in different combinations as given in the
codes, e.g. for persistent and transient design situations:

Fd = E’YGJ Gk’j + ’YQ,le,l + Z’YQ,i Yo,i Qk,i Equation (1)
i>1

where:
Yo partial safety factor for permanent actions, (Table 1 of the NAD)
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characteristic values of permanent actions,

partial safety factor for ‘one’ of the variable actions, (Table 1 of the NAD)
characteristic value of ‘one’ of the variable actions,

partial safety factor for the other variable actions, (Table 1 of the NAD)
combination factor which is applied to the characteristic value Qyx of an action not
being considered as Qy ;. (Eurocode 1 and NAD — Table 2)
characteristic value of ‘other’ variable actions.

Extract from NAD Table 1:

Table 1. Partial safety factors (y factors)
Reference in | Definition Symbol | Condition Value
ENYV 1996-1-1 Boxed UK
ENV
1996-1-1
2.3.3.1 Partial factors Ya Accidental 1,0 1,0
for variable Yeint | Favourable 0,0 0,0
actions Yo Unfavourable 1,5 1,5
Yo Reduced 0,0 0,0
Favourable
Yo Reduced 1,35 1,35
Unfavourable
2.3.3.1 Partial factors Yoa Accidental 1,0 1,0
for Yo Favourable 1,0 1,0
permanent Yo Unfavourable 1,35 1,35
actions Yot | Favourable 0,9 0,9
YG sup Unfavourable 1,1 1,1
Yo Favourable 0,9 0,9
Yo Unfavourable 1,2 1,2
Figure 2.2
Extract from NAD Table 2:
Table 2. Combination factors (y factors)
Variable action Building type Yo ] L3
Imposed floor loads | Dwellings 0,5 0,4 0,2
Other occupancy classes” 0,7 0,6 0,3
Parking 0,7 0,7 0,6
Imposed roof loads All occupancy classes” 0,7 0,2 0,0
Wind loads All occupancy classes" 0,7 0,2 0,0
D As listed and defined in Table 1 of BS 6399 : Part 1 : 1984

Figure 2.3
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2.6.5.1 Partial Safety Factors

The Eurocode provides indicative values for various safety factors: these are shown in the
text as ‘boxed values’ e.g. . Each country defines NDPs — Nationally Determined
Parameters within the National Annex document to reflect the levels of safety required by
the appropriate authority of the national government; in the UK this is the British
Standards Institution.

The boxed values of partial safety factors for actions in building structures for
persistent and transient design situations are given in Table 2.2 of EC6: Part 1.1 and in
Figure 2.4 of this text (these values are also given in Table 1 of the NAD).

Extract from EC6: Table 2.2
Table 2.2 Partial safety factors for actions in building structures for persistent and
transient design situations.

Permanent Variable actions (Yg) Prestressing
actions (Yg) (%)
(see note) One withits | Others with
characteristic their
value combination
value
Favourable
effect 1.0 0 0 0.9
Unfavourable 1.35 15 1.35 1.2
effect

Note: See also paragraph 2.3.3.1 (3)

Figure 2.4

Consider a design situation in which there are two characteristic dead loads, G, and G,, in
addition to three characteristic imposed loads, Q;, Q, and Q3. Assume the partial safety
factors and combination factor are  yg; =135, 7yo1=1,5 Yoi =15 Yo, =0,7.

Combination 1: F4

Fq
Combination 2: Fq
Combination 3: Fq

(1,35G; + 1,35G) + 1,5 Q; + (1,5 x 0,7 x Q) + (1,5 X 0,7 X Q3)
1,35(G1 + G2) +1,5Q; + 1,05(Q: +Q53)
1,35(Gy + G2) +1,5Q; + 1,05(Q; +Q5)
1,35(G1 + G2) +1,5Qs3 + 1,05(Q; +Q2)

When developing these combinations permanent effects are represented by their upper
design values, i.e. Ga,sup = Y6,5up G sup or Y6 .sup Gk

Those which decrease the effect of the variable actions (i.e. favourable effects) are
replaced by their lower design values, i.e. Ggjnf = Yo.inf Gk inf or Ye.inf Gk

In most situations either the upper or lower design values are applied throughout the
structure; specifically in the case of continuous beams, the same design value of self-
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weight is applied on all spans. A similar approach is used when dealing with accidental
actions.

Two simplified expressions using the Table 2.2 values to replace Equation (1) are:
(i)  considering the most unfavourable variable action

Fa =2y Gyj + 1,5 Qs Equation (2)
considering all unfavourable variable actions
Fa = 2y6j Gy + 1,35 2Qx; Equation (3)
i>1

whichever gives the larger value.

2.6.6 Conventions

The difference in conventions most likely to cause confusion with UK engineers is the
change in the symbols used to designate the major and minor axes of a cross-section.
Traditionally in the UK the y-y axis has represented the minor axis; in EC6 this represents
the MAJOR axis and the minor axis is represented by the z-z axis. The x-x axis defines
the LONGITUDINAL axis. All three axes are shown in Figure 2.5.

Traditional UK convention

Figure 2.5

A summary of the abbreviations used in relation to Eurocodes is given in Table 1.2.

Abbreviation | Meaning

CEN European Standards Organisation

EC Eurocode produced by CEN

EN European Standard based on Eurocode and issued by member countries
ENV Pre-standard of Eurocode issued by member countries

DD ENV UK version of Pre-standard (BSI)

National National Application Document issued by member countries (BSI)
Annex (NAD)

NSB National Standards Bodies

DAV Date of Availability

NDP Nationally Determined Parameter (contained with National Annexes)

Table 2.2



3. Structural Loading

Objective: to introduce the principal forms of structural loading and their
distribution in one-way and two-way spanning floor slabs.

3.1 Introduction

All structures are subjected to loading from various sources. The main categories of
loading are: dead, imposed and wind loads. In some circumstances there may be other
loading types which should be considered, such as settlement, fatigue, temperature effects,
dynamic loading, or impact effects (e.g. when designing bridge decks, crane-gantry girders
or maritime structures). In the majority of cases design considering combinations of dead,
imposed and wind loads is the most appropriate.

The definition of dead loading is given in BS 648:1964, that of imposed floor loading
in BS 6399-1:1996, that of wind loading in BS 6399-2:1997, and that for imposed roof
loads in BS 6399-3:1988.

3.1.1 Dead Loads: BS 648:1964

Dead loads are loads which are due to the effects of gravity, i.e. the self-weight of all
permanent construction such as beams, columns, floors, walls, roofs and finishes.

If the position of permanent partition walls is known, their weight can be assessed and
included in the dead load. In speculative developments, internal partitions are regarded as
imposed loading.

3.1.2 Imposed Loads: BS 6399-1:1996 (Clauses 5.0 and 6.0)

Imposed loads are loads which are due to variable effects such as the movement of people,
furniture, equipment and traffic. The values adopted are based on observation and
measurement and are inherently less accurate than the assessment of dead loads.

In the code, Clause 5.0 and Table 1 define the magnitude of uniformly distributed and
concentrated point loads which are recommended for the design of floors, ceilings and
their supporting elements. Loadings are considered in the following categories:

Domestic and residential activities

Offices and work areas not covered elsewhere

Areas where people may congregate

Shopping areas

Areas susceptible to the accumulation of goods (e.g. warehouses)
Vehicle and traffic areas (Light)

Vehicle and traffic areas (Heavy)

QOmmgQw»

Most floor systems are capable of lateral distribution of loading and the recommended
concentrated load need not be considered. In situations where lateral distribution is not
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possible, the effects of the concentrated loads should be considered with the load applied
at locations which will induce the most adverse effect, e.g. maximum bending moment,
shear and deflection. In addition, local effects such as crushing and punching should be
considered where appropriate.

In multi-storey structures it is very unlikely that all floors will be required to carry the
full imposed load at the same time. Statistically it is acceptable to reduce the total floor
loads carried by a supporting member by varying amounts depending on the number of
floors or floor area carried. This is reflected in Clause 6.2 and Tables 2 and 3 of BS 6399:
Part 1 in which a percentage reduction in the total distributed imposed floor loads is
recommended when designing columns, piers, walls, beams and foundations. Parapet,
barrier and balustrade loads are given in Table 4 of the code.

3.1.3 Imposed Roof Loads: BS 6399-3:1988

Imposed loading caused by snow is included in the values given in this part of the code,
which relates to imposed roof loads. Flat roofs, sloping roofs and curved roofs are also
considered.

3.1.4 Wind Loads: BS 6399-2:1997

Environmental loading such as wind loading is clearly variable and its source is outwith
human control. In most structures the dynamic effects of wind loading are small, and static
methods of analysis are adopted. The nature of such loading dictates that a statistical
approach is the most appropriate in order to quantify the magnitudes and directions of the
related design loads. The main features which influence the wind loading imposed on a
structure are:

building dimensions
wind speed and direction
wind gust peak factor.

¢ geographical location — London, Edinburgh, Inverness, Chester, ...

¢ physical location — city centre, small town, open country, ...

¢ topography — exposed hill top, escarpment, valley floor, ...

¢ altitude — height above mean sea level

¢ building shape — square, rectangular, cruciform, irregular, ...

¢ roof pitch — shallow, steep, mono-pitch, duo-pitch, multi-bay...
¢

¢

¢

3.2 Floor Load Distribution

Tabulated procedures enable these features to be evaluated and hence to produce a system
of equivalent static forces which can be used in the analysis and design of a structure. The
application of the load types discussed in Sections 3.1.1 to 3.1.4 to structural beams and
frames results in axial loads, shear forces, bending moments and deformations being
induced in the floor/roof slabs, beams, columns and other structural elements which
comprise a structure. The primary objective of structural analysis is to determine the
distribution of internal moments and forces throughout a structure such that they are in
equilibrium with the applied design loads.

As indicated in Chapter 1, there are a number of manual mathematical models
(computer-based models are also available) which can be used to idealise structural
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behaviour. These methods include: two- and three-dimensional elastic behaviour, elastic
behaviour considering a redistribution of moments, plastic behaviour and non-linear
behaviour. Detailed explanations of these techniques can be found in the numerous
structural analysis text books which are available.

In braced structures (see Chapter 4, Section 4.5) where floor slabs and beams are
considered to be simply supported, vertical loads give rise to three basic types of beam
loading condition:

(i)  uniformly distributed line loads,
(i) triangular and trapezoidal loads,
(iii) concentrated point loads.

These load types are illustrated in Examples 3.1 to 3.6 (self-weights have been ignored).

3.3 Example 3.1: Load Distribution — One-way Spanning Slabs

Consider the floor plan shown in Figure 3.1(a) where two one-way spanning slabs are
supported on three beams AB, CD and EF. Both slabs are assumed to be carrying a
uniformly distributed design load of 5 kN/m®.

E F_ E
g
t 5 kKN/m? 2
C D| C
5 KN/m? E
H¥ - A
A J 8.0m J B J
(a) (b)
Figure 3.1

Both slabs have continuous contact with the top flanges of their supporting beams and
span in the directions indicated. The floor area supported by each beam is indicated in
Figure 3.1(b).

Beam AB: Total load (floor area supported x magnitude of distributed load/m?)

= (2.5%x8.0)x(5.0) = 100kN Total load
. = — A E 8.0m iB
Beam CD: Totalload = (4.0x8.0)x(5.0) = 160 kN c “D
E F
Beam EF: Totalload = (1.5x8.0)x(5.0) = 60 kN Uniformly distributed loads

Check: Total load on both slabs = (8.0 x 8.0 x 5.0) =320 kN Figure 3.1.1
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3.4 Example 3.2: Load Distribution — Two-way Spanning Slabs

Consider the same floor plan as in Example 3.1 but now with the floor slabs two-way
spanning, as shown in Figure 3.2(a).

Since both slabs are two-way spanning, their loads are distributed to supporting beams
on all four sides assuming a 45° dispersion as indicated in Figure 3.2(b).

1.5m 5.0m 1.5m
E F
2
4%» 5 kN/m E
C D |
5 kN/m’
g
o
e L
Al 8.0m | B
(@)
Figure 3.2
Beam AB: Load due to slab ACDB = (8'O+ 30 X 2.5) % (5.0) = 68.75kN
68.75 kN
Figure 3.2.1 @
A 8.0m B
N LN
Beam EF: Load due to slab CEFD = (8'O+S'O X 1.5) X (5.0) = 48.75kN
48 75 kN
Figure 3.2.2 @
8 E 8.0m F
N K
Beams AC and BD: Load due to slab ACDB = (%X 2.5) X (5.0)0= 31.25kN
31.25kN
Figure 3.2.3
A 50m C
N LN
Beams CE and DF: Load due to slab CEFD = (? X 1.5) X (5.0) = 11.25kN
11.25 kN
Figure 3.2.4
C 3.0m E

LN b

D F
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The loading on beam CD can be considered to be the addition of two separate loads, i.e.
Load due to slab ACDB 68.75 kN  (as for beam AB)

Load due to slab CEFD = 48.75kN (as for beam EF)

Note: Both loads are trapezoidal, but they are different.

68.75 kKN — 48.75 kKN —
+
C D C D
2.5m ‘ 3.0m J 25m 1.5m ‘ 5.0m J 1.5m
13 ~ I T

K 3 I 1

Figure 3.2.5

Check: Total load on all beams = 2(68.75 + 48.75 + 31.25 + 11.25) 320 kN

3.5 Example 3.3: Load Distribution —Secondary Beams

Consider the same floor plan as in Example 3.2 with the addition of a secondary beam
spanning between beams AB and CD as shown in Figure 3.3(a). The load carried by this
new beam imposes a concentrated load at the mid-span position of beams CD and AB at
the mid-span points G and H respectively.

E F E

R ————

|| 2777

o L1.5m Ll.SmLPﬂ

C G

l
2 2 |

5 kN/m 5 kN/m :\
|

N

A B
Al 4om H|  4om B 20m 2.0mj 2.0m [2.0m

86 m h 8.0m
(@) (b)

Figure 3.3 60 kN
Beam EF: Totalload = (1.5x8.0)X(5.0) = 60kN E 8.0m F
100 kN
100 kKN @
G L 5.0m L H
Beams AC and BD: 50 kN
Totalload = (2.0%5.0)x(5.0) = 50 kN M
A o 5.0m L C
B

. D
Figure 3.3.1

50m

sl
////
DA%

Beam GH: Total load

(4.0x5.0) x (5.0
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Beam AB: Total load = End reaction from beam GH= 50 kN SOKN

Figure 3.3.2 A®40m | 40m 2B

8.0m

Beam CD:
The loading on beam CD can be considered to be the addition of two separate loads, i.e.
Load due to slab CEFD = 60 kN (as for beam EF)

Load duetobeam GH = 50kN (as for beam AB)
50 kN
60 kN
+
¢ 80m P CT 4om | 40m D
N K ‘
8.0 m
Figure 3.3.3

3.6 Example 3.4: Combined One-way Slabs, Two-way Slabs and Beams — 1

Considering the floor plan shown in Figure 3.4(a), with the one-way and two-way
spanning slabs indicated, determine the type and magnitude of the loading on each of the
supporting beams.

L 20m 40m 20m 20m 4.0 m 20m
5 kN/m’ i
« e
C D | cl D
5 kN/m’ f ;
E Ll &R
S —— ——
— - S— L]
“ "Q i<
A | 8.0m JRB AJ 2.5m J 3.0m J 2.5m j B
(a) (b)
Figure 3.4
The loads on beams AB, AC and BD are the same as in Example 3.2. 15 kN
Beams CE, DF, GH and 1]: 3.0m
Totalload = (3.0x1.0)x(5.0) = 15kN g a \E
G Figure3.4.1 4
I J



80 Design of Structural Elements

Beam EF: The loads on EF are due to the end reactions from beams GH and 1IJ and a
distributed load from GHIJI.

7.5kN 7.5 kN
End reaction from beam GH= 7.5 kN
End reaction from beam JI = 7.5kN E&om| 40m 20 F
| 8.0m |
Figure 3.4.2

Load from slab GHJI

[(4.0x1.5) x (5.0)]

30 kN
= 30kN
EE.Om\ 40m [20m] F

\ "80m
N

Figure 3.4.3

Total loads on beam EF due to beams GH, JI and slab GHJI:

7.5kN 75kN
30 kN
E H ] F
20m \ 40m | 20m
I [

8.0m

Figure 3.4.4

Beam CD: The loads on CD are due to the end reactions from beams GH and 1J, a
distributed load from GHIJ and a trapezoidal load from slab ABCD as in member AB of
Example 3.2.

7.5kN 75kN
l & 30kN 68.75 kN

Figure 3.4.5

3.7 Example 3.5: Combined One-way Slabs, Two-way Slabs and Beams — 2

The floor plan of an industrial building is shown in Figure 3.5. Using the characteristic
dead and imposed loads given, determine:

(1) the design loads carried by beams B1 and B2,
(i1) the maximum shear force and maximum bending moment for beam B1.



2
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10.0 m 3.0m

| N

8.0m
NI

|

)

\“" B e e ""
X i - -\
: 2=50 kN/mi | g1 = 5.0 KN/m? ::
;: qx =8.0 kN/m B1 g = 7.5 KN/m? b
: - :
M
M
é ™ gk = 5.0 kKN/m? :
© : g = 4.0 kKN/m? ::
Nl Ll L
A— N B2 i 1
z \ Stair-well and Lift-shaft \
e N
My L — o—I—-» ::
1
\ \
E Nl & =50kNm’ 2 N
2 | =20 m 81=5.0 KN/m’ N
M gx = 7.5 kN/m :
& = ~:
\. e ™
Figure 3.5
Solution
Beam B1

The load on beam B1 is equal to a triangular load from the two-way spanning slab

combined with a uniformly distributed load from the one-way spanning slab.

y 10.0 m < 3.0m

| ]

8.0 m

Design load
Triangular area
Design load

gk = 5.0 kN/m?
gx = 8.0 N/m? Bl
-—
g = 5.0 kN/m?
g = 4.0 kKN/m?

L — — — —_——— -

[(1.4 X gi) + (1.6 X q)]
(4.0x%x 4.0) = 16.0 m*

Figure 3.5.1

_--

{[(1.4x5.0)+ (1.6 x8.0)] x 16.0} = 316.8 kN
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Rectangular area (15x8.0) = 12.0m’

Design load = {[(1.4%x5.0)+ (1.6 x4.0)] x2.0} = 160.8 kN
Total design load = (316.8 + 160.8) = 477.6 kN
Beam B2

The load on beam B2 is equal to a trapezoidal load from the two-way spanning slab
combined with a point load from beam B1.

40m 20m 40m 15m

. T D
= gk = 5.0 kN/m?
g = 4.0 kKN/m?
A— B2——"0 = = =4
L Stair-well and Lift-shaft Figure 3.5.2
Trapezoidal area = [0.5x(2.0+10.0) x 4.0] = 24.0m’
Design load = {[(1.4x5.0)+(1.6x8.0)] x24.0} = 475.2 kN
Beam B1 end reaction = 238.8 kN
475.2 kN 238.8 kN
A mﬁf ”ﬂﬂmJ B
Va 10.0 m 30m| Vs Figure 3.5.3

Beam B1: Shear Force and Bending Moment
Total design load = 477.6 kN
Since the beam is symmetrical the maximum shear force is equal to the end reaction.

158.4 kN /58.4 kN
Y 160.8 kN
A 11 [[I1] B
238.8 kN 4.0m I 4.0 m 238.8 kN Figure 3.5.4
Maximum shear force = (477.6/2.0)= 238.8 kN

The maximum bending moment occurs at the mid-span.
Design bending moment = [(238.8 X 4.0) — (80.4 X 2.0) — (158.4 x 4.0/3.0)]
= 583.2kNm
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3.8 Example 3.6: Combined One-way Slabs, Two-way Slabs and Beams — 3

A multi-storey framed building with an octagonal floor plan as indicated is shown in
Figure 3.6. Determine the loads carried by, the maximum shear force and maximum
bending moment in beam BE in a typical floor plan.

Design data:
Characteristic dead loads g=5.0 kN/m?
Characteristic imposed loads g = 7.5 kKN/m*

1]
L] |
1

ii7
a= )| ==
::|!|§!!!J T o

: EIE
i

':f”IE: = E T
I : = I.g!!ﬂ'- o] [ ’/

[ |
HHHHHHHHHHHHHR

[
|

5.658 m
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Solution
The contribution from each beam and floor slab supported by beam BE must be
determined separately as indicated in Figure 3.6.1, i.e. W; to W;. Since the structure is
symmetrical, only one half need be considered to evaluate the loads and beam end
reactions.

mr-—-"""==="==-77

Use symmetry for
this half of the
floor plan

Figure 3.6.1

Design Floor Load = (Characteristic Load x Partial Safety Factor)
= [(ge X W + (g X W]
= [(1.4%5.0)+ (1.6 x7.5)]= 19.0 kN/m’
Wi ) 430.2kN
Area supported = (8.0x2.83) = 22.64m
Floor loading = (19.0 x22.64) = 430.2kN J 8.0m K Figure 3.6.2
LN LN
W, 190 kN
Area supported = (8.0x1.25) = 10.0m’ J@K
Floor loading = (19.0x10.0) = 190.0kN ~ & —30m L™ Figure 3.6.3
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Wi 5 71.3 kN
Area supported = (3.0 X 1.25) = 375m
Floor loading = (19.0x3.75) = 71.3kN L 3.0m M Figure 3.6.4
N K
Wy 42.8 kKN
Area supported = (0.25x3x3) = 2.25m’
Floor loading = (19.0x2.25) = 428kN M 30m N Figure 3.6.5
al A
Ws (same as W;):
430.2 kN
Area supported = (8.0x2.83) = 22.64m’
Floor loading = (19.0x22.64) = 430.2 kN K 80 m o Figure 3.6.6
LN LN
W 5 152.0 kN
Area supported = (0.5 X 5.658 x2.83) = 8.0 m
Floor loading = (19.0x80) = 1520kN K 5.658 m C  Figure 3.6.7
N K

Beams JK, LM, MN and KO are symmetrical, so their end reactions are the same and

equal to (V2 X the total load). In the case of beam KC the end reaction at K imposes a point

load on BE equal to (*/5 x the total load). The total loading on beam BE is as shown in

Figure 3.7.

W W 2We
2 2 3

Similarly for the point load at position O.

Point load at K = ( ] = [(430.2 +190)/2 + (2 x 152)/3] = 411.4kN

w
Point load at M = (73+%) = (71.3+42.8) = 57.1kN
Similarly for the point load at position N.
The uniformly distributed load between points K and O is equal to W5 =430.2 kN

The triangular load between points M and N is equal to W, = 42.8 kN

42.8 kKN
411.4 kN 57.1 kN 57.1 kN 411.4 kN
430.2 kN

B* K M N 0] %E

' 5658m | 25m | 30m _| 25m | 5658m

P 19.316 m _
Maximum shear force = {[0.5x(42.8+430.2)]+411.4+57.1} = 705kN
Maximum bending moment = [(705 X 9.658) — (411.4 x4.0) — (57.1 X 1.5)
- —(21.4x0.5) — (215.1 x 2.0)] = 4636 kNm

Figure 3.7



4. Structural Instability, Overall Stability and Robustness

Objective: to introduce the principles of stability and elastic buckling in relation to
overall buckling, local buckling and lateral torsional buckling.

4.1 Introduction

Structural elements which are subjected to tensile forces are inherently stable and will
generally fail when the stress in the cross-section exceeds the ultimate strength of the
material. In the case of elements subjected to compressive forces, secondary bending
effects caused by, for example, imperfections within materials and/or fabrication
processes, inaccurate positioning of loads or asymmetry of the cross-section, can induce
premature failure either in a part of the cross-section, such as the outstand flange of an
I section, or of the element as a whole. In such cases the failure mode is normally buckling
(i.e. lateral movement), of which there are three main types:

¢ overall buckling,
¢ local buckling, and
¢ lateral torsional buckling.

Each of these types of buckling is considered in this chapter.”

4.2  Overall Buckling

The design of most compressive members is governed by their overall buckling capacity,
i.e. the maximum compressive load which can be carried before failure occurs by
excessive deflection in the plane of greatest slenderness.

Typically this occurs in columns in building frames and columns in trussed frameworks
as shown in Figure 4.1.

e e = . .
i Buckling of compression

! boom in roof truss

\

v Buckling of
— N
K column in frame

Figure 4.1

* Note: torsional buckling (i.e. twisting about the longitudinal axis) is also possible, but is not a common mode
of failure.
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Compression elements can be considered to be sub-divided into three groups: short
elements, slender elements and intermediate elements. Each group is described separately,
in Sections 4.2.1, 4.2.2 and 4.2.3 respectively.

4.2.1 Short Elements

Provided that the slenderness of an element is low, e.g. the length is not greater than
(10 X the least horizontal length), the element will fail by crushing of the material induced
by predominantly axial compressive stresses as indicated in Figure 4.2(a). Failure occurs
when the stress over the cross-section reaches a yield or crushing value for the material.
The failure of such a column can be represented on a stress/slenderness curve as shown in
Figure 4.2(b). A

T yield stress/crushing strength
F Ferushingryield _):k
70}
0]
=
/ \ 2]
\ 1 &n
[y . E
2]
ﬂ ﬂ S
o
=
Q
F F crushing/yield S
-
increasing slenderness —»
(a) (b)
Figure 4.2

4.2.2 Slender Elements

When the slenderness of an element is high, the element fails by excessive lateral
deflection (i.e. buckling) at a value of stress considerably less than the yield or crushing
values as shown in Figures 4.3(a) and (b).

Lo

\\ A

\, deformed column T
"
R / %
\ 2]
1 5
[} )
(| |72}
[ en
1 =
(N} 2] . .
11 S stress << yield/crushing value
1 =
Q
11 =
. 2 ¥ .
11 >
11
L increasing slenderness —>
(a) ﬂ (b)

Figure 4.3
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4.2.3 Intermediate Elements

The failure of an element which is neither short nor slender occurs by a combination of
buckling and yielding/crushing as shown in Figures 4.4(a) and (b).

A

\
\ \
1 1
1 \
\ \ 2 | *
1 1 3
1 1 =
1 I z
I I 20
1 ] o v
I I 2 %
,’ ,' g stress < yield/crushing value
1 ! R
1 1
*
] 1
I ] ) ) -
ﬂ ﬂ : increasing slenderness —»
(@) (b)
Figure 4.4

4.2.4 Secondary Stresses

As mentioned in Section 4.1, buckling is due to small imperfections within materials,
application of load and the like, which induce secondary bending stresses which may or
may not be significant depending on the type of compression element. Consider a typical
column as shown in Figure 4.5 in which there is an actual centre-line, reflecting the
variations within the element, and an assumed centre-line along which acts an applied
compressive load, assumed to be concentric.

P
; —|— actual load position
£ e — actual centre-line
[H
1 assumed centre-line
,4' and load position
X=1=d=-7" X o
L actual load position
El
. L il
assumed centre-line and I X - =X
. . R S
line-of-action of the load i
i
actual centre-line —ﬂ relative positions of centre-lines and
¥ load at section X-X.
P

Figure 4.5

At any given cross-section the point of application of the load P will be eccentric to the
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actual centre-line of the cross-section at that point, as shown in Figure 4.6.

actual centre-line *P actual load position
: - x P
| e'
|
I
I "X
i
i
|
/| P
il eccentricity e' of the applied load
TP P from the actual centre-line

Figure 4.6

The resultant eccentric load produces a secondary bending moment in the cross-section.
The cross-section is therefore subject to a combination of an axial stress due to P and a
bending stress due to (Pe) where e is the eccentricity from the assumed centre-line as
indicated in Figure 4.7.

P P

Figure 4.7

The combined axial and bending stress is given by: ¢ = (% + &)

where:

o is the combined stress,

P is the applied load,

is the eccentricity from the assumed centre-line,

is the cross-sectional area of the section, and

is the elastic section modulus about the axis of bending.

N >

This equation, which includes the effect of secondary bending, can be considered in terms
of each of the types of element.

4.2.4.1 Effect on Short Elements
In short elements the value of bending stress in the equation is insignificant when

. . P P
compared to the axial stress i.e. (Z) >> (76) and consequently the lateral movement

and buckling effects can be ignored.
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4.2.4.2 Effect on Slender Elements
In slender elements the value of axial stress in the equation is insignificant when compared

. . P P . . . .
to the bending stress i.e. (ZJ << (76) particularly since the eccentricity during

buckling is increased considerably due to the lateral deflection; consequently the lateral
movement and buckling effects determine the structural behaviour.

4.2.4.3 Effect on Intermediate Elements

Most practical columns are considered to be in the infermediate group and consequently
both the axial and bending effects are significant in the column behaviour, i.e. both terms

. . P Pe .
in the equation ¢ = Z + 7 are important.

4.2.5 Critical Stress (Oisical)

In each case described in Sections 4.2.4.1 to 4.2.4.3 the critical load P, (i.e. critical stress X
cross-sectional area) must be estimated for design purposes. Since the critical stress
depends on the slenderness it is convenient to quantify slenderness in mathematical terms
as:

L

slenderness A = —~
,
where:

L. is the buckling length,

r 1is the radius of gyration = \/% and

I and A are the second moment of area about the axis of bending and the cross-sectional
area of the section as before.

4.2.5.1 Critical Stress for Short Columns

Short columns fail by yielding/crushing of the material and Oisica = py, the yield stress of
the material. If, as stated before, columns can be assumed short when the length is not
greater than (10 X the least horizontal length) then for a typical rectangular column of
cross-section (b X d) and length L = 10b, a limit of slenderness can be determined as
follows:

radius of gyration
& \/7 \/ 12><(b><d

slenderness :£ 105 =30-35

r /23

From this we can consider that short columns correspond with a value of slenderness less
than or equal to approximately 30 to 35.

4.2.5.2 Critical Stress for Slender Columns
Slender columns fail by buckling and the applied compressive stress Ocrica << py. The
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critical load in this case is governed by the bending effects induced by the lateral
deformation.

Euler Equation

In 1757 the Swiss engineer/mathematician Leonhard Euler developed a theoretical
analysis of premature failure due to buckling. The theory is based on the differential
equation of the elastic bending of a pin-ended column which relates the applied bending
moment to the curvature along the length of the column, i.e.

2
Bending Moment = El(fl 2} J
X

2
where {fl Y ) approximates to the curvature of the deformed column.

2
X

Since this expression for bending moments only applies to linearly elastic materials, it
is only valid for stress levels equal to and below the elastic limit of proportionality. This
therefore defines an upper limit of stress for which the Euler analysis is applicable.
Consider the deformed shape of the assumed centre-line of a column in equilibrium under
the action of its critical load P, as shown in Figure 4.8.
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Figure 4.8

The bending moment at position x along the column is equal to [P, X (=y)] =— P,y

2 2
and hence Bending Moment = El(ﬂ]z -Py . EI(C; Y J +P.y=0

dx? x?
2
This is a 2" Order Differential Equation of the form: a% +by=0
X
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, EIx*
L2

The solution of this equation can be showntobe: P, =n

where:
n is0,1,2,3 ... etc.
EI and L are as before.

This expression for P. defines the Euler Critical Load (Pg) for a pin-ended column. The
value of n = 0 is meaningless since it corresponds to a value of P, = 0. All other values of
n correspond to the 1%, 2", 3™ .. .etc. harmonics (i.e. buckling mode shapes) for the
sinusoidal curve represented by the differential equation. The first three harmonics are
indicated in Figure 4.9.

P critical P critical P critical
Y Y P
1] /] e ’
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1! N o] r\
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Elr v 4EInm N _ T ~ i
Pl = ———— v Petical = a Peritical = —
critical — ) 1 critical 2 1y critical 2 7 n
L i L WA L Q r
: v = \
Peritical Peritical Peritical
(a) (b) (c)

Figure 4.9 — Buckling mode-shapes for pin-ended columns

The higher level harmonics are only possible if columns are restrained at the
appropriate levels, e.g. mid-height point in the case of the 2™ harmonic and the third-
height points in the case of the 3™ harmonic.

The fundamental critical load (i.e. n = 1) for a pin-ended column is therefore given by:

Elx*

Euler Critical Load Pg = [P

This fundamental case can be modified to determine the critical load for a column with
different end-support conditions by defining an effective buckling length equivalent to
that of a pin-ended column.

4.2.5.3 Effective Buckling Length (L)

The Euler Critical Load for the fundamental buckling mode is dependent on the buckling
length between pins and/or points of contra-flexure as indicated in Figure 4.9. In the case
of columns which are not pin-ended, a modification to the boundary conditions when
solving the differential equation of bending given previously yields different mode shapes
and critical loads as shown in Figure 4.10.
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Figure 4.10 — Effective Buckling Lengths for Different End Conditions

The Euler stress corresponding to the Euler Buckling Load for a pin-ended column is
given by:

Py m*EI
O-Eu]er = = 2
Area(A) LA
Since the second moment of area I=Ar
. ’E
Euler = — o
(Lsry

where (L /r) is the slenderness as before.

A lower limit to the slenderness for which the Euler Equation is applicable can be
found by substituting the stress at the proportional limit ¢ . for ¢ gy as shown in the
following example with a steel column.

Assume that 6, =200 N/mm?* and that E = 205 kN/mm?’

2 3 5 3
200 = w (L/r) = m = 100
(Lsr) 200

In this case the Euler load is only applicable for values of slenderness > = 100 and can be
represented on a stress/slenderness curve in addition to that determined in Section 4.2.5.1
for short columns as shown in Figure 4.11.

The Euler Buckling Load has very limited direct application in terms of practical
design because of the following assumptions and limiting conditions:

¢ the column is subjected to a perfectly concentric axial load only,
¢ the column is pin-jointed at each end and restrained against lateral loading,
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¢ the material is perfectly elastic,

the maximum stress does not exceed the elastic limit of the material,

there is no initial curvature and the column is of uniform cross-section along its
length,

lateral deflections of the column are small when compared to the overall length,
there are no residual stresses in the column,

there is no strain hardening of the material in the case of steel columns,

the material is assumed to be homogeneous.
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Figure 4.11

Practical columns do not satisfy these criteria, and in addition in most cases are considered
to be intermediate in terms of slenderness.

\
4.2.5.4 Critical Stress for Intermediate Columns A ¥ curve to represent
Since the Euler Curve is unsuitable for values of * intermediate elements
— -~

stress greater than the elastic limit it is necessary
to develop an analysis which overcomes the
limitations outlined above and which can be
applied between the previously established
slenderness limits (see Figure 4.11) as shown in
Figure 4.12.
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Figure 4.12

4.2.5.4.1. Tangent Modulus Theorem

Early attempts to develop a relationship for intermediate columns included the Tangent
Modulus Theorem. Using this method a modified version of the Euler Equation is adopted



Structural Instability, Overall Stability and Robustness 95

to determine the stress/slenderness relationship in which the value of the modulus of
elasticity at any given level of stress is obtained from the stress/strain curve for the
material and used to evaluate the corresponding slenderness. Consider a column
manufactured from a material which has a stress/strain curve as shown in Figure 4.13(a).

. 9 = Et \\
Rk \
O T IO Y ! . position x
S o 8 o fromeees l
P ! I i
ol 7 ot N
= Limit for slender e ! ! |
2 2 : P
. i L |
strain
) slenderness (1)
(a) (b)

Figure 4.13

The slope of the tangent to the stress/strain curve at a value of stress equal to ¢ is equal to
the value of the tangent modulus of elasticity £, (Note: this is different from the value of E
at the elastic limit). The value of E, can be used in the Euler Equation to obtain a modified
slenderness corresponding to the value of stress ¢ as shown at position x in Figure 4.13
(b):

) n’E
o = . Slenderness A at position x = (L/r) = L

If successive values of A for values of stress between o . and o are calculated and plotted
as shown, then a curve representing the intermediate elements can be developed. This
solution still has many of the deficiencies of the original Euler equation.

4.2.5.4.2. Perry-Robertson Formula

The Perry-Robertson Formula was developed to take into account the deficiencies of the
Euler equation and other techniques such as the Tangent Modulus Method. This formula
evolved from the assumption that all practical imperfections could be represented by a
hypothetical initial curvature of the column.

As with the Euler analysis a 2" Order Differential Equation is established and solved
using known boundary conditions, and the extreme fibre stress in the cross-section at mid-
height (the assumed critical location) is evaluated. The extreme fibre stress, which
includes both axial and bending effects, is then equated to the yield value. Clearly the final
result is dependent on the initial hypothetical curvature.

Consider the deformed shape of the assumed centre-line of a column in equilibrium
under the action of its critical load P, and an assumed initial curvature as shown in
Figure 4.14.
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o

assumed hypothetical initial
curvature to represent all
practical imperfections
additional curvature due to
buckling

P Figure 4.14

The bending moment at position x along the column is equal to = — P.(y + ¥,)

2
and hence the bending moment = EI ( d’y ) = =Py +yo)

dx?
B
I Yo

(4, (R
" dx? e )

If the initial curvature is assumed to be sinusoidal, then y, = aSln(T)where a is the

amplitude of the initial displacement and the equation becomes:

d’y P, P, . WX
el == - a Sin—
dx EI EI L

The solution to this differential equation is:

e
—a
P P
y = ACos| < x |+BSin|-<x |+ —EL _gin| ™
EI EI > P L
[} EI
The constants A and B are determined by considering the boundary values at the pinned

ends, i.e. whenx=0 y=0 and when x=L y=0.
Substitution of the boundary conditions in the equation gives:

x=0 y=0 . A=0

P P
x=L y=0 . BSin|=L| =0 For | — [not equal to zero, then B =0
EIl EIl
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P
Y B— P If the equation is divided throughout by | — |then
P ] L El

A 2y a Sin N
The Euler load Pg = = . y =
72El r P,
-10 —-10
PRI R,
The value of the stress at mid-height is the critical value since the maximum eccentricity
of the load (and hence maximum bending moment) occurs at this position;

aSin(L)
when x=L/2, sm(”—g): 1.0 and  Yuignegn = = a
LT LT
P, P,

(Note: y, at mid-height is equal to the amplitude a of the assumed initial curvature).

The maximum bending moment M = P. (a + Y mig-heigh) = Pca|l+

The maximum combined stress at this point is given by:

axial load  bending moment X ¢ P Mxc
O maximum = + =l—+ 2
A 1 A Ar
where c is the distance from the neutral axis of the cross-section to the extreme fibres.

The maximum stress is equal to the yield value, i.e. O naximum = Oy

P M P 1
Oy = (—°+l] = XC+PCG 1+ x <

A AP [PE—Lo] A
F

The average stress over the cross-section is the load divided by the area, i.e. (P./A)

o, =0 +0 Fe |, ac c O R W
y - average average| — s = average s
F - Fe r’ P —F, r’

O average = (Pc /A) and O guer = (Pruter /A)

Og ac
Oy = Oaverage I+ ——— [X >
OE ~ 0 average r
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The (ac/r*) term is dependent upon the assumed initial curvature and is normally given the
symbol 1.
nog

Op—0

. Oy = Oaverage 1+

average

This equation can be rewritten as a quadratic equation in terms of the average stress:

Cyy (GE - Gaverage) = cyaverage [(1 + n)GE - Cyaverage]

0

2
o average O-average [Gy + (1 + n)GE] + o-yGE

The solution of this equation in terms Of Guyerage 18:

[Jy +(1+’7)0'E]_\/[0y +(1+’7)GE]2 _40y0E

2.0

O average

This equation represents the average value of stress in the cross-section which will
induce the yield stress at mid-height of the column for any given value of 7). Experimental
evidence obtained by Perry and Robertson indicated that the hypothetical initial curvature
of the column could be represented bys;

N = 0.3(Lefrective / 10077

which was combined with a load factor of 1.7 and used for many years in design codes to
determine the critical value of average compressive stress below which overall buckling
would not occur. The curve of stress/slenderness for this curve is indicated in Figure 4.15
for comparison with the Euler and Tangent Modulus solutions.
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Figure 4.15
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4.2.5.4.3. BS 5950 — European Column Curves

Whilst the Perry-Robertson formula does take into account many of the deficiencies of the
Euler and Tangent Modulus approaches it does not consider all of the factors which
influence the failure of columns subjected to compressive stress, for example in the case of
steel columns the effects of residual stresses induced during fabrication, the type of section
being considered (i.e. the cross-section shape), the material thickness, the axis of buckling,
the method of fabrication (i.e. rolled or welded), and so on.

A more realistic formula of the critical load capacity of columns has been established
following extensive full-scale testing both in the UK and in other European countries. The
Perry-Robertson formula has in effect been modified and is referred to in the current UK
steel design code BS 5950 as the Perry strut formula and is given in the following form:

(PE—p)Py—p:) = Npep. from which the value of p. may be obtained using:

+(n+1
b - PeP, inwhich ¢ = 2 n+1)pe

o+ - pep, )" 2

and pp = (T’E/ 1)

where:
py is the design strength
A s the slenderness

The Perry factor 1 for flexural buckling under axial force should be taken as:

N = a(A-2)/1000>0 where Ay = 0.2 (x’E/p,)"’

The Robertson constant a should be taken as 2.0, 3.5, 5.5 or 8.0 as indicated in the code
depending on the cross-section, thickness of material, axis of buckling and method of
fabrication.

The European Column curves are represented in tabular form in the design code and
indicated in graphical form in Figure 4.16.

T European Column Curves

Stress (0)

Slenderness (4) —>

Figure 4.16
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4.3 Local Buckling

Local instability can occur in a cross-section when one or more individual elements in a
cross-section (e.g. the flange or web of an I section), as shown in Figure 4.17, buckles
without any overall deflection.

An element within a cross-section which has a high width to thickness ratio (i.e.
slender) is susceptible to local buckling, the effect of which is to reduce the load-carrying
capacity of the section.
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Figure 4.17

Failure in a flange occurs due to excessive compression and in a web due to excessive
shear or combined shear and bending. In addition, a web may buckle as a result of vertical
compression due to the application of a concentrated load.

In the case of hot-rolled steel sections the flange and web proportions
(i.e. flange outstand : thickness and web thickness : depth ratios) are normally selected to
minimize the possibility of local buckling, although web stiffening is sometimes required
at points of concentrated load such as reactions and column positions on beams. In the
case of welded plate girders, additional web stiffening is usually necessary to prevent
shear buckling of the web. The classification of steel sections to determine their
susceptibility to local buckling is dealt with in detail in Chapter 6.

In design there are two approaches generally considered appropriate to allow for the
possibility of local buckling. They are:

1. adopting a reduced design strength when calculating the member capacity,
adopting ‘effective’ section properties in which an ‘actual’ plate width is replaced
by a narrower ‘effective’ plate width which is then used to calculate modified
section properties with which to determine the section capacity.

Both of these methods are illustrated in Chapter 6 in relation to structural steelwork.

4.4  Lateral Torsional Buckling

A beam subject to bending is partly in tension and partly in compression as shown in
Figure 4.18. The tendency of an unrestrained compression flange in these circumstances is
to deform sideways and to twist about the longitudinal axis as shown in Figure 4.19.

—/

compression zone

e=emd  tension zone

Deformed shape of beam Figure 4.18
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This type of failure is called lateral torsional buckling and will normally occur at a value
of applied moment less than the moment capacity (M.) of the section, based on the yield
strength of the material. The reduced moment at failure is known as the buckling
resistance moment and is discussed in detail in Chapter 6.

Lateral and twisting
displacement of the
compression flange

Compression zone — g -

Figure 4.19 — Lateral Torsional Buckling of Beams

The tendency for the compression flange to deform is influenced by a number of factors
such as lateral restraint, torsional restraint, flange thickness and effective buckling length.

4.4.1 Lateral Restraint

The lateral restraint to the compression flange of a beam prevents a sideways movement of
the flange relative to the tension flange.

4.4.1.1 Full Lateral Restraint

It is always desirable where possible to provide full lateral restraint to the compression
flange of a beam. The existence of either a cast-in-situ or precast concrete slab which is
supported directly on the top flange, as indicated in Figure 4.20, or cast around it is
normally considered to provide adequate restraint. A steel plate floor tack-welded or
bolted to the flange also provides adequate restraint; steel floors which are fixed in a
manner such that removal for access is required are not normally considered adequate for
restraint. Timber floors and beams are frequently supported by steel beams. Generally
unless they are fixed to the beam by cleats, bolts or some similar method and are securely
held at their remote end or along their length they are not considered to provide adequate
restraint.

Friction Force

Figure 4.20 — Lateral Friction Force between Underside of Slab and Top Flange
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4.4.1.2 Intermittent Lateral Restraint

Most beams in buildings which do not have full lateral restraint are provided with
intermittent restraint in the form of secondary beams, ties or bracing members as shown in
Figure 4.21.

Effective length of the  _ -
compression flange " T Tv-~. Secondary beam providing
lateral and torsional restraint

Effective length of the ~ >r~-<._
compression flange <

Secondary beam providing
lateral and torsional restraint

“~.
~.

h Secondary beam providing
lateral and torsional restraint

Figure 4.21

It is important to ensure that the elements providing restraint are an integral part of a
braced structural system and are capable of transmitting the lateral force to the supporting
structure.

4.4.1.3 Torsional Restraint

A beam is assumed to have torsional restraint about its longitudinal axis at any location
where both flanges are held in their relative positions by external members during
bending, as illustrated in Figure 4.22.

Flanges held parallel
I by stiffener plate

Depth of the end plate >
(0.6 x depth of the beam)

Figure 4.22 — Beam with Torsional Restraint

This type of restraint may be provided by load bearing stiffeners or by the provision of
adequate end connection details.
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4.4.1.4 Beams without Torsional Restraint

In situations where a beam is supported by a wall as in Figure 4.23, no torsional restraint is
provided to the flanges and buckling is more likely to occur.

No torsional restraint

provided —==
~ SRR
!
/ Relative rotation -~ ff
of the flanges

Ry

o B L

Figure 4.23

4.4.2 Effective Length Lg

The provision of lateral and torsional restraints to a beam introduces the concept of
effective length, similar to that in columns. The effective length of a compression flange
is the equivalent length between restraints over which a pin-ended beam would fail by
lateral torsional buckling. The values adopted for effective length depend on three factors
relating to the degree of lateral and torsional restraint at the position of the intermittent
restraints, i.e. the existence of torsional restraints, the degree of lateral restraint of the
compression flange and the type of loading. These factors are discussed Chapter 6.

4.5  Overall Structural Stability

In the subsequent chapters the requirements of strength, stiffness and stability of
individual structural components have been considered in detail. It is also essential in any
structural design to consider the requirements of overall structural stability.

The term stability has been defined in Stability of Buildings published by the
Institution of Structural Engineers (ref. 49) in the following manner:

‘Provided that displacements induced by normal loads are acceptable, then a building
may be said to be stable if:
e a minor change in its form, condition, normal loading or equipment would not
cause partial or complete collapse and
e it is not unduly sensitive to change resulting from accidental or other actions.
Normal loads include the permanent and variable actions for which the building has
been designed.
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The phrase “is not unduly sensitive to change” should be broadly interpreted to
mean that the building should be so designed that it will not be damaged by
accidental or other actions to an extent disproportionate to the magnitudes of the
original causes of damage.’

This publication, and the inclusion of stability, robustness and accidental damage clauses
in current design codes, is largely a consequence of the overall collapse or significant
partial collapse of structures, e.g. the collapse of precast concrete buildings under erection
at Aldershot in 1963 (ref. 51) and notably the Ronan Point Collapse due to a gas explosion
in 1968 (ref. 48).

The Ronan Point failure occurred in May 1968 in a 23-storey precast building. A
natural gas explosion in a kitchen triggered the progressive collapse of all of the units in
one corner above and below the kitchen. The spectacular nature of the collapse had a
major impact on the philosophy of structural design resulting in important revisions of
design codes world-wide.

This case stands as one of the few landmark failures which have had a sustained impact
on structural thinking.

The inclusion of such clauses in codes and building regulations is not new. The
following is an extract from the ‘CODE OF LAWS OF HAMMURABI (2200 BC), KING
OF BABYLONIA’ (the earliest building code yet discovered):

A. If a builder builds a house for a man and do not make its construction firm and the
house which he has built collapse and cause the death of the owner of the house —
that builder shall be put to death.

B. Ifit cause the death of the son of the owner of the house — they shall put to death a
son of that builder.

C. If it cause the death of a slave of the owner of the house — he shall give to the
owner of the house a slave of equal value.

D. If it destroy property, he shall restore whatever it destroyed, and because he did
not make the house which he built firm and it collapsed, he shall rebuild the house
which collapsed at his own expense.

E. If a builder build a house for a man and do not make its construction meet the
requirements and a wall fall in, that builder shall strengthen the wall at his own
expense.

Whilst this code is undoubtedly harsh it probably did concentrate the designer’s mind on
the importance of structural stability!

An American structural engineer, Dr Jacob Feld, spent many years investigating
structural failure and suggested ten basic rules to consider when designing and/or
constructing any structure (ref. 43):
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1. Gravity always works, so if you don’t provide permanent support, something will

fail.

2. A chain reaction will make a small fault into a large failure, unless you can afford
a fail-safe design, where residual support is available when one component fails.
In the competitive private construction industry, such design procedure is beyond
consideration.

3. It only requires a small error or oversight — in design, in detail, in material
strength, in assembly, or in protective measures — to cause a large failure.

4. Eternal vigilance is necessary to avoid small errors. If there are no capable crew
or group leaders on the job and in the design office, then supervision must take
over the chore of local control. Inspection service and construction management
cannot be relied on as a secure substitute.

5. Just as a ship cannot be run by two captains, a construction job cannot be run by a
commiittee. It must be run by one individual, with full authority to plan, direct, hire
and fire, and full responsibility for production and safety.

6. Craftsmanship is needed on the part of the designer, the vendor, and the
construction teams.

7. An unbuildable design is not buildable, and some recent attempts at producing
striking architecture are approaching the limit of safe buildability, even with our
most sophisticated equipment and techniques.

8. There is no foolproof design, there is no foolproof construction method, without
guidance and proper and careful control.

9. The best way to generate a failure on your job is to disregard the lessons to be
learnt from someone else’s failures.

10. A little loving care can cure many ills. A little careful control of a job can avoid
many accidents and failures.

An appraisal of the overall stability of a complete structure during both the design and
construction stages should be carried out by, and be the responsibility of, one individual.
In many instances a number of engineers will be involved in designing various elements or
sections of a structure but never the whole entity. It is essential, therefore, that one
identified engineer carries out this vital appraisal function, including consideration of any
temporary measures which may be required during the construction stage. In Clause 20.1
of the code it is clearly stated:

‘The designer responsible for the overall stability of the structure should ensure the
compatibility of the design and details of parts and components. There should be no doubt
of this responsibility for overall stability when some or all of the design and details are not
made by the same designer.’
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4.5.1 Structural Form

Generally, instability problems arise due to an inadequate provision to resist lateral
loading (e.g. wind loading) on a structure. There are a number of well-established
structural forms which, when used correctly, will ensure adequate stiffness, strength and
stability. It is important to recognise that stiffness, strength and stability are three different
characteristics of a structure. In simple terms:

¢ the stiffness determines the deflections which will be induced by the applied load
system,

¢ the strength determines the maximum loads which can be applied before
acceptable material stresses are exceeded and,

¢ the stability is an inherent property of the structural form which ensures that the
building will remain stable.

The most common forms of structural arrangements which are used to transfer loads safely
and maintain stability are:

braced frames,
unbraced frames,

shear cores/walls,
cross-wall construction,
cellular construction,
diaphragm action.

*® & & ¢ o o

In many structures, a combination of one or more of the above arrangements is employed
to ensure adequate load paths, stability and resistance to lateral loading. All buildings
behave as complex three-dimensional structures with components frequently interacting
compositely to resist the applied force system. Analysis and design processes are a
simplification of this behaviour in which it is usual to analyse and design in two
dimensions with wind loading considered separately in two mutually perpendicular
directions.

4.5.2 Braced Frames

In braced frames lateral stability is provided in a structure by utilising systems of diagonal
bracing in at least two vertical planes, preferably at right angles to each other. The bracing
systems normally comprise a triangulated framework of members which are either in
tension or compression. The horizontal floor or roof plane can be similarly braced at an
appropriate level, as shown in Figure 4.24, or the floor/roof construction may be designed
as a deep horizontal beam to transfer loads to the vertical, braced planes, as shown in
Figure 4.25. There are a number of configurations of bracing which can be adopted to
accommodate openings, services etc. and are suitable for providing the required load
transfer and stability.

In such systems the entire wind load on the building is transferred to the braced vertical
planes and hence to the foundations at these locations.
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Figure 4.24 Braced frame

floor/roof slab

non-loadbearing ﬂ wind load
masonry
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wind load deep beam transferring wind load to
braced bays

wind load

Figure 4.25 Braced frames

4.5.3 Unbraced Frames

Unbraced frames comprise structures in which the lateral stiffness and stability are
achieved by providing an adequate number of rigid (moment-resisting) connections at
appropriate locations. Unlike braced frames in which ‘simple connections’ only are
required, the connections must be capable of transferring moments and shear forces. This
is illustrated in the structure in Figure 4.26, in which stability is achieved in two mutually
perpendicular directions using rigid connections. In wind direction A each typical
transverse frame transfers its own share of the wind load to its own foundations through
the moment connections and bending moments/shear forces/axial forces in the members.
In wind direction B the wind load on either gable is transferred through the members and
floors to stiffened bays (i.e. in the longitudinal section), and hence to the foundation at
these locations. It is not necessary for every connection to be moment-resisting.

It is common for the portal frame action in a stiffened bay in wind direction B to be
replaced by diagonal bracing whilst still maintaining the moment-resisting frame action to
transfer the wind loads in direction A.

As with braced frames, in most cases the masonry cladding and partition walls are non-
loadbearing.



108 Design of Structural Elements

Transverse section

non-loadbearing |
masonry

N
j

SRR IR TR IR,
Longitudinal section

»

wind direction B
Figure 4.26 Unbraced frame

4.5.4 Shear Cores/Walls

The stability of modern high-rise buildings can be achieved using either braced or
unbraced systems as described in Sections 4.5.2 and 4.5.3, or alternatively by the use of
shear-cores and/or shear-walls. Such structures are generally considered as three-
dimensional systems comprising horizontal floor plates and a number of strong-points
provided by cores/walls enclosing stairs or lift shafts. A typical layout for such a building
is shown in Figure 4.27.

In most cases the vertical loads are generally transferred to the foundations by a
conventional skeleton of beams and columns whilst the wind loads are divided between
several shear-core/wall elements according to their relative stiffness.

Where possible the plan arrangement of shear-cores and walls should be such that the
centre-line of their combined stiffness is coincidental with the resultant of the applied
wind load, as shown in Figure 4.28.
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Figure 4.27 Typical shear-wall
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Figure 4.28 Efficient layout of shear-core/walls

If this is not possible and the building is much stiffer at one end than the other, as in
Figure 4.29, then torsion may be induced in the structure and must be considered. It is
better at the planning stage to avoid this situation arising by selecting a judicious floor-
plan layout. The floor construction must be designed to transfer the vertical loads (which
are perpendicular to their plane) to the columns/wall elements in addition to the horizontal
wind forces (in their own plane) to the shear-core/walls. In the horizontal plane they are

designed as deep beams spanning between the strong-points.

There are many possible variations, including the use of concrete, steel, masonry and
composite construction, which can be used to provide the necessary lateral stiffness,
strength and stability.
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Figure 4.29 Inefficient layout of shear-core/walls



110 Design of Structural Elements

4.5.5 Cross-Wall Construction

In long rectangular buildings which have repetitive, compartmental floor plans such as
hotel bedroom units and classroom blocks, as shown in Figure 4.30, masonry cross-wall
construction is often used.

[IIEIT LI
ol
- .

stair-wells/lift shafts

N

Figure 4.30 Cross-wall construction

Lateral stability parallel to the cross-walls is very high, with the walls acting as separate
vertical cantilevers sharing the wind load in proportion to their stiffnesses. Longitudinal
stability, i.e. perpendicular to the plane of the walls, must be provided by the other
elements such as the box sections surrounding the stair-wells/lift-shafts, corridor and
external walls.

4.5.6 Cellular Construction

It is common in masonry structures for the plan layout of walls to be irregular with a
variety of exterior and interior walls, as shown in Figure 4.31.

The resulting structural form is known as ‘cellular construction’, and includes an
inherent high degree of interaction between the intersecting walls. The provision of stair-
wells and lift-shafts can also be integrated to contribute to the overall bracing of the
structure.

T T

Figure 4.31 Cellular construction

It is important in both cross-wall and cellular masonry construction to ensure the inclusion
of features such as:

¢ bonding or tying together of all intersecting walls,
¢ provision of returns where practicable at ends of load-bearing walls,
¢ provision of bracing walls to external walls,
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¢ provision of internal bracing walls,
¢ provision of strapping of the floors and roof at their bearings to the load-
bearing walls,

as indicated in Stability of Buildings (ref. 49).

4.5.7 Diaphragm Action

Floors, roofs, and in some cases cladding, behave as horizontal diaphragms which
distribute lateral forces to the vertical wall elements. This form of structural action is
shown in Figure 4.32.
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Figure 4.32 Diaphragm action

It is essential when utilising diaphragm action to ensure that each element and the
connections between the various elements are capable of transferring the appropriate
forces and providing adequate load-paths to the supports.

4.5.8 Accidental Damage and Robustness

It is inevitable that accidental loading such as vehicle impact or gas explosions will result
in structural damage. A structure should be sufficiently robust to ensure that damage to
small areas or failure of individual elements does not lead to progressive collapse or
significant partial collapse. There are a number of strategies which can be adopted to
achieve this, e.g.

. enhancement of continuity which includes increasing the resistance of
connections between members and hence load-transfer capability,

. enhancement of overall structural strength including connections and
members,

2 provision of multiple load-paths to enable the load carried by any individual
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member to be transferred through adjacent elements in the event of local
failure,

* the inclusion of load-shedding devices such as venting systems to allow the
escape of gas following an explosion, or specifically designed weak
elements/details to prevent transmission of load.

The robustness required in a building may be achieved by ‘tying’ the elements of a
structure together using peripheral and internal ties at each floor and roof level, as
indicated in Figure 4.33.

Continuous horizontal
i peripheral and internal
ties at each floor level

\ Continuous vertical ties
from roof to foundation
level in all columns and
walls carrying loads

Figure 4.33

An alternative to the ‘fully tied’ solution is one in which the consequences of the removal
of each load-bearing member are considered in turn. If the removal of a member results in
an unacceptable level of damage then this member must be strengthened to become a
protected member (i.e. one which will remain intact after an accidental event), or the
structural form must be improved to limit the extent of the predicted collapse. This process
is carried out until all non-protected horizontal and vertical members have been removed
one at a time.



5. Design of Reinforced Concrete Elements (BS 8110)

Objective: to illustrate the process of design for reinforced concrete elements.

5.1 Introduction

Concrete is a widely used structural material with applications ranging from simple
elements such as fence posts and railway sleepers to major structures such as bridges,
offshore oil production platforms and high-rise buildings. In essence the material is a
conglomerate of chemically inert aggregates (i.e. natural sands, crushed rock etc.) bonded
together by a matrix of mineral cement. The aggregates and cement are mixed together
with water to create an amorphous, plastic mass, i.e. concrete. A chemical reaction
between the cement and the water (known as the hydration process) causes the cement to
harden and the conglomerate to gain strength over a period of time. The process of
hardening is known as curing of the concrete and is important in developing the final
strength of the material. Prior to hardening, the concrete, which has been mixed into a
plastic mass, can be moulded to virtually any desired shape and dimension enabling an
almost limitless variation in architectural expression.

The constituents of concrete can be found throughout the world and its use is suited
equally well to primitive, low-technology, labour-intensive applications frequently
encountered in the developing world and to highly sophisticated, capital-intensive
applications in the industrialised nations.

The success of concrete as a material is due to its versatility, particularly when
combined with steel to act compositely as reinforced or pre-stressed concrete; only
reinforced concrete is considered in this text. Whilst hardened concrete has a high
compressive strength its tensile strength is very low (i.e. in the region of 10% of the
compressive strength e.g. 2 N/mm?; this is normally assumed to be equal to zero in
reinforced concrete design). This minimal tensile strength restricted the use of concrete to
circumstances in which the stress was almost entirely compressive until the late 19"
century when methods were developed for reinforcing concrete to overcome its weakness
in tension.

Consider an unreinforced concrete beam of rectangular cross-section which is simply
supported at the ends and carries a distributed load, as shown in Figure 5.1.

b — uniformly distributed load = w kN/m length
IIIIIIIII‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
{ __________ ] neutralaxis —— ...
cross-section ﬁxﬁ, L L[!!f. E
Figure 5.1 1

The beam will deflect due to the bending moments and shear forces induced by the applied
loading, resulting in a curved shape as indicated in Figure 5.2.
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6 top
I - compression
5bottom e e e e bttt bk | 5bott0m
= - tension -
L
Original length of the beam before deformation = L
Final length of the top edge after deformation = (L—204p) i.e. shortening

Final length of the bottom edge after deformation = (L + 281om)  i.€. lengthening
Figure 5.2

Clearly if the ends of the beam are assumed to remain perpendicular to the longitudinal
axis, then the material above this axis must be in compression, whilst that below it must be
in tension. Since the strain in the material is directly proportional to the distance from the
neutral axis (see Chapter 1, Figure 1.41), flexural tensile cracking will begin at the
extreme bottom fibres and extend towards the neutral axis, as shown in Figure 5.3.

1= =- PR Gl

1l
AN

Figure 5.3

Sflexural cracking

The inverted ‘V’ shape is characteristic of flexural cracking in concrete.
In addition to the tensile stresses caused by flexure, diagonal tensile stresses are
induced by the shear forces, as shown in Figure 5.4.

diagonal tensile stresses

Figure 5.4

Since cracks develop in a direction perpendicular to that of the tensile stresses, diagonal
shear cracking appears in regions of high shear stress, as shown in Figure 5.5.

Sl e

diagonal shear cracking

Figure 5.5
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In addition to cracking caused by directly applied loads cracking can also occur due to
factors such as settlement of the supports, temperature variations and/or shrinkage strains.
The classification of cracks ranges from surface hairline cracks (approximately 0.13 mm
wide), which are generally regarded as negligible, to severe penetrating cracks which can
be as much as 15.0 mm to 25.0 mm wide. In the latter case extensive damage and possibly
structural instability will be evident.

The cracking caused by flexure in the unreinforced beam in Figure 5.1 produces tensile
failure at a very low value of w. Only 10% of the compressive strength capacity of the
beam is being utilized.

The introduction of steel reinforcement bars in the tension zone of the beam (steel has a
very high tensile strength compared to concrete, typically 460 N/mm?®) enables the applied
load w to be increased considerably until the beam fails by yielding of the steel in the
bottom in tension and crushing of the concrete in the top fibres in compression, as shown
in Figure 5.6. Note that the neutral axis at failure has moved to a position nearer the top
of the beam.'

Final position of the neutral axis .
‘ Crushing of the concrete

Area of I s —— - - — -
concrete in | 4,

compression ;
N

Steel tension reinforcement bars Tensile yielding of the steel

Figure 5.6

The amount of reinforcement steel required at any given section is dependent on the value
of the bending moment at that point.

The cracking caused by shear in an unreinforced beam is prevented by providing shear
links (also known as stirrups), as shown in Figure 5.7, which ensure that steel
reinforcement is present to resist the diagonal tension indicated in Figure 5.4.

shear lin\ks.D
E‘%

\ /

diagonal shear cracking

Figure 5.7

The spacing of the links varies depending on the magnitude of the shear force and the
depth of the beam at any given section. At locations of high shear, e.g. the support points,
the links are closer together than is required at regions where the shear is low, e.g. at mid-
span in the beam indicated in Figure 5.1.

The design of reinforced concrete is governed by the requirements of BS 8110 —1:1997
‘Structural use of concrete — Part 1: Code of practice for design and construction’.

The failure of sections and provision of reinforcement are discussed in more detail in Section 5.3.
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In addition to flexural and shear strength requirements it is necessary to ensure that
elements have sufficient stiffness to avoid excessive cracking or deflection and possess
other properties such as adequate durability and fire resistance. Each of these requirements
is considered in detail in further sections of this chapter.

5.2  Material Properties

5.2.1 Concrete Compressive Strength: f,, (Clause 2.4.2.1)

In structural terms the most important material property of concrete is its inherent
compressive strength. In BS 8110 — 1:1997, Part 1, the characteristic strength (see
Section 2.3) of concrete is defined in Clause 2.4.2.1 as the value of the cube strength of
concrete f,. The cube strength is defined on the basis of test results carried out on 10 cm
or 15 cm (4 inch or 6 inch) cubes cast and cured under rigid, specified conditions and
loaded to failure in a standardized compression testing machine as indicated in
BS 1881:Testing Concrete. The characteristic value is the value below which not more
than 5% of all possible results fall, and is given by:

fi = fm—1.645s
where:
fk 1is the characteristic value,
fm is the mean value — normally determined from cubes which are tested 28 days after
casting,
s 1is the standard deviation of the test results.

In the design code (BS 8110) concrete is graded according to the characteristic
compressive strength and designated as: C30, C35, C40, C45 and C50, where the numbers
30, 40, 45 and 50 represent compressive strengths in N/mm?. Other grades of concrete are
also used for specific purposes, e.g. low-strength concretes are often used to provide a
base on which construction work can begin whilst high-strength concretes are often used
in circumstances where high stresses are developed, such as in pre-stressed concrete.

It is important to realize that the characteristic cube strength represents the potential
strength of the concrete. The material in a structural element is likely to be less than this
value since it will have been created under less stringent manufacturing control and curing
conditions than the sample cubes used for testing. The difference between the potential
and actual strengths is reflected in the material partial safety factor .

5.2.2 Concrete Tensile Strength: f; (Clauses 2.2.3.4.1 and 2.4.6.2)

In reinforced concrete design the tensile strength of the concrete is normally assumed to be
zero. In serviceability calculations, e.g. for the determination of cracking strengths of pre-
stressed concrete members, reference is made to Section 4 of the code; this is outwith the
scope of this text. Calculations to determine crack widths of reinforced concrete members
under serviceability limit state conditions are carried out assuming material properties as
described in Clause 3.2.4 of BS 8110:Part 2:1985.

5.2.3 Concrete Stress-Strain Relationship (Clause 2.4.2.3)
The flexural strength of a reinforced concrete section is determined by consideration of the
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stress-strain relationship of both the concrete and the reinforcing steel. These
characteristics are defined in Clause 2.4.2.3 and Figures 2.1 and 2.2 of the code.

A typical stress-strain curve for concrete is shown in Figure 5.8. This is a non-linear
curve in which the peak stress is developed at a compressive strain of approximately 0.002
(depending upon the f, value) with an ultimate strain of approximately 0.0035. There is no
clearly defined elastic range over which the stress varies linearly with the strain. Such
stress/strain curves are typical of brittle materials.

A

74

fracture point

Stress

P

Strain
Figure 5.8 —Typical stress/strain curve for concrete
This curve is replaced in the design code by a simplified representation of the short-term

design stress/strain curve for normal concrete shown in Figure 5.9 (see Figure 2.1 of the
code).
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where:

few s the cube strength in N/mm?,

Yn is the partial safety factor for concrete (taken as 1.5 in the code),

0.67 is a coefficient to allow for the difference in compressive strength as determined
using a cube in axial compression and the compressive strength developed in a
section due to flexure.

Figure 5.9 — BS 8110 Short-term design stress/strain curve for reinforced concrete
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5.2.4 Concrete Modulus of Elasticity: E. (Clause 2.5.4)

Generally, it is satisfactory to determine shear forces, bending moments and axial loads in
structural members by using standard methods of linear elastic analysis. If carried out by
computer this requires a value of modulus of elasticity as input data; typical mean values
for the ‘static modulus of elasticity at 28 days for normal-weight concrete (E. )’ are given
in Table 7.2 of BS 8110:Part 2:1985 which is reproduced in Figure 5.10.

Table 7.2 Typical range for the
static modulus of elasticity at 28 days
of normal-weight concrete
fcu,28 Ec 28
Mean value | Typical
range
N/mm?*  kN/mm?’ KN/mm?
20 24 18 to 30
25 25 19 to 31
30 26 20to 32
40 28 22 to 34
50 30 24 to 36
60 32 26 to 38

Figure 5.10 Extract from BS 8110:Part 2:1985

5.2.5 Concrete Poisson’s Ratio: v. (Clause 2.4.2.4)

The value of Poisson’s ratio (v.) of concrete for use in linear elastic analysis is given in
Clause 2.4.2.4 as 0.2.

5.2.6 Steel Reinforcement Strength: f, (Clause 3.1.7.4)
The characteristic strengths of reinforcement are given in Table 3.1 of the code as:

250 N/mm? for hot rolled mild steel (MS) and

5y

460 N/mm® for hot rolled or cold worked high yield steel (HYS).

5.2.7 Steel Reinforcement Stress-Strain Relationship (Clause 2.4.2.3)

A typical stress-strain curve for hot-rolled mild steel is shown in Figure 5.11. When a test
specimen of mild steel reinforcing bar is subjected to an axial tension in a testing
machine, the stress/strain relationship is linearly elastic until the value of stress reaches a
yield value, e.g. 250 N/mm®.

At this point an appreciable increase in the stretching of the sample occurs at constant
load: this is known as yielding. During the process of yielding a molecular change takes
place in the material which has the effect of hardening the steel. After approximately 5%
strain has occurred sufficient strain-hardening will have developed to enable the steel to
carry a further increase in load until a maximum load is reached.
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The stress-strain curve falls after this point due to a local reduction in the diameter of the
sample (known as necking, see Figure 5.11) with a consequent smaller cross-sectional area
and load carrying capacity. Eventually the sample fractures at approximately 35% strain.

load falling off due
A maximum tensile stress to nepking of the tensile force
minimum 4 Specimen
jeld stres
2 [ 2 X .
g effect qf strain  fracture point! reduced
77 linearl hardening i localized — i7" cross-
| . . .
< d i reduction in the sectional area
elastic ! .
. ' bar diameter
region |
> .
Strain tensile force
Typical stress-strain curve for steel Necking in a tensile test specimen
Figure 5.11

This curve is replaced in the design code by a simplified, bi-linear representation of the
short-term design stress-strain curve for reinforcement as shown in Figure 5.12 (see Figure
2.2 of the code) in which the ‘characteristic’ yield stress divided by an appropriate partial
safety factor is used to define the limit of the range within which the steel stress is
permitted. The same behaviour is assumed in both tension and compression, as indicated.

It should be noted from Figure 5.11 that a reinforcing bar still has a considerable
margin of safety within its maximum load-carrying capacity and a significant amount of
stretching capability beyond the yield point. In design this is very useful, since tensile
cracking of the concrete will develop and give a warning that overloading and possibly
failure is about to occur.

& k-- Tension
Vm
@
i 200 kN/mm’
x (/0
- -
Strain
Compression fy
- Z Note: f, is in N/mm’

Figure 5.12 — BS 8110 Short-term design stress-strain curve for reinforcement
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5.2.8 Steel Reinforcement Modulus of Elasticity: E; (Clause 2.4.2.3)

The modulus of elasticity of reinforcement is equal to tanf, where 6 is the angle of the
linear section of the stress-strain curve given in Figure 2.2 of the code. This should be
taken as 200 kN/mm” as indicated in Figure 5.12.

5.2.9 Material Partial Safety Factors: ¥y, (Clause 2.4.4.1)

As indicated in Section 2.4 when using limit state design:

Characteristic strength

ym

Design strength =

The appropriate values of };, for concrete and reinforcement are given in Table 2.2 of
Clause 2.4.4.1 as:

Ym = 1.5  for concrete in flexure or axial load,

1.25 for concrete shear strength without reinforcement,

1.4  for bond strength between the reinforcement and the concrete,
1.05 for reinforcement,

1.5 for other conditions e.g. bearing stresses.

vV

5.2.10 Durability (Clauses 2.2.4 and 3.1.5)

The integrity of reinforced concrete depends on its ability to prevent corrosion of the
reinforcement when exposed to a wide range of environmental conditions, e.g. ranging
from ‘mild exposure’ such as concrete surfaces protected against weather or aggressive
conditions to ‘most severe’ or ‘abrasive’ conditions in which concrete surfaces may be
frequently exposed to sea water spray, de-icing salts or the abrasive actions of machinery.

The classification of exposure conditions in terms of ‘moderate’, ‘severe’, ‘very
severe’, ‘most severe’ and ‘abrasive’ is defined in Table 3.2 of the code.

In addition to protection against corrosion of the steel (Table 3.3), fire resistance
requirements (Table 3.4) are also necessary to allow sufficient time to evacuate a building
and prevent premature failure, spalling of the concrete must be avoided and adequate bond
forces must develop between the reinforcement and the concrete.

The essential elements of design which ensure adequate durability are the structural
form/detailing and the amount of concrete cover provided to protect the steel, as illustrated
in Figure 5.13.

¢ cover

cover

Figure 5.13
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Concrete cover is defined as the thickness of concrete between the outer surface of the
steel reinforcement and the nearest concrete surface. The actual concrete cover provided
varies due to a number of factors such as:

¢ construction tolerances inherent in building the formwork (i.e. the mould into
which the concrete is cast),

¢ variations in dimensions of the reinforcement resulting from the cutting and
bending of the steel, and

¢ errors occurring during the fixing of the steel in the formwork.

The limiting values of cover given in Tables 3.3 and 3.4 of the code which ensure
adequate provision to satisfy durability and fire protection are specified in terms of
‘nominal’ cover to all reinforcement including the links. As indicated in Clause 3.3.1.1,
the nominal cover is: ‘... the dimension used in design and indicated on the drawings. The
actual cover to all reinforcement should never be less than the nominal cover minus
Smm .0

There a number of criteria to be considered when determining the nominal cover. They
are:

¢ Bar size (Clause 3.3.1.2)
Single bars: nominal cover = main bar diameter d,

diameter d,

Figure 5.14(a)

!

) v
nominal cover .
—» nominal cover

Paired bars: nominal cover > \/5 d, where d, is the main bar diameter

diameter d, Figure 5.14(b)

g

nominal cover

—» L nominal cover
A

. 1 ,1
Bundled bars: nominal cover > 2 ,[—duvent

T

where Acquivaene 18 the cross-sectional area equal to the sum of the
cross-sectional areas of the bars in the bundle

d2
e.g. In Figure 514(c) A yivaien = 4X [”Tl]

Figure 5.14(c)

diameter d,

%

nominal cover
-  S—

—» L nominal cover
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¢ Nominal maximum aggregate size (Clause 3.3.1.3)
Nominal cover > nominal maximum size of aggregate
minimum thickness of concrete section
4
In most cases, 20 mm aggregate is suitable.

i.e. normally <

¢ Uneven surfaces (Clause 3.3.1.4)
When concrete is cast on uneven surfaces (e.g. earth or blinding, which is finely
crushed aggregate rolled on the top of compacted fill such as hardcore) additional
cover to that indicated in Table 3.3 should be provided as shown in Figure 5.15.

nominal cover > 75 mm

uneven earth surface

Concrete cast directly on the earth — nominal cover from average soil level

¢n0minal cover > 40 mm

o

e e P P g g o indi

St
o ST — hardcore

Concrete cast on an adequate blinding layer (e.g. 50 mm thick)
Figure 5.15

¢ Ends of straight bars (Clause 3.3.2)
Normally 40 mm cover is provided at the ends of straight bars, as shown in
Figure 5.16, however as indicated in this clause where the end of a floor or roof
unit is not exposed to the weather or to condensation, cover is not mandatory.

—>‘ ‘4— nominal cover

Figure 5.16

In Clause 7.3 of the code recommendations are given to ensure that the reinforcement is
properly placed and the required cover obtained. This is achieved during construction by
inserting spacer blocks and chairs in the formwork, on the reinforcement as indicated in
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Figures 5.17 and 5.18. The spacers must be designed such that they are durable and will
not lead to corrosion of the reinforcement or to spalling of the concrete. The use of spacer
blocks constructed on site from concrete is rot permitted.

Q o=

Concrete spacer Plastic spacer Spacer for vertical application

e
R
Y

Figure 5.17
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Single and continuous high wire chairs for top steel — particularly in cantilevers
Figure 5.18

5.2.10.1 Minimum Dimensions (Clause 3.3.6 and Figure 3.2)

In addition to nominal cover requirements, the code also specifies minimum dimensions
(i.e. beam widths, rib widths, floor and wall thicknesses, and column widths) for some
structural elements to provide adequate fire resistance. The dimensions are given to ensure
minimum periods of fire resistance ranging from 0.5 hours to 4 hours and relate
specifically to the covers given in Table 3.4.

5.2.11 Example 5.1: Nominal Cover 1

A rectangular reinforced concrete beam inside a building is simply supported and is
required to support precast concrete units as shown in Figure 5.19. Using the data given,
determine:

@) the nominal cover required to the underside of the beam, and

(i) the minimum width of beam required.
Data:
Exposure condition mild
Characteristic strength of concrete  (f.,) 40 N/mm’*
Nominal maximum aggregate size (M) 20 mm
Diameter of main tension steel 25 mm
Diameter of shear links 8 mm

Minimum required fire resistance 1.5 hours
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Figure 5.19
Solution:
(i) Clause 3.3.1.2 Nominal cover > (main bar diameter — link diameter)
> (25-8) = 17mm
Clause 3.3.1.3 Nominal cover = nominal maximum aggregate size > 20 mm
Clause 3.3.3 Exposure condition is mild
Grade of concrete is C40
Table 3.3 Nominal cover = 20 mm*
Clause 3.3.6 Minimum fire resistance = 1.5 hr
The beam is simply supported

Table 3.4 Nominal cover =2 20 mm*

The required nominal cover = 20 mm
*Note: Under these conditions this value can be reduced to 15 mm when the maximum
aggregate size does not exceed 15 mm.

(i) Clause 3.3.6 The minimum beam width b to satisfy the required 1.5 hours.
Figure 3.2 fire resistance = 200 mm

5.2.12 Example 5.2: Nominal Cover 2

A continuous, ribbed floor slab covering a car parking area is exposed on the underside
and protected on the topside as shown in Figure 5.20. Using the data given determine:

(1) the nominal cover required to the underside of the rib,
(i1) the nominal cover required to the topside of the floor, and
(ii) the minimum floor thickness and width of rib required.

Data:

Characteristic strength of concrete  (f,) 35 N/mm’
Nominal maximum aggregate size (M) 20 mm
Diameter of main tension steel 32 mm
Diameter of shear links 10 mm
Minimum required fire resistance 2.0 hours

| m |

JLE rib width b Figure 5.20
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Solution:
(i) Clause 3.3.1.2 Nominal cover = (main bar diameter — link diameter)
> (32-10)= 22 mm
Clause 3.3.1.3 Nominal cover = nominal maximum aggregate size
= 20 mm
Table 3.2 Exposure condition is moderate
Grade of concrete is C35
Table 3.3 Nominal cover = 35 mm
Clause 3.3.6 Minimum fire resistance = 2.0 h
The rib is continuous
Table 3.4 Nominal cover = 35 mm*
The required nominal cover to the underside of the ribs = 35 mm
(i)  The topside of the slab is protected and hence the exposure condition is mild:

(iii)

Table 3.3 Nominal cover = 20 mm
Clause 3.3.6 Minimum fire resistance = 2.0 h

The floor is continuous
Table 3.4 Nominal cover = 25 mm
The required nominal cover to the topside of the floor = 25 mm
Clause 3.3.6 The minimum rib width b to satisfy the required 2.0 hours
Figure 3.2 fire resistance = 125 mm

This can be achieved if the bars are placed vertically, as shown.
The minimum width b required to accommodate the bars and the
cover =(35+10+32+10+35) =122 mm< 125 mm

(i.e. [hage + 5 mm], see Clause 3.12.11.1), the minimum width
required = [2X (35 + 10+ 32) +25] = 180 mm > 125 mm

If the bars are placed horizontally, assuming a gap of 25 mm

Clause 3.3.6 The minimum floor thickness % to satisfy the required
Figure 3.2 2.0 hours fire resistance = 125 mm

*Note: In the case of the cover exceeding 40 mm for dense or 50 mm for lightweight

aggregate concrete there is a danger of spalling. If the ribbed slab were simply
supported then Note 2 in Table 3.4 indicates that additional measures would be
necessary to reduce the risks of spalling, as indicated in section 4 of
BS 8110:Part 2:1985.

Possible measures include an applied finish by hand or spray of plaster, the
provision of a false ceiling as a fire barrier, the use of lightweight aggregates, the
use of sacrificial tensile steel, or the provision of supplementary reinforcement in
the form of welded steel fabric placed within the cover at 20 mm from the
concrete face.
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5.2.13 Example 5.3: Nominal Cover 3

A ground floor slab in a warehouse building is constructed on a blinded, compacted layer
of hardcore as shown in Figure 5.21. Using the data given, determine the nominal cover
required to the underside of the slab.

Data:
Characteristic strength of concrete (f.,) 35 N/mm’
Nominal maximum aggregate size (f,40) 20 mm
Diameter of main tension steel 20 mm
ground floor slab
m"’"""ﬂ'ﬂ"_‘_" R i M N | ‘} cover
i‘i’iﬁ"'ir'i'i‘i‘i‘i‘i’i’i‘i‘i‘i‘i‘i" R R AR ERERS ? P
SRRREIRRRRARR hardeore GERRERRERRRRRRRARAN]

Figure 5.21
Solution:
(i) Clause 3.3.1.2 Nominal cover = main bar diameter
= 20 mm
Clause 3.3.1.3 Nominal cover = nominal maximum aggregate size
= 20 mm
Clause 3.3.3 Exposure condition is mild
Grade of concrete is C35
Table 3.3 Nominal cover = 20 mm
Clause 3.3.1.4 Since this slab is cast against an adequate blinding
Table 3.4 Nominal cover = 40 mm

The required nominal cover =40 mm

5.3 Flexural Strength of Sections

The flexural strength (i.e. the ultimate moment of resistance of a cross-section) is
determined assuming the following conditions as given in Clause 3.4.4.1, BS8110:Part 1.

¢ Plane sections remain plane, i.e.

surface A

before deformation after deformation

The surface of any cross-section does not distort out-of-plane during deformation.

Figure 5.22
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¢ The compressive stresses in the concrete may be derived from the stress-strain
curve in Figure 2.1 (Figure 5.9 in this text) with %, = 1.5, i.e. resulting in a
rectangular-parabolic stress block.

045, F-——----=
The total compressive force in the

concrete is equal to the sum of F;

!
1
1
% : and F.,, each considered acting
% ' through their respective centroids
KN/mm> ! and on the areas as indicated in
I ! Figure 5.23.
1
0.0002 Strain (0.0035
£ =0.0035 0.45f.,

Figure 5.23
or alternatively

Using the simplified rectangular stress block as indicated in Figure 3.3 of the code
as shown in Figure 5.24.

& =0.0035 0.45fcu

Iy F.
-z .N.A.

C
NA.

Figure 5.24

The total compressive force in the concrete, F, is considered as acting through the
centroid of a reduced depth of stress block which is equal to 90% of the depth of
the neutral axis from the compression face.

The alternative simplified rectangular stress block is normally used in design
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since it is more convenient when evaluating the magnitude of the total
compressive force in the concrete and the position of its centroid. This
simplification produces results which are very similar to those given by the
rectangular-parabolic stress block. (It should be noted that Part 3 of BS 8110
gives design charts which are based on the rectangular-parabolic stress block.)

The tensile strength of the concrete is ignored, i.e. all concrete below the level of
the neutral axis is considered ineffective.

The stresses in the reinforcement are derived from the stress-strain curve in
Figure 2.2 (Figure 5.12 in this text) with y%, = 1.05.

tension

0.95f, k=7 The characteristic yield strength for high
2 i yield steel reinforcement is given in
& 4200 kKN/m> Table 3.1 of the code as 460 N/mm’
- 210 ¥ »  resulting in an design ultimate yield
strain strength equal to 437 N/mm” and the
475 % 10 1 strain (&) corresponding to the limit of

compression y elasticity equal to 0.00219.

& =0.0035 0.45f.,

> F.

Figure 5.25

The dimension from the extreme compression face to the centroid of the tensile
force is known as the effective depth of the cross-section and given the symbol d.
From the strain diagram in Figure 5.25:

Csteel _ Cconcrele . _ d—x
(d - X ) - o Cs - Cconcrete

X X

The strain and consequently the stress in the steel are dependent on the depth of
the neutral axis x from the compression face.

When x < d/2 then § = £ (i.e. 2 0.0035) and the steel has yielded, the
steel stress is given by:
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Siteel = 0.95f, and the cross-section will fail by yielding of the steel.

The design ultimate moment of resistance will be governed by the capacity of the
steel in the section.

When x > d/2 then § < {
In this case it is possible for fyer to be less than 0.95f, and the cross-section can

fail by crushing of the concrete. The critical value of x at which the steel stress
becomes less than 0.95f, can be found as follows:

Coeer . Ceoncrete . 0.00219 _ 0.0035
(d —x) by B (d -x) by
0.00219x = 0.0035d — 0.0035x x = 0.615d

Since this type of failure occurs without warning and must be avoided, the value
of x to the neutral axis is limited to < 0.5d as indicated in Clause 3.4.4.4 of the
code, and hence limits the permitted design ultimate moment of resistance when
based on the concrete strength.

The lever arm (i.e. the distance z between the centroids of the total compressive
force and the tensile force) should be < 0.954.

This effectively defines a lower limit on the depth of concrete which is considered
to act in compression. It limits the maximum strain which can be induced in the
reinforcement to a value of 0.0283 as shown in Figure 5.26, and in addition avoids
the reliance on any poor quality concrete material which may be present at the top
of the beam.

& =0.0035 0.45f-,

pEoz | 2x00d=01d T A =
N‘A._. .......................... -— _._.,7_ ......... ._._.N‘A‘

7 ~3

Vg w

P R

a (=]

S I

/// N

T ot
L e e ﬂ - F -
&

0.0035
0.11d

09x=0.1d .. x = 0.11d and § = [ x(d—O.lld)}=0.0283

Figure 5.26
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¢ In the analysis of a cross-section resisting a small axial load < (0.1f;, X area), the
effects of the load may be ignored.
The presence of a small co-existent axial thrust slightly increases the calculated
ultimate moment of resistance of a section; however the complexity of the
calculations to determine it do not justify the effort required.

The conditions of Clause 3.4.4.1 have been illustrated using cross-sections in which there
is sufficient concrete above the neutral axis to resist the required compressive force
induced by the applied design moment, i.e. singly-reinforced sections. Generally an
increase in the applied design bending moment can be resisted by increasing the depth of
the section (i.e. increasing the area available to resist compression).

There are circumstances in which this cannot be done, e.g. to satisfy client/architectural
requirements or existing physical constraints, and the capacity to resist compressive forces
is increased by introducing reinforcing steel in the compression zone, as shown in
Figure 5.27. Such sections are known as doubly-reinforced sections.

hanger bars:
e.g. 8 mm dia.
mild steel

compression reinforcement:
e.g. 3/20 mm dia. high yield steel bars

main tension steel

singly-reinforced section doubly-reinforced section

where:

h is the overall depth of a section,

b is the breadth of a section,

d is the effective depth from the compression face of the concrete to the centroid of the
tension reinforcement,

d’ is the depth from the compression face of the concrete to the centroid of the
compression reinforcement.

Figure 5.27

In singly-reinforced sections the steel in the compression zone is to enable the fabrication
of a reinforcing cage comprising the main tension steel and the shear links.

In doubly-reinforced sections the steel in the compression zone is required to resist
additional compressive forces; note the higher area of tensile steel in this section:

force in tensile steel = (force in compressive steel + compressive force in concrete)



Design of Reinforced Concrete Elements 131

5.3.1 Singly-reinforced Sections

The ultimate moment of resistance of singly-reinforced rectangular beams can be
determined in terms of:

(a) the concrete capacity, and
(b) the steel capacity,

the smaller of these two values being the critical case.
(a)  Concrete capacity

The maximum compressive force which can be resisted by the concrete corresponds to the
maximum depth permitted for the neutral axis, as shown in Figure 5.28 (i.e. x = d/2).

0.45f.
compressive force Q . F,
=
N.A., - Eiomieiai . =" " 0T I3 =--NA
N
EEEE T Ft - -r-

tensile force
Figure 5.28

The moment of resistance of the section is developed by the compressive and tensile
forces F. and F, separated by the lever arm z.

Consider the moment of the compressive force about the line of action of F; :
Mull,concrete = (FL X Z)
where F. compressive force = (stress X area)
= [0.45f., X (b x0.9x )] (for the maximum concrete force x = d/2)
[0.45f., X (b x 0.45d)] = 0.2bdf.,
lever arm
= [d-(0.5%x045d)] = 0.775d

and Z

{Note: In general z = [d—(0.5%0.9x)] }

Muconereie = (0.2bdfiy ) % (0.775d) = 0.156bd *fu

M
bd* f,

cu

This equation can be rewritten as 0.156
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The term

> is given the symbol K in Clause 3.4.4.4 and represents the moment

capacity of the section based on the concrete area in compression. The value of 0.156 is
the limiting value of K and is given the symbol K".

When K < K for a singly-reinforced section the maximum moment permitted, based
on the concrete strength, is equal to 0.156 bd*f.,

When K > K’ asection requires compression reinforcement.
(b)  Steel capacity
As discussed previously, if the maximum neutral axis depth is limited to 0.5d (see

Clause 3.4.4.4) the steel stress will reach its design strength of 0.95f;.

Consider the moment of the tensile force about the line of action of F.:

Mult,steel = (Fg X Z)

where  F; = tensile force = (stress X area)
= (0.95f,x Ay)

and z = lever arm

Mull,steel = Ogsfi,AsZ

In the code this equation is presented as Ay = M/0.95f,z

Consider z, the lever arm:
z = [d-(0.5x%x0.9x)] S 09x = 2(d-2)

The general equation for the moment of resistance in terms of the concrete is:
Mull,concrete = [045fcu X (b X ng)] Xz (Substitute for 09X)
09w bd-2)z2

also
Mull,concrete = K bdzfcu
w Kbd*f, = 09fy b(d—-2)z s Kd* = 09f.,dz—0.97>

K . . . . .
Z—dz+ @d 2= 0 The solution of this quadratic equation (ax” + bx + ¢ = 0) gives
an expression which can be used to determine the lever arm, z.

Jx g 4Kd*
—b+AbE - B )
b+ ; 4ac _ 0.9 _ 954+ 4 0.25—0—K9
- :

2 2

d [0.5 +1/O.25 —%] This is the expression given in Clause 3.4.4.4 of BS 8110

with the condition that z < 0.95.

<
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The maximum ultimate moment of resistance of a singly-reinforced beam in which the
dimensions b and d and the area of reinforcing steel A, are known is given by the lesser of
the following equations:

M st concrete = 0.156bd ch,, based on the concrete strength

Mugsea = 0.95f,Asz based on the steel strength where z = 0.775d

5.3.2 Example 5.4: Singly-reinforced Rectangular Beam 1

A rectangular beam section is shown in Figure 5.29. Using the data given, determine the
maximum ultimate moment which can be applied to the section assuming it to be singly-
reinforced.

Data:
Characteristic strength of concrete  (f.,) 40 N/mm?>
Characteristic strength of steel (fy) 460 N/mm®
b=250 mm Solution:
- Strength based on concrete:
2
T~ 8 mm diameter My = 0.156bd feu 5 .
4 A — MS hanger bars = (0.156 x 250 x 420" x 40)/10
g = 275.2 kNm
= 8 mm diameter
M MS links Strength based on steel:
S A, = 1260 mm’> (see Appendix 6)
N rLll Mul[ = 0.95_}‘;,145 Z
\ = (0.95 x 460 x 1260 x 0.775 x 420)/10°
4 /20 mm diameter = 179.5kNm
HYS bars
Figure 5.29 The maximum design moment which can be

appliedis: My, = 179.5 kNm

5.3.3 Example 5.5: Singly-reinforced Rectangular Beam 2

The cross-section of a simply supported rectangular beam is shown in Figure 5.30. Using
the data given, determine the maximum ultimate moment which can be applied to the
section assuming it to be singly-reinforced.

Data:

Characteristic strength of concrete  (f;,) 30 N/mm®
Characteristic strength of steel (fy) 460 N/mm’
Nominal maximum aggregate size (M) 20 mm
Diameter of main tension steel 32 mm
Diameter of shear links 8 mm
Exposure condition mild

Minimum required fire resistance 1.0 hour
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Solution:
b =250 mm Clause 3.3.1 Nominal cover to all steel
Clause 3.3.1.2 > bar size

NI - cover 2 (32—-8) = 24 mm

/e | E/I?I;laiz‘;le;:rrs Clause 3.3.1.3 = Nominal mgximum
. aggregate size
g 8 mm diameter cover = 20 mm
§ MS links Clause 3.3.3 Exposure condition: mild
o Table 3.3 and f., = 30 N/mm”
e cover =2 25 mm
N o & Clause 3.3.6 Min. fire resistance: 1 hr
i beam is simply supported
3 /32 mm diameter Table 3.4 > 20
HYS bars able 3.4 cover = mm
Figure 5.30
The required nominal cover to all steel = 25 mm
Figure 3.2 Minimum width b for 1 hour fire resistance = 200 mm .. adequate
Effective depth d = (h — cover — link diameter — bar diameter/2)

(475-25-8-16) = 426 mm

Strength based on concrete:
My = 0.156bd*f., = (0.156 x 250 x 426 x 30)/10° = 212.3kNm

Strength based on steel:
A, = 2410 mm*> (see Appendix 6)

My = 095fAz = (0.95%x460 x 2410 x 0.775 x 426)/10° 349.9 kNm

212.3 kNm

The maximum design moment which can be applied is: My

5.3.4 Example 5.6: Singly-reinforced Rectangular Beam 3

The cross-section of a simply supported rectangular beam is shown in Figure 5.31. Using
the data given, and assuming the section to be singly-reinforced, determine the area of
tension reinforcement required to resist an applied ultimate bending moment of 150 kNm.

Data:

Characteristic strength of concrete  (f.,) 40 N/mm®
Characteristic strength of steel (fy) 460 N/mm®
Nominal maximum aggregate size  (Ny0) 20 mm
Diameter of main tension steel Assume 25 mm
Diameter of shear links 10 mm
Exposure condition moderate

Minimum required fire resistance 2.0 hours
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Solution:
b =200 mm Clause 3.3.1 Nominal cover to all steel
Clause 3.3.1.2 > bar size
N . cover = (25-10)=15 mm
. I%/[Igr}?ai?;li;rs Clause 3.3.1.3 > Nominal maximum
. aggregate size
g 10 mm diameter cover = 20 mm
§ |~ MS links Clause 3.3.3 Exposure condition:
I moderate
= Table 3.3 fou = 40 N/mm?
W
| v cover =2 30 mm
\ Clause 3.3.6 Min. fire resistance: 2.0 hr
A, HYS reinforcement beam is simply supported
Table 3.4 cover = 40 mm
Figure 5.31
The required nominal cover to the main steel = 40 mm
Figure 3.2 Minimum width b for 2 hours, fire resistance = 200 mm .. adequate
Effective depth d = (h — cover — link diameter — bar diameter/2)

(450-40-10-13) = 387 mm

Clause 3.4.4.4
Check that the section is singly-reinforced:
M _[ 150x10° ]

- - = 0.125< 0.156
bd*f,, 200%387> x40

Since K < K’ the section is singly-reinforced:

Z =d 0.5+1/0.25—£ = d 0.5+‘/0.25—M = 0.83d < 0.95d
0.9 0.9

A, = M/0.95f,z = [(150 % 10% /(0.95 x 460 x 0.83 x 387)] = 1068 mm’

Appendix 6 Adopt 4/ 20 mm diameter HYS bars providing 1260 mm®.

5.3.5 Example 5.7: Singly-reinforced Rectangular Slab 1

A rectangular floor slab is supported on two masonry walls as shown in Figure 5.32. Using
the data given, determine the main reinforcement required:

(i) inspan AB and
(il))  over support B.

(Note: slabs also have secondary reinforcement which is placed perpendicular to the main
steel. This is discussed in Section 5.7.1 and has not been included in this example.)
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Data:

Characteristic strength of concrete  (f;,) 40 N/mm?
Characteristic strength of steel (y) 460 N/mm®
Nominal maximum aggregate size  (hygs) 20 mm
Diameter of main tension steel Assume 20 mm
Exposure condition mild
Minimum required fire resistance 1.0 hours
Characteristic dead load (gv) 1.5 kN/m?
Characteristic imposed load (qv) 5.0 kN/m’
Characteristic dead load (Yeoncrete) 24.0 kN/m>

\/

} Fi 5.32
3.0m \/ lgure

The design of slabs is normally carried out on the basis of a 1.0 metre wide strip and the
area of steel (Ay¢/metre width) required is calculated and given as bars at specified centres.

1.0 m
%“x-— . . .
w various design loadings
O I
R ' i
SR % Al Bl | i©
A ; 50m Y 12m|

Figure 5.33

The shape of the bending moment diagram for this slab is indicated in Figure 5.34
indicating tension occurring in the bottom of the concrete between A and B and at the top
over support B and along the cantilever length BC.

tension at the top of the section

: i Figure 5.34
tension at the bottom of the section
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This results in the provision of main steel in the bottom of the slab between A and B and
in the top of the slab over support B and the cantilever span as shown in Figure 5.34.

ﬁ main reinforcement

p—

T " main reinforcement

Figure 5.34

The ultimate design bending moments for which the main steel is determined between A
and B and over support B are calculated considering the appropriate load cases, as follows.

Load case 1: Loads required for maximum bending moment in span AB

r‘fnaximum load 1 minimum load — $1.4gk + 1.6qy ) 1 J 1.? 8k
/ _.-'ﬂ_l_l_l_r—l_ﬂ = | HNENUNN]
A J B U i c A J B U C
\f 50m 12m| G 5.0m = 1.2mi
Flgure 5. 35(a)
Load case 2: Loads required for maximum bending moment over support B and in
span BC:
maximum load (1.4g¢ + 1.6¢y)
JIIIIIIIII / ITITIIT]
A J B u ic A J B H fe
. 5.0m +H1.2m ; 50m H12m

Note that in this load case the loading on span AB does not need to be considered to
determine the maximum value of bending moment over support B.

Figure 5.36(b)

Design loads:

Self-weight of the slab = (24 x 0.3)
Characteristic applied dead load
Maximum ultimate design dead load

7.2 kN/m’

1.5 kN/m”

14x(1.5+72) = 12.2kN/m?

12.2 kN/m length for a 1.0 m wide strip
1.0x(1.5+7.2) = 87kN/m’

8.7 kN/m length for a 1.0 m wide strip
(1.6 X 5.0) = 8.0 kN/m’

= 8.0 kN/m length for a 1.0 m wide strip

Minimum ultimate design dead load

Maximum ultimate design imposed load
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Load case 1:
(12;2 +8.0) =20.2 kKN/m — J 8.7 kN/m
£ 4
A B C
J 5.0m u 1.2m |
+ve C‘ My =0 [(202%x50%x25)+(8.7%x1.2%x56)—(Vgx5.0)]= 0
Vg = 622KkN
+ve T XF, =0 Va—-[(21.3x5.0) + (9.5 x 1.2)] + 66.0 =0

49.2 kKN

49.2

———— ——

Va = 49.2kN

Shear Force Diagram

The position of the maximum bending moment x = —— = 2.44m

20.2

The maximum bending moment is given by the area under the shear force diagram:

Ultimate applied bending moment M, = (0.5x2.44%x49.2)= 60.02 kNm

Clause 3.3.1 Nominal cover to all steel

Clause 3.3.1.2 > Bar size cover = 20 mm
Clause 3.3.1.3 > Nominal maximum  aggregate size cover = 20 mm
Clause 3.3.3 Exposure condition: mild  f,, = 40 N/mm’

Table 3.3 cover = 20 mm
Clause 3.3.6 Minimum fire resistance: 1.0 hr  slab is continuous

Table 3.4 cover = 20 mm
The required nominal cover to the main steel = 20 mm

Figure 3.2 Minimum thickness % for 1 hour fire resistance =

Effective depth d (h — cover — bar diameter/2)

(300-20-10) = 270 mm

Clause 3.4.4.4

Check that the section is singly-reinforced:
6

oo M [ 60.02x10 }

= 0.021 < 0.156
bd*f,, 1000x 270% x 40

Since K < K’ the section is singly-reinforced.

95 mm .. adequate
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z = alos+025- K| = 4los+ o5 0021
0.9 0.9

The lever arm is restricted to 0.95d

0.98d > 0.95d

536 mm? / metre width

As = MJ/0.95fz = [(60.02 x 10% / (0.95 x 460 x 0.95 x 270)]

Appendix 6 Adopt 10 mm diameter HYS bars @ 125 mm centres providing
628 mm’/m width.
d 1:{ é E k 300 mm
® [ ] [ ] [ ] [ ] [ ] [ ] [ ] o
I 1000 mm I

- P

The assumed bar diameter used to determine the effective depth was 20 mm and the bars
selected are 10 mm diameter. This makes a small difference to the calculation of the
effective depth. Theoretically the calculation should be repeated with the modified value:
however it is generally acceptable to neglect this correction (i.e. d is slightly increased).

Load case 2:
20.2 kN/m

JLITITTTIITT
|
I

J 1.2mC:

A J 5.0m b

Ultimate applied bending moment M, = (20.2x1.2x0.6) = 14.5 kNm
The required nominal cover to the main steel is the same as before = 20 mm

Effective depth d (h — cover — bar diameter/2) Assume 10 mm diameter bars

(300 -20-5) = 275 mm

Clause 3.4.4.4:
Check that the section is singly-reinforced:

M 14.5x10°
bd*f,, 1000x 2757 x40

= 0.005 <<0.156

Since K < K’ the section is singly-reinforced:

Z = d[0.5+1/0.25—%] = d|:0.5+1}0.25—%:| = 099d > 0.95d

The lever arm is restricted to 0.95d.
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A, = M0.95f,z = [(14.5% 10%/(0.95 x 460 x 0.95 x 270)] = 130 mm*/metre width

This is a very small area of steel, and the code requires a minimum percentage of
reinforcement in a section, as indicated in Section 5.7.1. In the case of solid rectangular
slabs the minimum area when using high yield steel is 0.13% of the total concrete cross-
sectional area.

The minimum area of steel A minimum = [%x (1000x 300)] = 390 mm*/m width

Appendix 6 Adopt 10 mm diameter HYS bars @ 200 mm centres providing
393 mm’/m width.
J I{ A k 300 mm
1000 mm

5.3.6 Doubly-reinforced Sections

When the applied design bending moment exceeds the concrete capacity (i.e. 0.156 bd *f.,)
compression reinforcement is required. Consider the rectangular beam shown in
Figure 5.36 in which the neutral axis depth is equal to d/2 and both tension (A;) and
compression (A,") reinforcement are present:

where:

A 1is the area of tension reinforcement,

Ay’ is the area of compression reinforcement,

F, is the force in the tensile reinforcement,

F. is the compression force in the concrete,

Fis the force in the compression reinforcement,
{cs is the strain in the compression reinforcement,
b, d, f., and { are as before.

Figure 5.36

The force in the compression reinforcement is dependent on the stress and consequently
the strain (. In order to ensure that this is greater than or equal to the yield stress, the ratio
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of (d’/ x) is limited to 0.37 as shown in Figure 5.37.

. £=00035 (=d) _ X gy = ibe
s le & .
) o = x(l—ﬁj = x(l— 0.002 ) = 0.43x
. 3 0.0035
i d’/x = 043
Figure 5.37

This value is given as 0.37 in the code to accommodate
redistribution of moments in excess of 10%.

The moment of resistance of the section is developed by the action of the combined
compressive forces (F. and F) and the tensile force (Fy), separated by the lever arms z and

(d — d’) respectively.
Consider the moment of the compressive forces about the line of action of F; :

M = {(FCXZ)+[chx(d_d/)]}

where:
F. = [045f.,x (bx0.45d)]= 0.2bdf.,
z = [d-(0.5%x045d)] = 0.775d
Fe= 0.95f, A/

M = {[(0.2bdf.,) x (0.775d )] + [(0.95f, A,") x (d — d”)]}
M = 0.156bd’fus +[0.95f; A,"(d —d")]

This equation can be rewritten as:

[ - 0.1566a% 1, |
0.95f,(d-d’)

/_
s =

When considering singly-reinforced sections the symbol K is defined in terms of the

and hence M = K bd’f.,. This value of M can be

applied moment as K =
- b’ f,,
substituted in the equation for A;”and rewritten as:
A/ = [Kbd’ fo, — (0.156bd*f.,)] / [0.95f, (d — d”)]
The limiting value of K when defining singly-reinforced sections is K * = 0.156, giving:

A/ = [Kbd’ fo, — K'bd*f.i] 1 [0.95f, (d —d”)]

o Al= (K=K")fubd?/ 0.95f, (d —-d’) as presented in Clause 3.4.4.4 of the code.
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This equation is given in the code to determine the required area of compression
reinforcement when d”/ x < 0.37 and the redistribution of moments is < 10% (see
Section 5.11.2).

The required area of tension reinforcement can be determined by equating the
compressive and the tensile forces acting on the cross-section.

Tensile force
0.95f, A,

Compressive force
(0.2bdfw) + (0.95f; AY)
0.2f.,bd LAY

s = s

0.95f,
In the code this equation is presented as:

A; = (K'fubd®10.95f,z) +A/
where K = 0.156 and
Z =d [O.S +1/O.25 —%] In this case K = K’ and hence z = 0.775d
2
As = _0.156f,,bd” + A = 02fubd + A/ as before.
0.95f,x0.784 0.95f,

In most cases designers position the compression steel to ensure that d’/ x < 0.37. If this is
not the case, then the value of 0.95f; should be replaced by the stress (fi.) corresponding to
the calculated strain (&) in the compression steel, i.e.

fie = (E X ) = (200,000 x &) N/mm®
The modified equations then become:

w Al= (K-K"’)fubd? ! fie (d—d’) for the compression reinforcement  and

A, = (K’ fubd®10.95f,7) + A/ X [();t—;cf] for the tension reinforcement.
: y

This is illustrated in Example 5.10.

5.3.7 Example 5.8: Doubly-reinforced Rectangular Beam 1

The rectangular beam shown in Figure 5.38 is required to resist an ultimate design bending
moment of 340 kNm. Using the data given, determine the required areas of main
reinforcing steel.

Data:

Characteristic strength of concrete  (f.,) 40 N/mm’
Characteristic strength of steel (fy) 460 N/mm’
Diameter of main tension steel Assume 32 mm

Diameter of main compression steel Assume 12 mm
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Solution:
250 mm Clause 3.4.4.4

T K = M/bd’fa,
y 4 (340 x 10%) / (250 x 420* x 40)

B F— __ A’ = 0.193
£ e o ' K > K’ (= 0.156), the section requires
& = compression reinforcement.
3 s =
vl 2 = d [0.5+ ,/0.25——} = 0.775d
S| 0.9
——AOAP = (0.775x420) = 327.6 mm
\ x = (d-2/045 = 0.5d
As = (0.5x420) = 210mm
Figure 5.38 d’/x = 50/210 = 024 <£0.37
The compression steel will yield and the stress is
equal to 0.95f,.

Al= (K-K')fuu bd*10.95f, (d—d")

= [(0.193 — 0.156) x 40 x 250 x 4207] / [0.95 x 460 x (420 — 50)]

= 403 mm’

Appendix 6 Adopt 4/12 mm diameter HYS bars providing 452 mm’.
" Ag= (K’ fubd®1095f,z)+A/
= [(0.156 x 40 x 250 x 420%) / (0.95 x 460 x 327.6)] + 403"
= 2325 mm’
Appendix 6 Adopt 3/32 mm diameter HYS bars providing 2410 mm”>.

"Note: The A, required is used here and not the A, provided.

5.3.8 Example 5.9: Doubly-reinforced Rectangular Beam 2

The cross-section of a two-span continuous beam is 300 mm wide with an overall depth of
500 mm. Using the data given determine suitable main reinforcement such that the beam
can resist:

(i) abending moment equal to + 600 kNm at mid-span and
(i) abending moment equal to —475 kNm over the central support.

Data:

Characteristic strength of concrete  (f;,) 45 N/mm®
Characteristic strength of steel (fy) 460 N/mm’
Nominal maximum aggregate size  (Mag0) 20 mm
Diameter of main tension steel Assume 32 mm
Diameter of main compression steel Assume 20 mm
Diameter of shear links 10 mm
Exposure condition severe

Minimum required fire resistance 1.0 hour
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Solution:

Clause 3.3.1 Nominal cover to all steel

Clause 3.3.1.2 > Barsize = (32-10) cover = 22 mm
Clause 3.3.1.3 = Nominal maximum aggregate size cover = 20 mm
Clause 3.3.3 Exposure condition: severe f, =45 N/mm’

Table 3.3 cover > 30 mm
Clause 3.3.6 Minimum fire resistance: 1.0 hr since beam is continuous

Table 3.4 cover > 20 mm

The required nominal cover to the main steel = 30 mm

Figure 3.2 Minimum width b for 1 hour fire resistance = 200 mm .. adequate
(i) Consider the mid-span position: 300 mm
Effective depth d = (h — cover — link diameter — bar diameter/2)
= (500-30-10-16) = 444mm - V- 4
Clause 3.4.4.4 @ ?
Check if the section is singly-reinforced: g X 4
6 AJ

k=M _ |00 gp55 0156 2

bd" f., 300x444°x45 "”“ A,
Since K > K’ the section is doubly-reinforced. = 5 /X 5

z = d|:0.5+1/0.25—(§(9]= 0.775d = (0.775x444) = 346.3 mm

x = (d-—2/045 = 0.5d = (0.5x444) 222 mm
d” = (cover + link diameter + bar diameter/2) 30+ 10+10) = 50mm
d’/x = 50/222 = 023 < 0.37

The compression steel will yield and the stress is equal to 0.95f,.
A= (K=K')fubd®/0.95f,(d—d")
[(0.225 — 0.156) x 45 x 300 x 444%] / [0.95 x 460 x (444 — 50)]

= 1067 mm’

Appendix 6 Adopt 4/20 mm diameter HYS bars providing 1260 mm’.

" As = (K’ fubd®10.95f,z) +A/
= [(0.156 x 45 x 300 x 444%) / (0.95 x 460 x 346.3)] + 1067
= 3811 mm’

Appendix 6 Adopt 8/25 mm diameter HYS bars providing 3930 mm’.
U If the bars are placed horizontally assuming a gap of 25 mm

(i.e. [hage + 5 mm], see Clause 3.12.11.1), the minimum width
=

required = [(2x30)+ (4 x25) +(3x25)+ (2 x10)]
= 255 mm.
< 300 mm The width is therefore adequate.
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The actual effective depth is slightly less since the reinforcing bars are placed in two rows.
The reader should re-calculate the modified areas of steel resulting from this and compare
them with A, and A" provided above.

(ii)  Consider over the central support position:

300 mm
Effective depth d = (h — cover — link diameter — bar diameter/2) ﬁ
= (500-30-10-16) = 444 mm -
Clause ‘3.4.4.4: S ' ’ prm
Check if the section is singly-reinforced: g s
6 A,
- M| A0 985 0156 S
bd" f,, 300x444° x 45 R A
. 7 . . . ” S
Since K > K’ the section is doubly-reinforced. < i

0.775d = (0.775x444) = 346.3 mm

z = d O.5+1/O.25—£
0.9

x = (d—2/0.45 = 0.5d (0.5 x 444)
d” = (cover + link diameter + bar diameter/2)

222 mm
30+ 10+10) = 50mm

d’/x = 50/222 = 023 < 0.37

The compression steel will yield and the stress is equal to 0.95f,.

A= (K—=K’)fuubd*10.95f,(d—d")

= [(0.178 — 0.156) x 45 x 300 x 444°] / [0.95 x 460 x (444 — 50)]
= 340 mm’

Appendix 6 Adopt 3/12 mm diameter HYS bars providing 339 mm®.

Ay = (K'fubd®10.95f2)+A/

= [(0.156 x 45 x 300 x 444%) / (0.95 x 460 x 346.3)] + 340
= 3083 mm’

Appendix 6 Adopt 4/32 mm diameter HYS bars providing 3220 mm’.

If the bars are placed horizontally assuming a gap of 25 mm
(i.e. [hayge + 5 mm], see Clause 3.12.11.1), the minimum width
required = [(2 X 30)+ (4 x32)+(3x25)+(2x10)] =283 mm.

< 300 mm The width is therefore adequate.

5.3.9 Example 5.10: Doubly-reinforced Rectangular Beam 3

The cross-section of a rectangular beam which is subjected to a bending moment of
160 kNm is shown in Figure 5.39. Using the data given, determine the areas of main steel
which are required.
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Data:

Characteristic strength of concrete  (f;,) 50 N/mm’
Characteristic strength of steel (fy) 460 N/mm®
Diameter of main tension steel Assume 32 mm
Diameter of main compression steel Assume 20 mm
Diameter of shear links 10 mm

Solution:

200 mm 6
K= M _ [ 16010 ]: 018 > 0.156

; y 4 bd*f., 200x300% x50
R "
é g e Since K > K’ the section is doubly-reinforced.
AS
S o )
() ~ ’
M A, z = d|i0.5+‘/0.25—K ]: 0.775d
ST x 09
CELLL
. = (0.775%x300) = 234 mm
Figure 5.39 x = (d-2)/045 = 0.5d = (0.5%x300) = 150 mm

d’/x = 70/150 = 0.46 > 0.37 .. the strain in the compression steel is less than the
yield value. Since {; < {iela the compression steel will not yield and the stress f,, must
be calculated and used in the modified equations for the areas of reinforcement.

& =0.0035 _
=T e £o= 00035 x 5079 _ 0019
Q o Ces stress = E X strain
- fie = (200,000 x0.0019) = 380 N/mm’

A/ = (K=K fubd? ! fie (d—d”) for the compression reinforcement
[(0.18 — 0.156) x 50 x 200 x 3007] / [380 x (300 — 70)]

247 mm®

Appendix 6 Adopt 3/12 mm diameter HYS bars providing 339 mm’.

LA

(K’ fou bd 2/ 0.95f,2) + AJX L for the tension reinforcement.
0.95f,

[(0.156 X 50 x 200 x 300%) / (0.95 x 460 x 234)] + [247x(i_28ﬂ

= 1577 mm’
Appendix 6 Adopt 2/32 mm diameter HYS bars providing 1610 mm”>.
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5.4  Shear Strength of Sections

As indicated in Figure 5.7 reinforced concrete beams are subject to diagonal tension as a
result of shear forces. Consider a simply supported beam in which a series of squares have
been painted on the side as shown in Figure 5.40(a). Before deformation of the beam due
to the applied load of 2V the typical diagonals AB and CD are of equal length as indicated.

J’2V
A D - v -

(a)
c B
% \%
Before deformation: Lag = Lep = L
A D oo
| A _x :
C B ‘
(b)

After deformation: Lag=L+6 and Lep=L-90
where 0 is the change in length due to deformation.

Figure 5.40

After deformation due to the load, the squares become distorted such that AB increases in
length and CD decreases in length as shown in Figure 5.40(b). The resulting tensile forces
caused by the increase in length will induce diagonal cracking perpendicular to AB when
the tensile stress exceeds the tensile strength of the concrete.

Experimental evidence has indicated that shear failure usually occurs on a diagonal
plane occurring at 45° to the longitudinal axis of a beam as shown in Figure 5.41.

—

Figure 5.41



148 Design of Structural Elements

The surface area over which the diagonal tensile stress acts is the area of the plane PQRS:
Surface area A = ~/2dxb = [2bd

The total tensile force on this diagonal plane T = (stress X area) = (o X\/Ebd )
Consider the beam to be cut along this diagonal tension plane as shown in Figure 5.42:

T
"
T " J
\ / £
[ — 450 ?
4 Tension plane 4
Figure 5.42
The vertical equilibrium equation of either the left-hand or the right-hand section is:
+ve b 3R, =0 V- (TIN2)=0 -V = (T/\2)
V= (@xVBd) V2] = abd o=
This equation is given in the code as:
v = v equation 3
b.d

where:

v is the design shear stress,

V' is the design shear force due to ultimate loads,
b, is the breadth of the section,

d is the effective depth.

The actual mechanism by which a reinforced concrete beam transfers shear is very
complex and a rigorous analytical treatment is not justified. The analysis of extensive
experimental data has enabled the derivation of an empirical design procedure which has
been adopted in the code to determine a suitable area of shear reinforcement. The use of
‘equation 3’ is a mathematical convenience used in developing this simplified design
method.

Consider the effect of vertical links as shown in Figure 5.43.

b A2 Ay /2
1
As | ~
Ay —as 2-legged link

Figure 5.43
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If the link spacing s, = d, then it is just possible for a 45° diagonal crack to develop
between adjacent links. In these circumstances the beam could fail in shear with the links
being ineffective. To prevent this occurring the spacing of the links is limited to a
maximum value of 0.75d as indicated in Clause 3.4.5.5 of the code.

When s, < d any tension plane at 45° will cut through more than one link, as shown in
Figure 5.44. The load carried by each link will be proportionately smaller the closer the
links are together.

Figure 5.44

The design shear force V applied to a concrete beam is resisted by a combination of the
design concrete shear stress v, and the shear reinforcement. The fruss analogy is often
used as a basis for the design method. Consider the concrete beam shown in Figure 5.45:

lZV
vy
:v/ Ty/ T\(/ T\L/' T T \yT \yT \\YT \j
VT TV

Figure 5.45

It is assumed that the tensile forces are resisted by the shear links and the longitudinal
reinforcement whilst the compressive forces are resisted by the strength of the concrete.
The concrete strength develops from three sources:

¢ the compressive strength of the concrete,

¢ the aggregate interlock which occurs when the opposite faces of the fracture
plane slide past each other and,

¢ the dowel action of the longitudinal reinforcement in the tension zone of the
cross-section.

Experimental evidence has shown that the design concrete shear stress v, is dependent on
the percentage of longitudinal steel (100Ay/b,d) and the effective depth of the section d. In
the code values of v, are given in Table 3.8 for a characteristic concrete strength of
25 N/mm®. When using other concrete strengths greater than 25 N/mm?, these values may

be modified by multiplying by 3/(f., / 25) with a maximum value of f,, = 40 N/mm’.
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A maximum value of shear stress is defined in Clause 3.4.5.2 of the code to prevent
crushing failure of the concrete. This is givenas: v < 0.8, f,
< 5N/mm’

Consider the vertical equilibrium of the section shown in Figure 5.46:

‘ d 3 b=b,
. =

L xX)--

L 7 As e
A Bl
Figure 5.46
+ve f XF,=0 V = Resistance due to concrete + Resistance due to reinforcement
= (concrete stress X area) +  (steel stress X area of links)
The force in each link = (stress X area) = (&x A, J = (0.95fyy XAy )
Vm

The number of links cut by the tensile diagonal plane at 45° = dJs,

Total force in the cut links = (0.95 SwAw )><i
s

v

V = (vexbyd)+ [(0.95 FuA, )xi]
sV
(0.95f Ay) = [V = X byd)] X %
From equation 3: V = vb,d
(0.95 fyw Aw) = [(vhy d) = (ve by d)] % = [by sy (v =]
and hence Ay 2 M
0.951,,

This is the equation given in Table 3.7 of the code for the cross-sectional area of designed
links when the design shear stress v at a cross-section is greater than (v. + 0.4). It is
recognised that the truss analogy produces conservative results and the code specifies that:

designed links are required when:
(Ve+0.4)<v <08,/ f., or5N/mm’

It is important to provide minimum areas of steel in concrete to minimize thermal and
shrinkage cracking, etc. Minimum links are specified in the code which provide a shear
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resistance of 0.4N/mm” in addition to the design concrete shear stress v., and consequently
designed links are required when v > (v, + 0.4) as indicated. In Table 3.7:

minimum links are required when 0.5v, <v <(v.+04)
The cross-sectional area of the links required is given by:

0.4b, s,

0.95f,,

In addition, in members of minor importance such as lintel beams or where v < 0.5v,, links
may be omitted. These requirements are shown graphically in Figure 5.47. The steel stress
fyv for links normally relates to mild steel since this is easier to bend into shape.

A

ASV

Ay 20.4b, 5,/0.95f,, Agy 2 bysy(v — ve )/0.95f,
: . : i :>
no links required 0.5, . (v + 0.4) Iy
in members of
minor importance ; > L minimum designed |
links required links required
Figure 5.47

The area of longitudinal tension steel which is used in Table 3.8 is that in which the
reinforcement continues for a distance at least equal to d beyond the section being
considered, as indicated in Clause 3.4.5.4 of the code. At supports, this area of steel must
be fully anchored as indicated in Clause 3.12.9 (see Section 5.7.5).

5.4.1 Example 5.11: Shear Links Beam 1

A concrete beam is simply supported over a 5.0 m span as shown in Figure 5.48. Using the
data given, determine suitable shear reinforcement.

Data:
Characteristic strength of concrete  (f2,) 40 N/mm®
Characteristic strength of mild steel (fyy) 250 N/mm?>

Maximum shear force at the support 40 kN
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200 mm : :J

225 mm

A 2 5.0m

2 /16 mm HYS bars

y
\

Section x-x Figure 5.48

Solution:
Consider the end of the beam at the support where the shear force is a maximum = 40 kN

3
Clause 3.4.5.2 p o= 2 A0 ) o N/mm?

bd  200x225
(0.8x+/40) = 5.06 N/mm?

0.8/ fu
< 5.0 N/mm®

0.8/ feu

P

IA

Table 3.7 To determine the required reinforcement, evaluate v. and either adopt
minimum links throughout or use designed links.

Table 3.8 A, = area of 2/16 mm diameter bars = 402 mm’
1004,  100x402

= = 0.893; d = 225mm
b,d 200x225
1004, Effective depth d

bd
- 200 225 250 -
- N/mm’ N/mm?” N/mm’ -

0.5 - 0.60 0.58 0.56 -

0.75 - 0.68 0.66 0.65 -

1.00 - 0.75 0.73 0.71 -

Extract from Table 3.8 of BS 8110-1

ve = {0.66 +[(0.73 — 0.66) x (0.893 — 0.75)/0.25]} = 0.7 N/mm’
Since f., > 25 N/mm’ v, can be multiplied by 3/( f../25) (see note in the
bottom of Table 3.8 of the code).

ve = 0.7x 3/(40/25) = 0.82 N/mm’

(ve+0.4)= (0.82+0.4) = 1.22 N/mm’
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Table 3.7  Since 0.5v. < v < (v, + 0.4), minimum links are required for the whole
length of the beam.

04b,s,

0.95f,,

There are two unknowns: A, and s, the spacing of the links. It is necessary to assume one

of these and to calculate the other.

The cross-sectional area of the links required is given by Ay, =

Option 1:
Assume 2-legged / 6 mm diameter mild steel links. 5 Ay = 56.6 mm’
0951, A,
Table 3.7  The spacing required s, = Tyt = 095x230x56.6 - _ 168 mm
0.4b, 0.4x200

Clause 3.4.5.5
The maximum spacing of the links < 0.75d
= (0.75x225)= 169 mm
Adopt 6 mm diameter mild steel links @ 150 mm centres throughout the
length of the beam.
Option 2:
Clause 3.4.5.5
The maximum spacing of the links < 0.75d

= (0.75%225)= 169 mm

Assume s, = 150 mm.

Table 3.7  The cross-sectional area required A, 2 04b, s, = 0.4>200x150
0.957,, 0.95%x250

= 50.5 mm’
Adopt 6 mm diameter mild steel links (56.6 mm?) @ 150 mm centres
throughout the length of the beam as in option 1.

5.4.2 Example 5.12: Shear Links Beam 2

A concrete beam is simply supported over a 7.0 m span as shown in Figure 5.49. Using the
data given, determine suitable shear reinforcement.

Data:
Characteristic strength of concrete  (f;,) 40 N/mm’
Characteristic strength of mild steel (fyy) 250 N/mm’
Characteristic dead load (gv) 5.0 kN/m
Characteristic imposed load (qv) 30.0 kN/m
240 mm ‘ :ﬂ
T F
gL _J
S 70m 2

2 /25 mm HYS bars .
Figure 5.49

Section x-x
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Solution:

Ultimate design load = [(1.4 X5.0) + (1.6 X30.0)] = 55.0 kN/m

Ultimate design shear force at the support V = (55.0x35) = 1925kN
3

Clause 3.4.5.2 yo= Vo D20 N

bd  240x570
(0.8x+/40) = 5.06 N/mm?

0.8y fuu
5.0 N/mm?

0.8+/fus

P

IN

IN

Table 3.7 To determine the required reinforcement evaluate v. and to determine the
requirement for either minimum links or designed links.

Table 3.8 A area of 2/25 mm diameter bars = 982 mm?’

1004, _ 100x982 ) 7. d = 570 mm > 400 mm

bd ~ 240x570

1004, Effective depth d
b.d
- - - 300 =400
- N/mm® N/mm?
0.25 - - - 0.43 0.40
0.50 - - - 0.54 0.50
0.75 - - - 0.62 0.57

Extract from Table 3.8 of BS 8110-1

ve = {0.50 + [(0.57 — 0.50) x (0.72 — 0.5)/0.25]} = 0.56 N/mm’
Since f,, > 25 N/mm? v, can be multiplied by 3/(f., /25)

ve = 0.56x 3/(40/25) = 0.66 N/mm’
(v +0.4)= (0.66 +0.4) = 1.06 N/mm’

Table 3.7  Since (ve+0.4) <v<0.8,f.,

< 5 N/mm’
designed links are required.

The maximum shear force which can be resisted by the provision of minimum links is
given by:
V = ve+04)bd = (1.06x240x570)/10° = 145kN

Consider the shear force diagram shown in Figure 5.50. Minimum links are adequate in
the central portion where the shear force is less than 145 kN. The end sections in which the
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shear force is greater than 145 kN require designed links.

The shear force reduces

145 kN at a rate of 55 kN/m X
1925 kN \& 1

X I \ 192.5 kN
145 kN \ J
\ \ TR
designed links minimum links designed links
required adequate required
Figure 5.50
(192.5-145)

= ——— = 0.86m say 1.0 m
55

Provide designed links for the first metre from each end and minimum links elsewhere.
The cross-sectional area of the designed links required is given by A, = %‘;VJ
951y,

Assuming 8 mm diameter mild steel links, A, =101 mm®> and fow= 250 N/mm?>.

AL095f,,  (101x0.95%250) _

= = 1333
b(v-v,) 240%(1.41-0.66) i

sy <

Clause 3.4.5.5
The maximum spacing of the links < 0.75d
= (0.75%x570)= 428 mm
Adopt 8 mm diameter mild steel links @ 125 mm centres for 1.0 m from
each end of the beam.

0.4b
The cross-sectional area of the minimum links required is given by Ay, = #
95fy,
0951, A,
Table 3.7  The spacing required s, < Sy = 0.95%250x101 = 250 mm
0.4b, 0.4x240

Adopt 8 mm diameter mild steel links @ 250 mm centres throughout the
central 5.0 m of the beam.

L ! ! J
P | 250 mm 250 mm —— | ‘
9 links @ 125 mm centres 19 links @ 250 mm centres 9 links @ 125 mm centres |
< 7.0 m >

Figure 5.51
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5.5 Deflection of Beams

Estimation of the deflection of a reinforced concrete beam, whilst being more complex
than for example timber or steel, can still be carried out with reasonable accuracy using
semi-empirical methods. The numerous variables affecting the result, — e.g. creep,
shrinkage, varying E value, percentage of both tension and compression reinforcement,
and steel stress — make any precise calculation both tedious and time consuming. In
practical terms, the code provides tabulated values (Table 3.9) of basic (span/effective
depth) ratios which can be modified to reflect the influence of tension (Table 3.10) and
compression (Table 3.11) reinforcement.

Limiting the (span/effective depth) ratio of a section also limits the deflection as a
fraction of the span and hence the curvature of a beam. Excessive curvature can damage
brittle finishes.

Consider a simply-supported beam of rectangular cross-section supporting a distributed
load as shown in Figure 5.52:

b w kN/m
T O T R T T T T T I

Cross-Section

E is Young’s modulus of elasticity,

/. is the maximum elastic bending stress allowed,

Z. 1s the elastic section modulus of the cross-section,
I 1is the second moment of area of the cross-section,
o

is the mid-span deflection.
Figure 5.52

Under service conditions and assuming elastic behaviour:
wL?
8

Moment of resistance of the cross-section = f; zxx
The load can be expressed in terms of the section properties and length, i.e.

2 2
L 8z _ {%Xﬂ] _ 4f.bh

Maximum bending moment

r > 6 31*
4 4 4
The mid-span deflection 6 = Swh. | SwE X 12 1. vl 3
384EI 384E  bh* 32Ebh’

Substituting for w gives:

5L 4f.bh’ 5L f,
6 = +X > =
32Ebh* 3L 24Eh

The deflection can be expressed as a fraction of the span by dividing both sides by L.
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é = Sfe % £ = kX £ where k is the constant S
L 24E | h h 24E

hence (%) o< (span/depth) i.e. (span/depth) is related to the curvature.

The beam in Figure 5.52 is assumed to be elastic, however reinforced concrete is not: its
behaviour is dependent on the percentage of reinforcing steel and the extent of cracking
present. Both tension and compression steel influence the final deflection and hence
curvature.

Allowances for these factors to reflect the actual behaviour are made in the code in
terms of:

¢ using a basic ‘span/effective depth’ ratio (span/d) rather than a ‘span/h ° ratio
(Table 3.9),

¢ applying a modifying factor which is dependent on the steel strength (steel
percentage and steel strength are directly related through the factor K = M/bd")
and the steel stress (f;) under service conditions (Table 3.10),

¢ applying a modifying factor which is dependent on the percentage of compression
steel provided (Table 3.11).

The basic ratios given in Table 3.9 relate to three support conditions:

¢ cantilevers,
¢ simply supported beams,
¢ continuous beams.”

*Note: Continuous beams are considered to be any beam in which at least one end of the
beam is continuous, i.e. this includes propped cantilevers at the end of a series of
continuous beams.

The ratios are given for both rectangular and flanged sections and are based on limiting the
total deflection to < (span/250). This should ensure that any deflection occurring after
construction of finishes and partitions < (span/500) and £ (20 mm).

These ratios apply to spans up to and including 10.0 m in length. In the case of long
span beams i.e. > 10.0 m the basic (span/d) ratios may permit excessive values of
deflection which would be unacceptable for aesthetic and/or practical reasons such as
excessive curvature. A fixed limit to d is included in the code to avoid this. In the case of
a fixed value of &, (8/L) will decrease as the span increases and consequently (L/h) must
also decrease to satisfy (0 /L) o< (L/h). This is accommodated in Clause 3.4.6.4 of the code
for long span beams in which the Table 3.9 values must be multiplied by (10/span) for
spans exceeding 10.0 m.

If designers require different limitations from those assumed in the code, e.g. total
deflection < (span/360) instead of (span/250), then the Table 3.9 values should be
modified accordingly, e.g.
for the case of (span/360): basic (span/d) = [Table 3.9 value x (250/360)]
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5.5.1 Example 5.13: Deflection Beam 1

A rectangular concrete beam 250 mm wide X 475 mm overall depth is simply supported
over a 7.0 m span. Using the data given, check the suitability of the beam with respect to
deflection.

Data:

Characteristic strength of concrete  (f.,) 40 N/mm?
Characteristic strength of main steel (fy) 460 N/mm’
Design ultimate bending moment at mid-span (M) 150.0 kNm
Assume the distance to the centre of the main steel from the tension face is 50 mm
Solution:

Effectivedepth d = (475-50) = 425 mm

Check that section is singly-reinforced:
0 -

Clause 3.4.4.4 K = ]:I = 150)(1? = 0.083 < 0.156
bd" f., 250x4257 x40 |

Since K < K’ the section is singly-reinforced.

Z =4d 0.5+1/0.25—£ = d 0.5+‘/0.25—w = 094
0.9 | 0.9
< 0.95d
Ay = M/0.95fz = [(150x 10°%) / (0.95 x 460 x 0.9 x 425)]
= 897 mm’
Appendix 6 Adopt 3/20 mm diameter HYS bars providing 943 mm®
Clause 3.4.6 There is no redistribution of moments .-. By = 1.0
Table 3.9 The beam is simply supported: .. Basic (%) = 20
Clause 3.4.6.5  M/bd* = (K Xfu) = (0.082 x 40) = 3.32 N/mm’
2f A
Table 3.10 f = Mxi = 2x460%897 = 291.7 N/mm*
3A 00w P 3x943

Extract from Table 3.10

Table 3.10 Modification factor for tension reinforcement
Service Stress M/bd 2
- - 3.00 4.00 -
250 | - - 1.04 0.94 -
300 | - - 0.93 0.85 -
(fy, =460) 307 | - - 0.91 0.84 -
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The precise value of the modification factor can be obtained by interpolation from the four
values identified in Table 3.10.

f. M/bd*
3.32
- 3.0 4.0
250 1.04 0.94
L7 300 0.93 0.85
For fi = 291.7 N/mm*:
Factors = {1.04—[(1.04—0.93)x@]} = 0.95 and

= {0.94—[(0.94—0.85)x@]} = 0.86

M/bd*
3.32
30 | 40
291.7|  0.95 0.86

fs

For M/bd> = 3.32 N/mm’:
{0.95—[(0.95—0.86)x(?"%;30)]} - 092

Basic (%) x Table 3.10 value = (20x 0.92) = 18.4

Factors

Actual (%): (%) = 14.12< 18.4 .. The deflection is acceptable

Note: In many cases it is sufficient to use the lowest value of the four identified in the
table for interpolation, e.g. in this case 0.85, to determine an approximate value of
the modification factor. If the deflection is acceptable when using this value then it
must be acceptable using the precise value which is greater.
ie.

Basic (%) x Table 3.10 value = (20 % 0.85) = 17.0

Clearly if the modified value is less than the actual (span/depth) ratio then a more
precise calculation using interpolation is required.

5.5.2 Example 5.14: Deflection Beam 2

It is proposed to use the same beam given in Example 5.13 as a cantilever of 3.0 m span. If
the section is subjected to an increased bending moment equal to 420 kNm, check the
suitability of the beam with respect to deflection.
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Solution:
Effective depth d = (475-50) = 425 mm
6
Clause 3.4.4.4 K = ]:I = 420)(1? = 023 > 0.156
bd" f., 250%x 425 x40

K > K’ the section is doubly-reinforced

z = d [0.5+ ‘/0.25— 59] = 0.775d =(0.775x425) = 331.5 mm

x = (d—-2)/045 = 0.5d = (0.5x425) = 212.5mm
d’” = 50 mm

d’/x = 50/2125 = 024 < 037

The compression steel will yield and the stress is equal to 0.95f,.

A/= (K—=K’) fou bd* 10.95f,(d—d")
= [(0.23 — 0.156) x 40 x 250 x 425%] / [0.95 x 460 x (425 — 50)]

= 816 mm?
Appendix 6 Adopt 3/20 mm diameter HYS bars providing 943mm’.
A, = (K’ foubd®1095f,7) + A/
= [(0.156 x 40 x 250 x 425%) / (0.95 x 460 x 331.5)] + 816
= 2761 mm’
Appendix 6 Adopt 4/32 mm diameter HYS bars providing 3220 mm”>.
Clause 3.4.6 There is no redistribution of moments: s By =10
Table 3.9 The beam is a cantilever: .. Basic (%) =7
Clause 3.4.6.5 MIbd*> = (K Xfu) = (0.023 x 40) = 9.2 N/mm’
2f.A
Table 3.10 fooo | A L) (2X460X2T61) s 6 N2
3400w P 3x3220

Extract from Table 3.10

Table 3.10 Modification factor for tension reinforcement
Service Stress M/bd?

05 | 075] 1.00] 1.50 | 200 | 3.00 | 4.00 | 5.00 | 6.00

sgao 250[ 190 170 155 134 120 104 094 087 0.82
Y300 | - - - - - - - - 076
(f,=460) 307 | - - - - : : : : :

When M/bd* is greater than 6.0 N/mm” the values in the last column of Table 3.10 are
used. A typical graph of M/bd?* versus modification factor is shown in Figure 5.53. It is
evident that the modification factor tends towards a constant with increasing M/bd* values.



Design of Reinforced Concrete Elements 161

A
2.0 <
1.8 =
g 16 S -
;cé 1.4 \\ fs =250 N/mm
.g 1.2
T 1.0 S
£ (s T
=
= 0.6
0.4
0.2
05 075 10 15 20 30 40 50 6.0
M /bd* (N/mm?)
Figure 5.53
fe M/bd* For f, = 263.0 N/mm®:
- 6.0 (263.0-250)
Factors ={0.82—|(0.82-0.76)x~—— ="/
250 0.82 actors { [( s 50 ]}
263.0 1 39 0.76 - 08

Clause 3.4.6.6

The basic (span/d) ratio should also be modified to allow for the effects
of compression reinforcement.

100A.,
Table 3.11 spov - (100x943 3¢9
bd 250x 425
1004, .., F Modification factor = 1.2 + (1.25 — 1.2) x M
T actor 0.25
- - =123
. span
075 1.2 Basic e x Table 3.10 value x Table 11 value
0.89
1.0 1.25 = (7x0.8%x123)= 6.9
Actual | P22 = (3999 _ 71 S 6o
d 425

Since the actual (span/d) ratio
section is required.

The deflection is unacceptable

exceeds the modified Table 3.9 value a deeper concrete
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5.5.3 Example 5.15: Deflection Rectangular Slab

Check the suitability of the rectangular slab indicated in Example 5.7 with respect to
deflection.

Solution:
The slab should be checked within the 5.0 m span and at the end of the cantilever. Using
the data obtained from the previous calculations:

Within the span: Agreqa = 565 mm?*/m width; Asprov = 628 mm?*/m width
Effective depth d = 270 mm
Table 3.9 The beam is considered to be simply supported: Basic (sp;n ) = 20
Clause 3.4.6.5 Mibd* = (K Xfu) = (0.0217x40) = 0.868 N/mm’
2f A
Table 3.10 fooo | Al L) (2X460X565 ) 0N
3400w Py 3x628
Extract from Table 3.10 Table 3.10 Modification factor for

tension reinforcement

Assume the modification factor i [gervice M/bd>
approximately equal to the smallest | Stress 0.75 | 1.00
value corresponding with the service : -
stress and M/bd* values, i.e. 1.33 276 ggg 114 }gg

Basic (%J x Table 3.10 value ~ (20x 1.33) = 26.6

Actual [ P2 )= (2990) _ 155 < 266
d 270

The deflection is acceptable

The cantilever span: Agrega = 137 mm?*/m width; Asprov = 390 mm?*/m width
Effective depth d = 275 mm

Table 3.9 For a cantilever  Basic [%] =7

Clause 3.4.6.5  M/bd* = (K xf) = (0.005x40)= 0.2 N/mm’
2f A,

Table 3.10 f = Mxi = w = 107.7 N/mm?
3A 00w P 3x390

Table 3.10 The modification factor = 2.0

Basic (%J x Table 3.10 value = (7x2.0) = 14.0

Actual [P2 )= (1200) _ 44 < 14
d 275

The deflection is acceptable
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5.6 Effective Span of Beams (Clause 3.4.1)

The span of beams which is used for analysis purposes is known as the effective span and
given the symbol /. Three situations are defined in Clause 3.4.1 of the code:

¢ simply supported beams (Clause 3.4.1.2)

IN

! . TER
E‘h < l clear distance between the supports + d

IN

distance between the centres of bearings

N

\J

Figure 5.54

¢ continuous beams (Clause 3.4.1.3)

Figure 5.55

¢ cantilevers (Clause 3.4.1.4)

; u l

Figure 5.56

The definitions given in Clause 3.4.1 do not apply to deep beams (i.e. where the clear span
is less than 2d). The design of such beams requires reference to specialist literature.

5.7 Detailing of Sections

The success of any reinforced concrete element is dependent on efficient and practical
techniques being adopted during casting of the concrete when detailing the type of steel,
diameter of bar, shape of reinforcement and its location within the formwork.

Detailing considerations which are required by detailers in the design office to interpret
the designer’s instructions in the form of drawings and schedules for communication to the
site are given in the publication Standard method of detailing reinforced concrete
published by the Institution of Structural Engineers (55). This document is widely
regarded within the UK and overseas as a standard reference work indicating the
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principles which should be followed both in general and in detail to produce consistent,
clear, complete and unambiguous instructions to steel fixers on site. The reader is strongly
recommended to make reference to this publication.

In addition, the standard of workmanship required during construction is important;
advice is given relating to this in Section 6 of BS 8110:Part 1:1997.

In sections 5.7.1 to 5.7.7 of this text information is given relating to design
considerations, e.g. minimum/maximum areas of steel, anchorage lengths and curtailment,
as required by the code.

5.7.1 Minimum Areas of Steel (Clause 3.12.5)

Minimum areas of steel are required in structural elements to ensure that any unnecessary
cracking due to thermal/shrinkage effects or tension induced by accidental loading can be
minimized. The required minimum steel areas for different situations, i.e. tension or
compression reinforcement, rectangular beams/slabs, flanged beams and columns/walls,
are given in Table 3.25 of the code and illustrated in Example 5.16.

5.7.1.1 Example 5.16: Minimum Areas of Steel

Determine the minimum areas of steel required for the cross-sections shown in
Figure 5.57; in all cases f, = 460 N/mm?.

=) E
g
320 mm ) b= 1200 mm . § ) 1000 mm L0
) K [«
| | g
= £
S g
e § Rectangular slab
Rectangular beam F (
by =300 mm <)
(a) Flanged beam
(assume the web to be in tension)
(b)
Figure 5.57

Solution:
(a) Rectangular beam

Extract from Table 3.25

Table 3.25 Minimum percentage of reinforcement

Situation Definition | Minimum percentage
of f,=250N/mm’ | f, =460 N/mm”
percentage | % %

c) rectangular section (in solid slabs this | 100Ay/A. 0.24 0.13

minimum should be provided in both directions)
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The required area of steel is given by:

1004, /A. = 0.13

where:

s 1s the minimum recommended area of reinforcement,

is the total area of concrete.

176 x 10° mm?

(550 x 320)
(0.13x176x10°)
100

229 mm?

(b) Flanged beam

Extract from Table 3.25

Table 3.25 Minimum percentage of reinforcement

Situation Definition | Minimum percentage
of f,=250N/mm’ | f, =460 N/mm”
percentage | % %
Sections subject to flexure:
a) flanged beams, web in tension:
1) b,/b<04 100Ay/byh | 0.32 0.18
2) b,/b=204 100Ay/byh | 0.24 0.13
b) flanged beams, flange in tension:
1) T-beam 100A¢/byh | 0.48 0.26
2) L-beam 100A¢/byh | 0.36 0.20

where:

b 1is the breadth of the section (see Clause 3.4.1.5),
b,, is the breadth or effective breadth of the rib; for a box, T or I section, by, is
taken as the average breadth of the concrete below the flange,

h is the overall depth of the cross-section of a reinforced member.

by /b= (300/1200)=0.25 <04

by h

A, =

(300 x 600)
(0.18x180x10°)

1004, /byh = 0.18

180 x 10° mm?

324 mm?>

100

... the required area of steel is given by:

Note: In flanged beams (see Section 5.10 of this text and Table 3.25 of the code) there is a
requirement to provide transverse reinforcement in the flange near the top surface to
resist horizontal shear. This is dealt with in Example 5.19 for flanged beams.
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(c) Rectangular slab

Extract from Table 3.25
Table 3.25 Minimum percentage of reinforcement

Situation Definition | Minimum percentage
of f,=250N/mm’ | f, =460 N/mm”
percentage | % %

c) rectangular section (in solid slabs this | 100AJ/A. 0.24 0.13
minimum should be provided in both directions)

The required area of steel is given by:
100A /A, = 0.13

Consider a 1m width of slab:

Ac = (1000 x 275) = 275 % 10’ mm?
3
A = (0'13X1207(;5X10 ) = 358 mm?/ metre width of slab

Note: The minimum area of reinforcement is required in both directions in a slab.

In columns in addition to minimum percentages of steel there is a requirement for a
minimum number and diameter of bars as indicated in Clause 3.1.2.5.3, i.e.

¢ inrectangular columns: number of bars > 4
diameter of bars > 12 mm

¢ in circular columns: number of bars > 6
diameter of bars > 12 mm

The required minimum area of links for beams is as indicated in Table 3.7: see Section 5.4
of this text. In the case of columns, Clause 3.1.2.7.1 specifies that when part or all of the

main reinforcement is required to resist compression the links should satisfy the following:

diameter of the largest compression bar

1. link diameter 2> .
= 6 mm
2. link spacing < 12 x diameter of the smallest compression bar

These restrictions limit the buckling length of the main compression bars and also prevent
the steel from bursting out of the concrete.
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5.7.2 Maximum Areas of Steel (Clause 3.12.6)

The maximum percentages of steel given in the code are based on the physical
requirements for placing the concrete and fixing the steel. They are:

¢ in beams (Clause 3.12.6.1):
As £ 4% A,
Al < 4% A,

¢ in columns (Clause 3.12.6.2):
a) in vertically-cast columns AL 6% A
b) in horizontally-cast columns A £ 8% A
c) laps in vertically- or horizontally-cast columns A< 10% A,
(laps are discussed in Section 5.7.6)

Note: The subscript ‘sc’ indicates the fotal area of main steel, not necessarily
steel in compression. The higher value in b) reflects the better access for the
placing and vibrating of concrete in horizontally-cast columns.

¢ in walls (Clause 3.12.6.3):
A < 4% A, where the subscript ‘sc’ is as above.

5.7.3 Minimum Spacing of Bars (Clause 3.12.11.1)

Guidance is given in the code for minimum bar spacing to ensure that members can be
constructed achieving adequate penetration and compaction of the concrete to enable the
reinforcement to perform as designed. It is important that reinforcing bars are surrounded
by concrete for two main reasons:

(i) to develop sufficient bond between the concrete and the bars such that the required
forces are transferred between the steel and the concrete, and
(ii) to provide protection to the steel against corrosion, fire, etc.

The recommendations for minimum spacing given in Clause 3.12.11.1 are illustrated in
Figure 5.58.

Q
£
° =
® £ =
[=] - 7]
= .E o
£ 2 )
7] < i
5 =
Ewi (4 :: ;LI*Zh /3
‘A 0 086 00 e agg
| ee I 2h.,/3 ‘
izl LA oo po oS | 38 88 88
JTL JTL
2 (hage + 5 mm) 2 (Mygg + 5 mm)
> bar diameter > bar diameter

. . > equivalent bar diameter
h,, = maximum aggregate size

Figure 5.58
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Where an internal vibrator is to be used for compaction, spacing wider than the minimum
should be provided to allow easy flow of the concrete, particularly at the top of the section.
In heavily reinforced sections the use of bundled bars can reduce congestion; this does
however reduce the bond capacity between the concrete and the steel.

5.7.4 Maximum Spacing of Bars (Clause 3.12.11.2)

The requirement to limit the maximum spacing of reinforcement is to minimize surface
cracking. The widths of flexural cracks at a particular point on the surface of a member
can be estimated using the method given in Clause 3.8.3 of BS 8110:Part 2:1985. This
method is designed to give a crack width with an acceptably small probability of being
exceeded. It should be recognised that many factors influence the position and width of
cracks in concrete and absolute values cannot be predicted. In BS 8110—1:1997 a number
of options are given for determining the maximum permitted clear horizontal distance
between bars in tension in situations where crack widths < 0.3 mm are acceptable and the
nominal cover < 50 mm.

One of these methods is the use of Table 3.28. The values in this table, which are
dependent on the strength of the steel (f,) and the percentage of redistribution of moment
(B ), are based on the equations given in Part 2 of the code. An Extract from Table 3.28 is
given in Figure 5.59.

Extract from Table 3.28

Table 3.28 Clear distance between bars according to percentage
redistribution
Iy % redistribution to or from section considered
=30 =20 -10 0 +10 +20 +30
mm mm mm mm mm mm mm
250 200 225 255 280 300 300 300
460 110 125 140 155 170 185 200

Figure 5.59

Since very small bars when mixed with larger bars would invalidate the assumptions on
which the Table 3.28 values are based, the code specifies that any bar in a section with a
diameter < (0.45 X the largest bar in the section) should be ignored except when
considering those in the side faces of deep beams.

An alternative to using Table 3.28 is given in Clause 3.12.11.2.4 in which:

Clear spacing < 47,000 < 300 mm

N

. . . ny As req'd 1 . .
Where f; is the estimated service stress = TX[)’_ as given in Table 3.10.
b

S prov
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As indicated in Clause 3.12.11.2.5 the clear distance between the face of a beam and
the nearest longitudinal bar in tension should not exceed either:

(Table 3.28 value)/2.0 or (Clause 3.12.11.2.4 value)/2.0

In deep beams exceeding 750 mm overall depth there is a risk of local yielding of bars in
the side faces which can lead to large cracks in the webs. To control cracking in this
situation longitudinal bars should be distributed at a spacing < 250 mm near the faces of
the beam distributed over a distance of 2/3 of the beam depth measured from the tension
face as shown in Figure 5.60.

N The minimum size of bar to be used in the
. side faces is given in Clause 3.12.5.4 as:
g 7 M T <250 mm
2 ' . bar diameter > \[s,b/f,
o~ ] ) (]
Al S
@\
= :: :: :: where: s, is the bar spacing (e.g. 250 mm)
b is the breadth of the section
<500 mm
Figure 5.60

In the case of slabs, rules are given in Clause 3.12.11.2.7 which should ensure adequate
control of cracking; these are summarized in Figure 5.61.

Clear spacing <3d

. 2
= . < .
(1) | fy=250 N/mm > h <250 mm > <750

Clear spacing <3d
<750 mm

Y

h <200 mm

Y

(i) | f, = 460 N/mm’

Clear spacing <3d

(iii)| 100As/ bd <0.3% <750 mm

Y

(1), (ii), and (iii)

Yes
DO NOT apply 1004, / bd > 1% » Use Table 3.28

\J

no

Y
Table 3.28
s¢ ——mm——
(100A , /bd)

Figure 5.61
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5.7.5 Bond and Anchorage (Clause 3.12.8)

Reinforced concrete can behave as a composite material only if there is no slip between
the reinforcing bars and the surrounding concrete. This condition, which is fundamental to
the assumptions made in developing the design equations for strength, is achieved by the
development of bond stresses at the interface between the two materials. Consider a
straight length of steel bar embedded in a block of concrete with one end left projecting
from one face as shown in Figure 5.62, and subjected to an axial force F.

fv = anchorage bond stress

Figure 5.62

The resistance to pulling this bar out of the concrete is generated by the development of
bond stresses over the area of contact between the concrete and the steel, i.e.

Contact area (bar perimeter X embedment length)
(mx D x1I)

(stress X area) = fi, X (nDI)

Resisting force = F;

This is given in the code in ‘equation 48’ as:
Jfo =FJ(moel)
where:
Jfo 1s the bond stress,
F; is the force in the bar or a group of bars,
[ is the anchorage length,
@. 1s the effective bar size which for a single bar is equal to the bar size, and for a group of
bars in contact is equal to the diameter of a single bar equal to the total area.

Note: In a group of bars the contact area is less than that for the sum of the individual bars
and an equivalent bar diameter is used e.g.

gg Area of one bar = A @Equivalent diameter = ¢,

Actual contact perimeter < 47D Assumed contact perimeter = T @
Total area = 4A (rp2)a=4a - . = J(16A/7)

Figure 5.63
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The force which can be applied before slip occurs is equal to the maximum force in the

2
bar, i.e. Maximum force in the bar F;, = (stress X area) = (&X ng )
Ym
fy _aD? 2
= | ——x = 0.238nf,D
(1.05 4 Ty
Substituting for Fin ‘equation 48’ gives:
(Let . = D) fo =F/(nDl) = (0.238nfyD2) /(mDI)
= (0.238fyD) /1

This can be re-written in terms of the anchorage length / :

0.238

—fy xD = CD
Jo

which gives the minimum required anchorage length as a multiple of the bar diameter.

Values for C; are given in Table 3.27 of the code for various concrete grades and types of

reinforcing bar. An extract from Table 3.27 is given in Figure 5.64.

Extract from Table 3.27

Table 3.27 Ultimate anchorage bond lengths and lap lengths as multiples of bar size

Reinforcement types Grade 250 | Grade 460
plain Plain | Deformed | Deformed | Fabric

type 1 type 2

Concrete cube strength 25

Tension anchorage and lap length 43 79 55 44 34

| - e — — e e
Figure 5.64

The value of f; is normally assumed to be constant over the effective anchorage length and
assumed to be equal to the design ultimate anchorage bond stress as given in Clause
3.1.2.8.4 and Table 3.26 of the code. It is dependent on the type of steel and concrete
strength which are related by the bond coefficient 3 given in the table. Types of reinforcing
steel are specified in BS 4449: Specifications for hot rolled steel bars for the reinforcement
of concrete. The bars are identified as Plain, Type 1, Type 2 or Fabric.

¢ Plain bars have a smooth surface and are mostly mild-steel which can be easily
bent to form small radius bends for use in links etc.

¢ Type 1 are deformed bars which are square-twisted to increase the bond
resistance. They are better than plain bars but are inferior to Type 2 and are not
as readily available.

¢ Type 2 are also deformed bars having a ribbed surface with enhanced bond
characteristics. They are available in both mild and high-yield steel and are the
most commonly used type of reinforcement.
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¢ Fabric is manufactured from bars conforming to BS 4449 or wires conforming
to BS 4482. Generally fabric has a higher bond coefficient than individual bars

provided that:
(a) the fabric is welded in a shear resistance manner conforming to BS 4483,
and

(b)  the number of welded intersections within the anchorage length is at least
equal to (4A; required)/(A; provided).

If condition (b) is not satisfied, the anchorage bond stress should be taken as that
appropriate to the individual bars or wires in the sheet as indicated in Clause 3.12.8.5.
The design ultimate anchorage bond stress is given by:

fou = Bl Fus

where:

fou 18 the bond stress,

B is the bond coefficient,

feu 1s the characteristic concrete strength.

5.7.6 Lap Lengths (Clauses 3.12.8.9 to 3.12.8.14)

It is often necessary for practical reasons, e.g. handling long lengths of bar and/or
changing bar diameter, to provide reinforcement in several sections rather than in one
complete length. When this is necessary, it is important to transfer the force in one section
of bar through to the adjacent continuing section. This may be achieved by lapping bars,
welding them, or joining them with mechanical devices. The most common practice is to
lap bars as shown in Figure 5.65 and thereby to transfer the stresses through the concrete.
In the case of bars of unequal size the lap length is based on the smaller bar.

- lap length Figure 5.65

The code specifies a number of criteria to accommodate various circumstances as
indicated in Table 5.1 of this text.

The information given in Sections 5.75 and 5.76 relate to ‘tension anchorages and
laps’. Similar values apply to compression anchorages and laps which are also given in
Table 3.27 of the code. These values are based on the bond coefficient 3 for bars in
compression as given in Table 3.26 and the requirements of Clause 3.12.8.15 for the
design of compression laps.

As indicated in Clause 3.12.8.14, at laps the sum of the reinforcement sizes in a
particular layer should not exceed 40% of the breadth of the section at that level.
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Condition Provision (/)
Clause 3.12.8.11 1> 150 mm for bar
In all cases > 300 mm reinforcement

> 250 mm  for fabric

Clause 3.12.8.12 tension lap length given in
Both bars at the lap exceed 20 mm diameter and Table 3.27 and in addition
minimum cover < (1.5 x diameter of the smaller bar) transverse links should be

provided throughout the lap
length with:

diameter > (smaller bar dia.)/4
and

spacing of links < 200 mm

Clause 3.12.8.13

@
C® @O | Lap at the top of a section as cast and 1.4 X tension lap from Table 3.27
minimum cover < (2.0 x diameter of the smaller bar)
(b)
Lap at the corner of a section and
minimum cover < (2.0 X diameter of the smaller bar)
1.4 x tension lap from Table 3.27
& &
or
where the clear distance between adjacent laps is
<75 mm, or
< (6.0 x diameter of the smaller bar) 1.4 x tension lap from Table 3.27
0o @0 whichever is the greater.
1T
(c) Where both (a) and (b) apply. 2.0 x tension lap from Table 3.27

[ is the required lap length

Table 5.1

5.7.7 Curtailment of Bars and Anchorage at Supports

In the design of a typical simply supported beam subjected to a uniformly distributed load,
the ultimate design bending moment occurs at the mid-span. The area of reinforcement
calculated to resist this bending moment (e.g. 5/20 mm diameter HYS bars) is theoretically
only required at that location. Clearly as the bending moment reduces in value the required
area of reinforcement also reduces and individual bars can be cut (i.e. curtailed) leaving
only sufficient bars continuing along the span to resist the reduced moment. Eventually a
value of bending moment will be reached where only two bars are required and these can
be continued to the end of the beam. (Note: a minimum of two bars is required to fabricate
a reinforcing cage.) This reducing of bars is called curtailment.
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In practice it is necessary to continue bars a distance beyond where they are theoretically
no longer required to resist the bending moment for a number of reasons such as:

¢ to provide a sufficient anchorage length to transfer the force in the bar by bond to
the concrete,

¢ to allow for approximations made in the analysis which may result in a bending
moment diagram which is not exactly the same as that assumed,

¢ to allow for the misplacement of reinforcement on site,

¢ to control the size of cracking at the cut-off points,

¢ to ensure adequate shear strength.

The code requirements relating to curtailment in all flexural members are as follows:

¢ Except at supports, every bar should extend beyond its theoretical cut-off point for
a distance
> the effective depth (d) of the member, and
> (12 x bar diameter)
In the case of bars in the tension zone one of the additional requirements should also be
met: every bar should extend beyond its theoretical cut-off point:

(i) an anchorage length appropriate to its design strength,
(ii) to the point where the design shear capacity > (2 x design shear force at that point),
ie. vbd  >(2V)
(iii) to the point where other bars continuing past that point provide double the area
required to resist the design bending moment at that section.

In many instances there is insufficient length available to incorporate an additional straight
length of bar and an alternative such as a 90° bend or a 180° hook is used. These are
illustrated in Figure 5.66.

/

|

]

. b ;
equivalent R equivalent i
1. ‘ |

1 1

straight length

straight length :

straight length 90° bend 180° hook

Figure 5.66
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The design of bends and hooks should conform to the requirements of
BS 4466:Specification for bending dimensions and scheduling of reinforcement for
concrete, as indicated in Clause 3.12.8.22 of the code. The most common location for
90° bends is at the simply supported end of a member where an effective anchorage length,
beyond the centre-line of the support, equivalent to (12 X bar diameter), is required (see
Clause 3.12.9.4). The effective anchorage length of a bend or hook is defined in
Clause 3.12.8.23 as the greater of:

(i)  4r where r is the internal radius of the bend
(12 x bar diameter) or for 90° bends
the actual length of the bar
(ris equal to 3d in a standard hook or bend)

(ii))  8r where r is the internal radius of the bend
(24 X bar diameter) or } for 180° hooks
the actual length of the bar
(r is normally assumed to be equal to 3d in a standard hook or bend)

In addition, any length of bar in excess of (4 X bar diameter) beyond the end of bend and
which lies within the concrete in which the bar is to be anchored may also be included for
effective anchorage.

An alternative to calculating precise curtailment positions and anchorage lengths is to
adopt the ‘Simplified Rules of Curtailment’ which are given in Clause 3.12.10 and
Figures 3.24/3.25 of the code.

5.7.7.1 Simplified Detailing Rules for Beams

The rules for beams which are designed for predominantly uniformly distributed loads,
and in the case of continuous beams where spans are approximately equal (e.g.
approximately 15% difference in length), are illustrated in Figures 5.67, 5.68 and 5.69. For
clarity the top and bottom reinforcement in each case is indicated on separate diagrams
respectively for the cantilever and continuous spans.

Simply Supported Beams:
I

! !
"S0% A, 100% A, _ 50% A '),
a@_ —0.08! 0.081 —|

R -«

5 l !

. | ]

(12 X bar diameter) 1T} [(12 x bar diameter) +d/2] —7 |

or equivalent; — or or equivalent; [

e.g. 90° bend i e.g. 90° bend bk

Figure 5.67
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Cantilever Beams:
Top Reinforcement

Design of Structural Elements

vVl
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vV ol
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(45 x bar diameter) (45 x bar diameter)
Nominal link hanger ‘
1 reinforcement
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.l el
L | ! 7.
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!______________________________________________| ____________________ !
* | =
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________________________________________________ E____________________I
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Figure 5.68
Interior Support — Continuous Beams:
Top Reinforcement
x = 0.151 X2 = 0150
> (45 X bar diameter) > (45 x bar diameter)
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Figure 5.69
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Similar curtailment and anchorage rules are given in Clause 3.12.10.3 and Figure 3.25 of
the code for slabs. In relatively thin members such as slabs where a simple support has
been assumed at the end there is often the possibility of a nominal restraint which induces
a negative bending moment. The possibility of cracking in the top of the slab at the
support is accommodated by the provision of additional steel as shown in Figure 5.70.

Simply Supported Slabs:
Top Reinforcement

0.151 0.151

> (45 x bar diameter) > (45 x bar diameter)
-

% 50% As bottom at mid-span 50% As bottom at mid-spal %

\‘x ———————————————————————————————————————————————————————————————— \\“:::

3 R
1

- l [}
- 1

%ﬁﬂ _______________________________________________________________ Ié%
; e
R s
311 40% A, 100% A, 40% A, )&
_______________________________________________________________ h\.
N\ N
il 0.1 01—t
1
e ! i
. | ]
(12 X bar .dlameter) —ﬁ [(12 X bar diameter) +d/2] — i
or equl?)/alent; — or or equivalent; .
e.g. 90° bend B e.g. 90° bend s
™ ] : L
Figure 5.70

5.8 Example 5.17: Slab and Beam Design

A simply-supported reinforced concrete beam supports two discontinuous slabs as shown
in Figure 5.71. Using the design data given determine:

(i) the required slab reinforcement

(ii) the required beam reinforcement, and

(iii) sketch typical reinforcing arrangements indicating the curtailment and anchorage of
the steel at the support.

Design Data:
Characteristic dead load (excluding self-weight) 1.0 kN/m*
Characteristic imposed load 4.0 kN/m*

Exposure condition mild



178 Design of Structural Elements

Characteristic strength of concrete (few)
Characteristic strength of main reinforcement  (fy)
Characteristic strength of shear reinforcement  (fyy)
Nominal maximum aggregate size (Page)
Minimum required fire resistance

Effective span of main beam

40 N/mm?
460 N/mm’
250 N/mm?

20 mm
1.0 hour
8.0m

\ g

g
{ (e}
g

; [ 1
\ \
:1 a : :
A i X g
N ! N 8

v h 3

= ! T 300 mm
i 4.0m i 4.0m i
| < - .
Figure 5.71

5.8.1 Solution to Example 5.17

Contract : Slab & Beam Job Ref. No. : Example 5.17 | Calcs. by : W.McK.
Part of Structure : Slab Checked by :

Calc. Sheet No. : 1 of 8 Date :

References Calculations Output

BS8110:Part 1:1997
Design Loads:

Characteristic load due to self-weight of slab = (0.2 x 24)

= 4.8 kN/m’
Characteristic load due to finishes = 1.0 kKN/m?
Characteristic load due to imposed loading = 4.0 kN/m>

Table 2.1 Ultimate design load [1.4(4.8 + 1.0) + (1.6 X 4.0)]

14.5 kN/m?

Consider a 1.0 m width of slab:
Ultimate design load = 14.5 kN/m
The slab is simply supported over a span of 4.0 m

Total design load = W = (145%x4.0) = 58.0kN
Ultimate design shear = W/2 = (0.5x58) = 29.0 kN
Ultimate design bending moment = % = 58);4'0

= 29.0 kNm
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Contract : Slab & Beam Job Ref. No. : Example 5.17 | Calcs. by : W.McK.
Part of Structure : Slab Checked by :
Calc. Sheet No. : 2 of 8 Date :
References Calculations Output
Clause 3.3.7 Cover
Assume 12 mm diameter bars:
Clause 3.3.1.2 | bar size = 12mm
Table 3.3 exposure condition mild = 20 mm.
Table 3.4 minimum fire resistance 1 hour > 20 mm
Assume nominal cover to steel = 20 mm
Effective depth d = (200-20-6) = 174 mm
Clause 3.3.6 Minimum dimensions for 1 hour fire cover:
Figure 3.2 floor thickness > 95 mm
Slab thickness is adequate
Clause 3.4.4 Bending
M 29.0x10°

Clause 3.4.4.4

Clause 3.12.11.1

Clause 3.12.11.2

Clause 3.12.10.3
Figure 3.25

== : =0.024 < K’(=0.156)
bd’f.,  1000x174% x40

Y ey

Section is singly reinforced

= 097d
The lever arm is limited to 0.95d
6
A = M _ 29.0x10 = 401 mm?
0.95fyZ 0.95x460x0.95x174

Minimum spacing of reinforcement is not critical in slabs.

Maximum spacing of reinforcement:

< (B xeffectivedepth) = (3x174) = 522mm

< 750 mm

In addition when using grade 460 steel no further checks are
required if the slab is < 200 mm thick.

Simplified rules for curtailment of steel in slabs designed for
predominantly uniformly distributed loads.
50% of main steel is curtailed a distance 0.1L from the support.

Atsupport A, = (0.5x452) = 226 mm’
(Note: curtail alternate bars)

1004, 100x226 _

= = 0.13
bd 1000x174

Bottom Reinforcement

Select:

12 mm diameter bars
at 250 mm centres
providing 452 mm*m
at mid-span

Bar spacing
is adequate
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Contract : Slab & Beam Job Ref. No. : Example 5.17 | Calcs. by : W.McK.
Part of Structure : Slab Checked by :
Calc. Sheet No. : 3 of 8 Date :
References Calculations Output
Clause 3.5.5 Shear Resistance
3
Clause 3.5.5.3 | Shear stress v = v = 29.0x107 0.17 N/mm’
bd 1000x174
Maximum shear < 0.8/, = (0.8% 40)
= 5.05N/mm’ and
< 5.0N/mm’
v < maximum permitted value.
Table 3.8 ve = (0.41x 1.17) = 0.46 N/mm’

(Note: the 1.17 this allows for using C40 concrete)
Table 3.16 v o< v No links are required

Clause 3.5.7 Deflection
Clause 3.4.6.3 _Span < Table 3.9 value x Table 3.10 value
effective depth (d)

(Note: No compression steel is required therefore the Table 3.11
value is not required)

Table 3.9 Basic (span/d) ratio = 20.0
Table 3.10 lz = KXf, = (0.024x40) = 0.96
bd

2><fyXAs,required _ 2x460x401

Service stress f;

3% A provided 3x452
= 272 N/mm®
Interpolate between values given in Table 3.10
Mibd* | 0.75 1.00
service stress f;
250 1.7 1.55
300 1.44 1.33
Use conservative estimate of modification factor = 1.33
Table 3.11 Table 3.9 value x Table 3.10 Val::gozo(ZO x 1.33) =26.6 Adequate with
Actual span = = 230 < 266 respect to deflection
effective depth 174

Clause 3.12.5.3 | Minimum % tension reinforcement
Table 3.25 Rectangular sections with  f, =460 N/mm?
100AJ/A. = 0.13
At least this percentage must be provided in both directions.
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Contract : Slab & Beam Job Ref. No. : Example 5.17 | Calcs. by : W.McK.
Part of Structure : Slab Checked by :

Calc. Sheet No. : 4 of 8 Date :

References Calculations Output

0.13x1000x 200 2
—————— mm
100

Minimum A required

5 ) Secondary
= 260mm” <452 mm Reinforcement
Minimum percentage of reinforcement satisfied
Select:

Clause 3.12.5.3 [Secondary Reinforcement: 10 mm diameter bars
Table 3.25 Minimum % = 0.13 = 260 mm?*m width at 300 centres
providing 262 mm*/m
Clause 3.12.10.3 [Curtailment:

Figure 3.25 Curtailment distance of main steel from support = (0.1 x 4000)
= 400 mm

Clause 3.12.10.3.2|Curtailment of bars at end support of slabs (where simple
support has been assumed in assessment of moments).

A, provided in the top of the slab at the support:
> 50% of bottom steel at mid-span = 200 mm’
> minimum % given in Table 3.25 = 260 mm’

Provide the minimum % of steel

This steel should have a full anchorage (e.g. standard 90° bend)

into the support and extend: Provide additional
> 0.15L = (0.15 x 4000) steel in the top at the
= 600 mm support equal to
> (45 X bar diameter) = (45x%x10) 10 mm diameter bars
= 450 mm at 300 centres.
Y\‘ 600 mm 600 mm
N\, : -
Standard W ""‘_ —- ==
90° bend at q& - . . : A vt | et

support \'\ |
S| {
%} 400 mm 400 mm
AN 4000 mm _
w
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Contract : Slab & Beam Job Ref. No. : Example 5.17
Part of Structure :
Calc. Sheet No.: 5 of 8

Beam
Date :

Calcs. by : W.McK.
Checked by :

References Calculations Output
Consider the main beam:
Characteristic load due to self-weight of the beam:
= (0.3x0.6x24.0)
= 4.32kN/m length
Additional design load due to self-weight = (1.4 x4.32)
= 6.0 kN/m length
Area of slab supported / metre length of beam = 4.0 m?
Ultimate design load from both slabs = (4.0x14)5)
= 58.0 kN/m
Total ultimate design load/m = (6.0 + 58.0) = 64 kN/m
The beam is simply supported over a span of 8.0 m
Total design load = W =(64.0x8.0) = 512.0kN
Ultimate design shear = W/2 = (0.5x512) = 256 kN
Ultimate design bending moment = % = %
= 512 kNm
Clause 3.3.7 Cover
Assume 25 mm diameter bars for main steel:
Clause 3.3.1.2 | bar size = 25mm
Table 3.3 exposure condition mild > 20 mm
Table 3.4 minimum fire resistance 1 hour > 20 mm
Assume nominal cover to steel = 25 mm
Assume 10 mm diameter bars for links:
Effective depth d = (600-25-10-12.5) = 552.5 mm
Clause 3.3.6 Minimum dimensions for 1 hour fire cover:
Figure 3.2 beam width = 200 mm; actual width = 300 mm
Clause 3.4.4 Bending
M 512x10°

Clause 3.4.4.4

- - —— =0.14< K'(=0.156)
bd’fo,  300x552.5% x40

Y ey

Section is singly reinforced

o)

= 0.81d <0.95d
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Contract : Slab & Beam Job Ref. No. : Example 5.17
Part of Structure :

Beam

Calcs. by : W.McK.
Checked by :

Clause 3.12.11.1

Clause 3.12.11.2
Table 3.28

Clause 3.12.10.2
Figure 3.25

Clause 3.4.5.2

Clause 3.5.5.3

Table 3.8

Minimum spacing of reinforcement
If the bars are placed horizontally
assuming a gap of 25 mm; h,g, =20 mm
(i.e. [hyge + 5 mm], see Clause 3.12.11.1)
The minimum width required =
[(3%25) + (4x25)+ (2% 10) + (2 x20)]
=235mm < actual width =300 mm

Maximum spacing of reinforcement:
There is no redistribution and f;, = 460 N/mm?
The clear distance between bars < 155 mm

Simplified rules for curtailment of steel in beams designed for
predominantly uniformly distributed loads.

50% of main steel is curtailed a distance 0.08L from the support.

Atsupport A, = (0.5x2950) = 1475 mm’
1004, 100x1475

= = 0.89
bd 300x552.5

Shear Resistance

vV 256x10°
byd ~ 300x552.5

0.8y fou (0.8 x /40 )

5.05 N/mm’
< 5.0N/mm’
v < maximum permitted value.
Interpolate between values given in Table 3.8
Effective depth d > 400 mm

Shear stress v

1.54 N/mm?

Maximum shear <

and

100A,/b.d Effective depth d

250 mm 300 mm > 400

0.75 -

0.89 0.68

0.57

1.0 - 0.62 0.63

(0.6x1.17) = 0.7 N/mm?
(Note: 1.17 — this allows for using C40 concrete)

Ve =

Calc. Sheet No. : 6 of 8 Date :
References Calculations Output
M 512x10° oigmm? | BOMom
095f,Z 0.95x460%0.81x552.5 Reinforcement
Select:

6/25 mm diameter
bars at mid-span
providing 2950 mm>
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Contract : Slab & Beam Job Ref. No. : Example 5.17
Part of Structure :
Calc. Sheet No.: 7 of 8

Beam
Date :

Calcs. by : W.McK.
Checked by :

References Calculations Output
Table 3.7 0.5v. = 0.3N/mm? (v, +0.4) = (0.7+0.4) =1.1 N/mm?
(e +04) < v < 08yf, or SN/mm’
Design links are required
Ay 2 bysy(v—v.)/0.95f,, assuming 10 mm diameter links Adopt 10 mm
diameter links @
N 0.95fy, Ay 0.95x250x157 _ o 140 mm centres for
(v-v.)b, (1.54-0.7)x300 the first metre at
each end
Check shear stress at 1.0 m from end:
Shear force Vi, = 256-64 = 192kN
3
L92X107 o Nmm? > (ve+ 0.4)
300x552.5 o ' Adopt 10 mm
Design links required diameter links @
5 0.95x250x157  _ 270 mm 270 mm centres for
(1.16-0.7)x300 the first metre at
each end
Check shear stress at 2.0 m from end:
Shear force V,,, = 256-128 = 128kN
3
v 28107 _ 77 Nimm? < (v +0.4)
300%x552.5
Minimum links required Adopt 10 mm
Ay 2 0.4bys,/0.95fy, diameter links @
5, < 0.95x250x157 =310 mm 300 mm centres for
0.4%300 the middle 4 m
Clause 3.5.7 Deflection
span

Clause 3.4.6.3

Table 3.9
Table 3.10

< Table 3.9 value X Table 3.10 value

effective depth (d)

(Note: No compression steel is required therefore the Table 3.11
value is not required)

Basic (span/d) ratio = 20.0
iz = KXfy = (0.14x40)= 5.6
bd

2X fy XA required  2x460x2618
3% Ag. provided 3%2950
272 N/mm?

Service stress f; =
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Contract : Slab & Beam Job Ref. No. : Example 5.17
Part of Structure :

Beam

Calcs. by :
Checked by :

W.McK.

Clause 3.12.5.3
Table 3.25

Calc. Sheet No. : 8 of 8 Date :
References Calculations Output
Interpolate between values given in Table 3.10
2
_ Mibd™ | 5 oo 6.00
service stress f;
250 0.87 0.82
300 0.80 0.76
Use conservative estimate of modification factor = 0.76
Table 3.9 value x Table 3.10 value = (20 X 0.76) = 15.2 Adequate with
Actual span 8000 = 145 < 152 respect to deflection
effective depth 552.5

Minimum % tension reinforcement
Rectangular sections with f;, =460 N/mm?

100A/A. = 0.13
Minimum A, required = 0.13%300%600 2
100
= 234mm’ << 2950 mm?

Minimum percentage of reinforcement satisfied

Clause 3.12.10.2 | Curtailment:
Figure 3.24 Curtailment distance of main steel from support = (0.08 x 8000)
= 640 mm
This steel should have a full anchorage (e.g. standard 90° bend)
into the support
A\ A
CT CT
R10 @ 140 c/c R10 @ 270 c/c R10 @ 300 c/c R10 @ 270 c/c R10 @ 140 c/c
Lo | 1=
Standard
90° bend flkﬂ - )l
at support i
] 3T25 ;
|| T L 6T25 —
640 mm 640 mm
8000 mm Cross.-section
: at mid-span

T25 represents High-Yield steel bars (T) of 25 mm diameter
R10 represents Mild steel bars (R) of 10 mm diameter.

Nominal link hanger bars (e.g. 10 mm or 12 mm diameter) are
used at the top to fabricate the reinforcement cage.
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5.9 Example 5.18: Doubly Reinforced Beam

Consider the rectangular beam in Example 5.17 with the overall depth restricted to
550 mm (previously 600 mm) and design suitable reinforcement using the same design
data.

5.9.1 Solution to Example 5.18

Contract : Slab & Beam Job Ref. No. : Example 5.18 | Calcs. by : W.McK.
Part of Structure : Beam (300 mm X 550 mm) Checked by :

Calc. Sheet No.: 1 of 2 Date :

References Calculations Output

Characteristic load due to self-weight of the beam:
= (0.3x0.55%24.0)
= 3.96 kN/m length
Additional design load due to self-weight = (1.4 X 3.96)
= 5.5 kN/m length

Area of slab supported / metre length of beam = 4.0 m’

Ultimate design load from both slabs = (4.0x14.5)
= 58.0 kN/m
Total ultimate design load/m = (5.5+58.0) = 63.5 kN/m

The beam is simply supported over a span of 8.0 m

Total design load = W = (63.5%x8.0) = 508.0 kN
Ultimate design shear = W/2 = (0.5x508) = 254 kN
Ultimate design bending moment = % = w
= 508 kNm
Clause 3.3.7 Cover
Assume 25 mm diameter bars for main steel:
Clause 3.3.1.2 | bar size = 25mm
Table 3.3 exposure condition mild > 20 mm
Table 3.4 minimum fire resistance 1 hour > 20 mm
Assume nominal cover to steel = 25 mm

Assume 10 mm diameter bars for links:
Effective depth d = (550-25-10-12.5) = 502.5 mm

Clause 3.3.6 Minimum dimensions for 1 hour fire cover:

Figure 3.2 beam width > 200 mm;  actual width = 300 mm
Beam width is adequate
Clause 3.4.4 Bending

M 508x10°

Clause 3.4.4.4 =— = 5
bd” f., 300x502.5° x40

=0.168 > K’'(=0.156)

Section is doubly reinforced
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Contract : Slab & Beam Job Ref. No. : Example 5.18 | Calcs. by : W.McK.
Part of Structure : Beam Checked by :
Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
Z=d{0.5+ O.25—K— = dq0.5+ 0.25—M
0.9 0.9
= 0.775d = (0.775 % 502.5)
= 389.4 mm
x = (d-2/045 = 0.5d
= (0.5%x389.4) = 194.7mm
Assume 20 mm diameter bars for A"
d = (20+10+10) = 40mm
d’/x = 40/1947 = 0.21 < 0.37
The compression steel will yield and the stress is equal to 0.95f;. TOP
Reinforcement
Al = (K=K')fubd*10.95f, (d—d’
( ) fy ( ) ) Select:
_ (0.168-0.156)x40x300x 502.5 180 mm’ 2/12 mm diameter
0.95x460x%(502.5-40) bars providing
226 mm>
Ay = (K’ fubd®1095f,2) +A/
2
0.156x40x300x502.5 + 180 — 2058 mm’ Bottom
0.95x460%389.4 Reinforcement
The bars selected are marginally less than that required (< 0.3%
difference) but are acceptable. Select:
6/25 mm diameter
bars at mid-span
Shear calculations are carried out as before with minor changes| providing 2950 mm’

to the values obtained.
The deflection calculation should be carried out including an
allowance for compression reinforcement using Table 3.11 (as

given in Example 5.13).

Minimum and maximum areas of steel, curtailment, anchorage
and spacing calculations should also be carried out as before.

The reader should complete these calculations for this example.
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5.10 T and L Beams

5.10.1 Introduction

When reinforced concrete slabs are cast integrally with the supporting beams they may
contribute to the compressive strength of the beams during flexure. When subject to
sagging moments the resulting beam cross-section is either a T-section or an L-section, as
shown in Figures 5.72 and 5.73, where the top surface, i.e. the slab, is in compression.
Both types of beam are referred to as flanged beams. When subjected to hogging moments
the top surface is subject to tension and hence the beams are designed as rectangular
sections.

span of beams

Figure 5.72

The effective flange width (b,) of flanged beams is defined for both cases in Clause 3.4.1.5
of the code as:

for T-beams:  web width + [,/5 or actual flange width if less,
for L-beams:  web width +1,/10 or actual flange width if less,

where [, is the distance between points of zero moment (which, for a continuous beam,
may be taken as 0.7 times the effective span).

‘effective width = be‘ effective width = b,
| | F ]
L 3 S B I

o

ﬁ rib width = b,

centres of support beams

Cross-section

Figure 5.73
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Design formulae are given to determine the area of reinforcing steel required, depending
on the position of the neutral axis, i.e. either in the flange or below the flange in the rib. In
general the neutral axis will lie within the flange. The design process is the same as that
used for rectangular beams in which bending, shear and deflection are the main design
criteria.

Transverse reinforcement is provided across the top of the slab to prevent cracking due
to secondary effects such as shrinkage.

5.10.2 Bending (Clauses 3.4.4.4 and 3.4.4.5)

The area of steel required to resist flexure for beams in which the neutral axis lies within
the flange, can be determined using Clause 3.4.4.4 as either:

As = M/(0.95f,z) in the case of singly reinforced sections
or

Ay = (K- K)fubd’/(d-d)

As = (K ’fcudb2/0.95fyz) + A" in the case of doubly reinforced sections.

The area of steel required to resist flexure for beams in which the neutral axis lies below
the flange can be determined using Clause 3.4.4.5. Since this will only occur on very few
occasions it is not dealt with in this text.

5.10.3 Shear (Clause 3.4.5.2)

The shear reinforcement is determined using Table 3.7 and Table 3.8 as in ordinary
rectangular beams. In the case of flanged beams b, is defined as the average width of the
rib below the flange.

5.10.4 Deflection (3.4.6.3)

The limitations on deflection are governed by satisfying the basic (span/effective depth)
ratio from Table 3.9, modified accordingly for tension and compression steel using
Table 3.10 and Table 3.11. The basic values for flanged beams given in Table 3.9 apply to
ratios of (by/b.) < 0.3. In cases where (b,/b.) > 0.3, the basic ratio can be found using
linear interpolation between the values required for rectangular beams and those required
for flanged beams.

5.10.5 Transverse Reinforcement (Clause 3.12.5.3, Table 3.25)

Horizontal shear in the flanges of flanged beams is resisted by providing a minimum area
of steel equal to 0.15% of the flange area extending over the full effective flange breadth
b, as indicated in Table 3.25.

5.10.6 Example 5.19: Single-Span T-Beam Design

A floor system consisting of a solid in-situ reinforced concrete slab cast integrally with the
support beams is simply supported over a span of 6.0 m as shown in Figure 5.74.

(i)  Design suitable reinforcement for a typical T-section to satisfy flexure and
shear,
(i1)  check the suitability of a typical T-section with respect to deflection,
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indicated in Clause 3.12.10 and Figure 3.24 for curtailment.

190
(iii)
T-beams,
(iv)
Design Data:

Characteristic dead load (excluding self-weight)
Characteristic imposed load

Concrete grade

Characteristic strength of reinforcing steel

Exposure condition
Fire resistance

Slab thickness

Rib width

Overall depth

Span of main beams
Centres of main beams

determine the transverse reinforcement required for the flanges of the

prepare a sketch indicating all reinforcement; use the simplified rules

g = 1.0 kN/m?
a0 = 5.0 kN/m*
fu = 40 N/mm’
f, = 460 N/mm’
= mild

= lhr minimum

hy = 160 mm
b = 350 mm
h = 500 mm
L = 6.0m
4.0m

Section A—A

Figure 5.74

[
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,A
effpctive breadth = b,
! : [ ! [ ’ 5
S FT N N N RN e e H1 7] 160 mm
1 1 1 1 I 1 11 9 L1 1 1 1 1 1 I 1 1.1 1 1 1 1 [ 1 1 11
| FerErrrrprereere | o 500 mim T N § e |
4 T T T T T T T T 1 . T 1 1 1 1 1 T TT T T T T T T T T1 VT |
T T T e T T e S e e e 350 mm
T 40m i 40m | 40m | 40m o3
i ! L1 1 1 1 1 1 1 1 1 Il
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5.10.7  Solution to Example 5.19
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Contract : Floor Slab Job Ref. No. : Example 5.19

Calcs. by : W.McK.

Clause 3.3.7

Clause 3.3.1.2
Table 3.3
Table 3.4

N X *As

350 mm
Cover
Assume 25 mm diameter bars for main steel:
bar size 25 mm

exposure condition mild = 20 mm
fire resistance > 1hour > 20 mm
Assume nominal cover to steel 25 mm

Assume 8 mm diameter bars for links.
Effective depth d = (500-25-8-13) = 454 mm

Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 1 of § Date :
References Calculations Output
BS8110:Part 1:1997
Design Loads:
Characteristic load due to self-weight of slab:
= (0.16x4.0x24) = 1536kN/m
Characteristic load due to self-weight of rib:
= (0.35x0.34x24) = 2.86kN/m
Characteristic load due to finishes:
= (1.0x4.0) = 4.0kN/m
Characteristic load due to imposed loading:
= (5.0x4.0) = 20.0kN/m
Table 2.1 Ultimate design load:
= [1.4(15.36 +2.86 + 4.0) + (1.6 X 20.0)]
= 63.1 kN/m
Ultimate design shear = (3 x63.1) = 189.3kN
2 2
Ultimate design bending moment = % = %
= 284 kNm
Clause 3.4.1.5 | Effective flange width
Effective width of flange beam= b, < (b, +LJ/S)
= 350+g = 1550 mm
Actual flange width = 4000 mm
b.= 1550 mm
T\ 1550 mm N
160 mm
d
340 mm
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Contract : Floor Slab  Job Ref. No. : Example 5.19

Calcs. by : W.McK.

Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 2 of 5 Date :
References Calculations Output
Clause 3.3.6 Minimum dimensions for 1 hour fire cover Rib width and
Figure 3.2 rib width > 200 mm, floor thickness > 95 mm floor thickness are
Both are satisfied | adequate for fire
resistance
Clause 3.4.4 Bending
6
Clause 3.4.4.4 = 1:[ = 284X12 =0.022 < K’'(=0.156)
bd” f., 1550%x454“ x40
Section is singly reinforced
Z=d40.5+ 0.25—£ = d{0.5+ 0.25—M
0.9 0.9
= 097d > 0.95d
The lever arm is limited to 0.95d
x = (d-2)/045= (0.05x%x454)/0.45 = 50.4 mm
<  hy (=160 mm)
The neutral axis lies within the flange. B"F‘“m
Reinforcement
6
- M _ 284x10 = 1507 mm? |Select: .
095f,Z 0.95x460%0.95x454 5/25 mm diameter

Clause 3.12.11.1

Clause 3.12.11.2
Table 3.28

Clause 3.12.10.2
Figure 3.24

Minimum spacing of reinforcement

If the bars are placed horizontally
assuming a gap of 25 mm; h,g, =20 mm
(i.e. [hyge + 5 mm], see Clause 3.12.11.1)
The minimum width required =
[(4%x25)+ (5x25) + (2% 8) + (2 x25)]
=291mm < actual width = 350 mm

Maximum spacing of reinforcement:
There is no redistribution and f; = 460 N/mm?
The clear distance between bars < 155 mm

Simplified rules for curtailment of steel in beams designed for
predominantly uniformly distributed loads.

(Note: curtail two bars)
40% of main steel is curtailed a distance 0.08L from the support.
At support A, = (0.6x1570) = 942 mm?
100A
004,  100x942 0.59

byd  350x454

bars at mid-span
providing 1570 mm?
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Contract : Floor Slab  Job Ref. No. : Example 5.19 | Calcs. by : W.McK.
Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 3 of 5 Date :
References Calculations Output
Clause 3.4.5 Shear Resistance
3
Clause 3.4.5.2 | Shear stress v = 14 v = M = 1.19 N/mm?
b,d 350x454
Maximum shear < 0.8y f,, = (0.8x 440)
= 5.05 N/mm’
< 5.0 N/mm?
v < maximum permitted value.
Table 3.8 Interpolate between values given in Table 3.8
Effective depth d > 400 mm
100A,/b.d Effective depth d
250 mm 300 mm > 400
. - .54 )
0.50 0.59 0.5 0.50
0.75 - 0.68 0.57
ve = (0.52x1.17) = 0.61 N/mm?
(Note: 1.17 — this allows for using C40 concrete)
Table 3.7 0.5v, = 0.33 N/mm?%, (v, +0.4) = (0.61 +0.4) = 1.01 N/mm’
(e +04) < v < 0.8yf, or SN/mm’
Design links are required
Adopt 8 mm
Ay 2 bysy(v—v.)/0.95f,, assuming 8 mm diameter links diameter links @
0.95f..A 100 mm centres for
5y vy _095x250x101  _ (40 0 the first metre at
v-v. )b, (1.19-0.61)x350 each end
Check shear stress at 1.0 m from end:
Shear force Vi, = 169.3-63.1 = 106.2kN
3
10623107 _ 6 67 Nimm? < (ve+ 0.4
350%x 454
Minimum links required
Table 3.7 Ay 2 0.4bys, /0.95f;, Adopt 8 mm
0.95%250%101 diameter links
centres for the
middle 4.0 m
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Contract : Floor Slab Job Ref. No. : Example 5.19

Calcs. by : W.McK.

Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 4 of § Date :
References Calculations Output
Deflection (Clause 3.4.6)
Clause 3.4.6.3
- Span < Table 3.9 value x Table 3.10 value
effective depth (d)
(Note: No compression steel is required therefore the
Table 3.11 value is not required)
Table 3.9 bw - 30 023 < 03
b 1550
Basic (span/d) ratio = 16.0
Table 3.10 Lz = KXfu = (0.022x40) = 0.88
bd
2X fy XA ;
Service stress f, = Sy XA required _ 2x460x1507
3% A, provided 3x1570
= 294 N/mm’
Interpolate between values given in Table 3.10
2
. - 0.75 1.00
service stress f;
250 1.70 1.55
300 1.44 1.33
Use conservative estimate of modification factor = 1.33
Table 3.9 value x Table 3.10 value = (16 x 1.33) =21.28 Adequate
6000 with respect
Actual Span = = 132 <2128 to deflection
effectivedepth 454
Adopt 10 mm
Transverse Reinforcement diameter bars @ 300
A5 he x1 idi
Clause 3.12.5.3 | A, required = Mmmzlm length mm cenﬁres providing
100 262 mm~/m transverse
0.15%160x1000 steel across the full
Table 3.25 = —————— = 240mm’/m effective flange width
100
of the top flange.
Minimum % tension reinforcement
Table 3.25 Flanged beams with webs in tension and f, = 460 N/mm?
by/b = (350/1550)= 023 < 04
100A/byh = 0.18
. ) 0.18xby, Xh )
Minimum A, required = 0 mm
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Contract : Floor Slab  Job Ref. No. : Example 5.19

Calcs. by : W.McK.

| =2

e

Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 5 of 5 Date :
References Calculations Output
O-18%350%500  _* 315 mm? << 1570 mm?
100
Minimum % reinforcement satisfied
Clause 3.12.10 | Curtailment:
Figure 3.24: Curtailment of main steel = 0.08L = (0.08 x 6000)
= 480 mm
Use 2/12 mm diameter bars as hangers for links
— R8 @ 100 c/c — R8 @ 150 c/c — R8 @ 100 c/c
Standard ) >I ll Yy ) ) ) r >|. 2 lI 1
90° bend at || et S S —
support — 320 — [
| 3T L 5T20 L
480 mm 480 mm :
- 6000 mm e
N 1550 mm N

T10 @ 300 c/c

5.11 Multi-Span Beams and Slabs

5.11.1

Analysis

Many reinforced concrete structures are cast in-situ resulting in a load-bearing frame in
which the slabs, beam and columns act as a continuum to resist and transfer applied loads
to the foundations as shown in Figure 5.75.

In many braced structures, elements such as the shear walls resist the lateral wind
loading, whilst the slabs, beams and columns are designed to resist the vertical gravity

loading.
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floor slab

/ &=
shear-wall —¢ ;
= / S
s /‘
I columns
Figure 5.75

The continuity of such structures is maintained by ensuring an adequate provision of
reinforcing steel to tie together the various elements at their connections, as indicated in
Figure 5.76.

e e i

Figure 5.76

The design of continuous sections is based on an analysis to determine maximum sagging
and hogging bending moments and the maximum shear forces in the members. The
continuity of the structure requires an analysis to be carried out for multi-span beams
and/or slabs in addition to multi-storey columns.

The design code BS 8110 permits the use of approximate analysis techniques in which
the structure can be considered as a series of sub-frames. The complexity of the sub-
frames considered (i.e. the extent to which various columns and beams are included) is
given in Clauses 3.2.1.2.1 to 3.2.1.2.5 for monolithic frames not providing lateral stability,
e.g. as shown in Figure 5.75 (where the shear walls resist the lateral wind loads).
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In Clause 3.2.1.3.1 and Clause 3.2.1.3.2 provisions are given for frames providing lateral
stability. Consider the multi-storey frame indicated in Figure 5.77 in which it is assumed
that the lateral loading is resisted by separate elements not indicated, such as shear cores.
The slabs, beams and columns transfer only vertical loads by rigid-frame action.

Figure 5.77

Clause 3.2.1.2.1 (Simplification into sub-frames)
This Clause states that ‘...Each sub-frame may be taken to consist of the
beams at one level together with the columns above and below. The ends of
the columns remote from the beams may generally be assumed to be fixed
unless the assumption of a pinned end is clearly more reasonable (for
example, where a foundation detail is considered unable to develop moment
restraint.)’

This is illustrated in Figure 5.78.

Sub-frame for analysis of beams and
columns

Figure 5.78
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The critical loading arrangements which should be considered for this sub-frame are
defined in Clause 3.2.1.2.2 as:

a) all spans loaded with the maximum design ultimate load (1.4Gy + 1.60y);

b) alternate spans loaded with the maximum design ultimate load (1.4Gy + 1.60Qy)
and all other spans loaded with the minimum design ultimate load (1.0Gy).

Clause 3.2.1.2.3: (Alternative simplification for individual beams and associated

columns)
This Clause states that “...the moments and forces in each individual beam
may be found by considering a simplified sub-frame consisting only of that
beam, the columns attached to the end of that beam and the beams on either
side, if any. The column and beam ends remote from the beam under
consideration may generally be assumed to be fixed unless the assumption of
pinned is clearly more reasonable. The stiffness of the beams on either side
of the beam considered should be taken as half their actual values if they are
taken to be fixed at their outer ends. The critical loading arrangements
should be in accordance with 3.2.1.2.2.°
‘The moments in an individual column may also be found from this
simplified sub-frame provided that the sub-frame has as its central beam the
longer of the two spans framing into the column under consideration.’

This is illustrated in Figure 5.79.

o o

use 0.5 X actual YL ‘L use 0.5 X actual

beam stiffness beam stiffness

i

| PP Sub-frame for analysis of middle beam or columns

Figure 5.79

Clause 3.2.1.2.4 (‘Continuous beam’ simplification)
This Clause states that ‘...the moments and forces in the beams at one level
may also be obtained by considering the beams as a continuous beam over
supports providing no restraint to vrotation. The critical loading
arrangements should be in accordance with 3.2.1.2.2.”

This is illustrated in Figure 5.80.
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T T T

Sub-frame for analysis of beams at any one level

Figure 5.80

Clause 3.2.1.2.5 (Asymmetrically-loaded columns where a beam has been analysed
in accordance with 3.2.1.2.4)
This Clause states that ‘...the ultimate moments may be calculated by simple
moment distribution procedures, on the assumption that the column and
beam ends remote from the junction under consideration are fixed and that
the beams possess half their actual stiffness. The arrangement of the design
ultimate imposed load should be such as to cause the maximum moment in
the column.’

This is illustrated in Figure 5.81.

B
P R
R 7 3 R
use 0.5 X actual 1 use 0.5 x actual
B

beam stiffness beam stiffness

Alternative sub-frame for analysis of column where beams

" e are analysed using the continuous beam simplification.
-

P

Figure 5.81

When using Clauses 3.2.1.2.2, 3.2.1.2.3 and Clause 3.2.1.4 for design, the critical load
arrangements should be in accordance with Clause 3.2.1.2.2:

‘It will normally be sufficient to consider the following arrangements of vertical load:
(a) all spans loaded with the maximum design ultimate load (1.4G; + 1.60;);

(b)  alternate spans loaded with the maximum design ultimate load (1.4G, + 1.60Q,)
and all other spans loaded with the minimum design ultimate load (1.0Gy).’
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The shear force and bending moment diagrams can be drawn for each of the load cases
required in the patterns of loading. A composite diagram comprising a profile indicating
the maximum values including all possible load cases can be drawn; this is known as an
envelope. An example of a typical bending moment envelope for a continuous three-span

beam is illustrated in Figure 5.82. A
1 1 vt

Bending moment diagram

T ARV

Bending moment diagram

) 1.0 g«

S 1.4 g

FFFFFFFF] 1.6 gx

Load patterns

Bending moment envelope

Figure 5.82

This type of analysis is time-consuming and is more conveniently carried out using
standard computer techniques. Tables are given in BS 8110 which enable a conservative
estimate of shear force and bending moment values to be determined for the design of
continuous beams, Table 3.5, and continuous one-way spanning slabs, Table 3.12, with
three or more spans.

There are conditions which must be satisfied in each case before these tables can be
used. They are:

For beams (Clause 3.4.3):
& the beams should be of approximately equal span,

& the characteristic imposed load Q, may not exceed the characteristic dead load
Gk”
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¢ loads should be substantially uniformly distributed over three or more spans,
& variations in span length should not exceed 15% of the longest span.

For slabs (Clause 3.5.2.4):

¢ inaone-way spanning slab, the area of each bay exceeds 30 m’,
In this context, a bay means a strip across the full width of a structure bounded
on the other two sides by lines of support as shown in Figure 5.83,

= = = =

e — s =

,,,,,,, P anel- - Bay -
Figure 5.83

& the ratio of the characteristic imposed load to the characteristic dead load does
not exceed 1.25,
¢ the characteristic imposed load does not exceed 5 kN/m® excluding partitions.

5.11.1.1 Example 5.20: Analysis of a Typical Sub-Frame

A sub-frame from a monolithic, braced frame is shown in Figure 5.84. Using the data
given and the simplified analysis methods indicated in Section 3.2 of the code, determine
the design moments in columns FJ and FB.

Data:
Characteristic dead load (including self-weight) = 20 kN/m
Characteristic imposed load = 12 kN/m
A B C D
=
& =
E F G T» H
L=
vy ;
v
A A )
I J K L

S S s

J 5.0m 5.0m 5.0m

|:| 300 mm X 300 mm column D 575 mm X 325 mm beam

Section A—A

i

Section B-B Figure 5.84
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Note: The analysis of the sub-frame can be carried out using moment distribution
(without sway). Clearly if a computer analysis package is available, the complete frame
can be analysed. Since the frame is braced it will be necessary to provide a roller support
at each floor level in the computer analysis to prevent sway.

Critical Load Cases (Clause 3.2.1.2.2):
The critical load cases to be considered are shown in Figure 5.85.

R R R e = P R R
Whax Whin Whax Win Whmax Win
G B R e e A s e R R e I R
TR TR TR = = TR TERRR SERRR

Load case 1 Load case 2
P P P - = P P PR
Whax Whax Whin Whin Whinax Whax
e TN R P e e ) ey b e e i T
P T B = = B P P
Load case 3 Load case 4
Figure 5.85
Wmax = (1.4X%X20)+(1.6x12) = 47.2kN/m
Wmin = (1.0 x20) = 20.0 kN/m

Using an appropriate elastic analysis, the maximum bending moment in columns FB and
FJ are found to be approximately 9.3 kNm and 7.9 kNm respectively.
These values can be compared with those obtained using other sub-frames, e.g. as

shown in Figure 5.86. .
SRR SN

B
20.0 kN/m

— il

47.2 kN/m

3.0m

i

R
%\ E / F \ G E
k=0.5x (I/L) ; k=0.5x (/L) -
AR ~
J 5.0m 50m J

Alternative sub-frame for analysis of a column where beams
are analysed using the continuous beam simplification. Figure 5.86
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In this simplified frame:
bd’ 0.325x0.575°

Ibeam = = = 5.15x% 10_3 1’1’14
12 12
-3
keg - Lo % = 1.03x10°m’; kg = 1.03x 107 m’
3 3
[pns = bd _ 0.3%x0.3 068107 m’
12 12
-3
For upper column:  kgg = ky = % = % = 023x10° m’
-3
For lower column: kg = kp = %= % = 0.19%x10° m*

In this sub-frame the beam stiffnesses are assumed to be equal to (0.5 X actual value).

Total stiffness of the joint ko = [0.5 % (1.03 + 1.03) + 0.23+ 0.19)] x 10
= 1.45%x107° m?

The fixed end moments from the beam loadings are:

L’ 47.2x5.07
My, = 2 2 200 gg 5 ium

12 12

2 2

Mye = W 2 20900y 7 km

12 12
Completing the moment distribution at the joint B gives:
Moment in the upper column = M, = (98.3 —41.7) X Distribution Factor.

56.6 x 023 = 8.98 kNm
1.45

(98.3 — 41.7) x Distribution Factor

= 56.6 X 09 = 7.42kNm
1.45

Moment in the lower column = M|

203

These values compare favourably with the column moments found using the more

rigorous analysis (9.35 kNm and 7.95 kNm).

5.11.2 Redistribution of Moments (Clause 3.2.2.1)

When continuous structures approach their failure load there is a redistribution of load as
successive plastic hinges develop until failure occurs; this is dependent on the ductility of
the material. Advantage can be taken of this behaviour to reduce the maximum moments

whilst at the same time increasing others to maintain static equilibrium.

The redistribution of moments in concrete frames should satisfy the conditions

indicated in Clause 3.2.2.1 of BS 8110:

‘redistribution of the moments obtained by means of a rigorous elastic analysis ...

may be carried out provided the following conditions are satisfied:

& equilibrium between internal and external forces is maintained under all

appropriate combinations of design ultimate moment,
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& where the design ultimate resistance moment of the cross-section subjected to
the largest moment within each region of hogging or sagging is reduced, the
neutral axis depth should be checked to see that it is not greater than (f3, —
0.4)d where d is the effective depth and B, is the ratio:

(moment at the section after redistribution)

(moment at the section before redistribution)

from the respective maximum moments diagram,

& the resistance moment at any section should be at least 70% of the moment at
that section obtained from an elastic maximum moments diagram covering all
appropriate combinations of design ultimate load.

These conditions limit the redistribution to 30%. In Clause 3.2.2.2 the provisions in
Clause 3.2.2.1 are modified for structures over four storeys where the structural frame
provides lateral stability such that redistribution is limited to 10% and the 70% criterion
should be 90%.

Note: If Table 3.5 for beams and/or Table 3.12 for slabs is used to estimate the moments
in continuous spans then NO redistribution should be carried out on the values from the
tables; this has already been allowed for in the coefficients.

5.11.2.1 Example 5.21: Redistribution of Moments in a Two-span Beam

A two-span beam is required to support an ultimate design load of 150 kN/m as shown in
Figure 5.87. Reduce the support moment by 20% and determine the redistributed bending
moment diagram.

— 150 kN/m

A T B T cA Figure 5.87

Jp 40m l 50m J‘

Use moment distribution to determine the moments over the supports and in the spans.
Fixed end moments:
Use wi*/8 for FEMs and no carry-over as there are simple supports at both ends.

2 2
Span AB FEMa; = 0 FEMp, = + ng =+ %: +300 kNm
2 2

Span BC  FEMpc = - W; = 150;5 = —469kNm, FEMc = 0
Stiffnesses:
kBA = £ = 025 DFBA = 0—25 = 056

;‘ kow = 0.45 06425
kec = — =02 DFp. = —— = 044
T s 5T 045
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Joint A B C
AB BA | BC CB
Distribution Factors (k) 1.0 0.56 | 0.44 1.0
Fixed End Moments (FEMs) 0 + 300 | — 469 0
Balance (no carry over) +94.6 | +74.4
Final Moments 0 +394.6 | -394.6 0
394.6 kNm — 150 kN/m
| X
T \4/ A
VA VB VC
] 4.0m J 50m |
[\ T I~
Consider span AB:
— 150kN/m 394.6 kNm
v
| ( | YMoments to the L.H.S. =0
A T B (Vax4.0)+394.6-(150x4.0%x2.0) = 0
| 4.0 m J Va= 201.4kN
% T
Consider span BC:
4.6 kN
394.6 \m — 150 kN/m YMoments to the L.H.S. =0
[ \ —(Vex5.0)-3946+(150x5.0%x25) = 0
B T / T Vo= 296.1kN
Ve
‘ 5.0m l
‘ T
4539 kN
201.4 kN [\ X
i i

X

Shear Force Diagram

398.6 kN N

296.1 kN
Span AB: x = (201.4/150) = 1.34m
Maximum bending moment = (0.5%x1.34x201.4) = 134.9kNm
Span BC: x = (296.1/150) = 1.97 m
Maximum bending moment = (0.5%x1.97x%x296.1) = 291.7 kNm

394.6 kNm

o

134.9 kNm

291.7 kNm
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The reduced bending moment at the support = 0.8 X394.6 = 315.7 kNm

The above calculation must be repeated with the revised value of support moment to
determine the redistributed maximum moments in the spans.

Consider span AB:
— 150kN/m 3157 kNm
| l
T \T XMoments to the L.H.S. =0
Va B (Vax4.0)+3157-(150x4.0x2.0) = 0
I 4.0m | Va= 221.1kN
Consider span BC:
315.7 kNm 150 KN/m
» |
BAd / T 2Moments to the R.H.S. =0
Ve —(Vex5.00-3157+(150x5.0%x2.5)= 0
L 5.0m I Ve = 311.9kN
438.1 kN

221.1 kN .

L
X

Shear Force Diagram

311.9kN

378.9 kN

Span AB: x = (221.1/150) = 147 m
Maximum bending moment = (0.5 X 1.47 x221.1) = 162.5 kNm
Span BC: x = (311.9/150) = 2.08 m
Maximum bending moment = (0.5 X2.08 x311.9) = 324.4 kNm

\ 315.7 kNm

162.5 kNm
77 324.4 KNm

Redistributed Bending Moment Diagram
Figure 5.88
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5.11.3 Example 5.22: Multi-Span Floor System Design

A floor system consisting of a solid in-situ reinforced concrete slab cast integrally with the
support beams is supported over four spans of 6.0 m as shown in Figure 5.89.

(a) design suitable slab reinforcement,

(b) check the suitability of the slab with respect to shear and deflection,

(c) design suitable reinforcement for a typical T-section to satisfy flexure and shear,

(d) check the suitability of a typical T-section with respect to deflection,

(e) determine the transverse reinforcement required for the flanges of the T-beams,

(f) prepare a sketch indicating all reinforcement; use the simplified rules indicated in
Clause 3.12.10 and Figure 3.24 for curtailment.

Design Data:

Characteristic dead load (excluding self-weight + finishes) 8k = 12.0 kN/m*
Characteristic dead load due to finishes only gk = 1.0 kN/m*
Characteristic imposed load gk = 5.0 kN/m*
Concrete grade fou = 40 N/mm?
Characteristic strength of reinforcing steel fy = 460 N/mm?*
Exposure condition = severe
Fire resistance = lhr minimum
Slab thickness he = 300 mm
Rib width by, = 300 mm
Overall depth h = 600 mm
Span of main beams L = 6.0 m
Centres of main beams = 40m

A

6.0 m

6.0m

6.0 m

— 300 mm

LJ 600 mm 1] |

4.0m 4.0m 40m i 40m

Section A—A

Figure 5.89
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5.11.4  Solution to Example 5.22

Contract : Multi-span Floor Job Ref. No. : Example 5.22

Calcs. by : W.McK.

Part of Structure : Multi-span Slab Checked by :
Calc. Sheet No. : 1 of 13 Date :
References Calculations Output

Table 2.1

Clause 3.5.2.3

Table 3.12

Clause 3.3.7

Clause 3.3.1.2
Table 3.3
Table 3.4

BS8110:Part 1:1997
Design Loads:
Consider the slab and design a 1 metre width strip:
Characteristic load due to self-weight of slab:

= (0.3x4.0x24)
Characteristic load due to dead load:

= (12.0x4.0x1.0) = 48.0kN
Characteristic load due to finishes:

= (1.0x4.0x1.0)
Characteristic load due to imposed loading:
(5.0x4.0) = 20.0kN
1.4(28.8 + 4.0 + 48.0) + (1.6 x 20.0)
= 145.1 kN/m width

28.8 kKN/m

4.0kN

Ultimate design load

Area of one bay = 60x160=96m>> 30m’
D - 22 o5 and
2k 80.8

ax < 5.0 KN/m?

Use Table 3.12 to determine the bending moments and shear
forces.
Near middle of end span ultimate bending moment= 0.086F!

At first interior support ultimate bending moment = —0.086F!
At outer support ultimate shear force = 04F
At first interior support ultimate shear force = 0.6F
where
F is the total design ultimate load = (1.4Gy + 1.60y)

145.1 kN

Near middle of end span ultimate bending moment:
= (0.086 x 145.1 x 4.0)

At first interior support ultimate bending moment:
= —(0.086 x 145.1 x4.0)

At outer support ultimate shear force:
= (0.4 x145.1)

At first interior support ultimate shear force:
= (0.6 x 145.1)

+ 50 kNm

—50 kNm

58 kN

87 kN

Cover:
Assume 20 mm diameter bars.
bar size 20 mm
exposure condition severe 40 mm
min. fire resistance 1 hour > 20 mm
Assume minimum cover to main steel = 40 mm

VoIV oIl
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Contract : Multi-span Floor Job Ref. No. : Example 522 Calcs. by : W.McK.

Part of Structure : Multi-span Slab Checked by :

Calc. Sheet No. : 2 of 13 Date :

References Calculations Output
Clause 3.3.6 Minimum dimensions for 1 hour fire cover

floor thickness > 95 mm
Thickness is adequate

end span of continuous four-span slab

4.0m

4.0m 40m 4.0m

Clause 3.4.4

Clause 3.4.4.4

Section A—A
Effective depth d = (300 -40-10) = 250 mm

Bending moments and shear forces evaluated using the
coefficients from Table 3.12 for an end span with a simple
support are:

—50 kNm

A BT
58 kN 87 kN

+ 50 kNm

Note: The area of reinforcing steel required in the bottom of
span AB is the same as that required at the top over support B.

Bending:
M 50x10°
bd*f.,  1000x250% x40

N ey

The lever arm is limited to 0.95d

=0.02 < K7 (=0.156)

Section is singly reinforced

d40.5+ 0.25—%
0.9

0.97d
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Contract : Multi-span Floor Job Ref. No. : Example 5.22
Part of Structure : Multi-span Slab
Calc. Sheet No. : 3 of 13

Calcs. by : W.McK.
Checked by :
Date :

References

Output

Clause 3.12.11.1

Clause 3.12.11.2

Clause 3.12.10.3
Figure 3.25

Clause 3.5.5

Clause 3.5.5.2

Table 3.8

Table 3.16

Clause 3.4.6
Clause 3.4.6.3

Calculations
6
- M _ 50x10 = 482 mm’
095f,Z 0.95%x460x0.95%250
Minimum spacing is not critical in slabs.
Maximum spacing of reinforcement:
< (Bxd) = (3x250) = 750 mm
< 750 mm
% reinforcement = 1004, _ 100x482 _ 0.19%
bd 1000250
<0.3%

Since there is less than 0.3% reinforcement no further check
is required on spacing.

Simplified rules for curtailment of steel in slabs designed for
predominantly uniformly distributed loads.
50% of main steel is curtailed a distance 0.1L from the support.

Atsupport A, = (0.5%x503) = 252 mm>
(Note: curtail alternate bars)

100x252

1004,
1000%250

bd

Shear Resistance
First interior support

1% 87x103

Shear stress v = = ———~ = 0.34N/mm?
b,d 1000250
Maximum shear < 0.8y f,, = (0.8x 440)
= 5.05 N/mm?
< 5.0 N/mm?

v < maximum permitted value

ve = (038x1.17) = 0.44 N/mm?
(Note: this allows for using C40 concrete)

v o< v
No links are required
Deflection:
span

< Table 3.9 value x Table 3.10 value

effective depth (d)
(Note: No compression steel/Table 3.11 value is required)

Bottom Reinforcement

Select:

16 mm diameter bars
at 400 mm centres
providing 503 mm?m
at mid-span and over
first interior support.
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Contract : Multi-span Floor
Part of Structure :

Job Ref. No. : Example 5.22
Multi-span Slab

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 4 of 13 Date :
References Calculations Output
Table 3.9 Basic (span/d) ratio = 26.0 (estimate for end span
between simple support and continuous span).
Table 3.10 ﬂz = KXfu = 0.02x40 = 0.8
bd
2X fy XA ;
Service stress £, _ fy s. required _ 2x460x494
3X A, provided 3%503
~ 301 N/mm®
Interpolate between values given in Table 3.10:
Mibd* | 0.75 1.00
service stress f;
300 1.44 1.33
307 1.41 1.30
Use conservative estimate of modification factor = 1.30
Table 3.9 value x Table 3.10 value =26 X 1.30 = 33.8
span 4000 Adequate
Actual p = = 16 < 32 with respect
effective depth 250 to deflection
Minimum % tension reinforcement:
Table 3.25 For slabs of rectangular section and  f; 460 N/mm*

Clause 3.12.5.3
Table 3.25

Clause 3.12.10
Figure 3.25

100A/A. = 0.13%
At least this percentage should be provided in both directions.

Minimum A required = 0.13xbxh mm?

100
_ 0.13x1000x300 _ o0 o
100
< 494 mm?®

Minimum % reinforcement satisfied

Secondary Reinforcement:

Minimum % = 0.13 = 390 mm*m width

Curtailment:

The steel is curtailed as indicated in Figure 3.25 of the code and
is similar to that indicated in Section 5.7.7.1 and Figure 5.69 of

this text for beams. Note that the values are slightly different for
slabs.

Secondary
Reinforcement

Select:

16 mm diameter bars
at 500 mm centres
providing 402 mm*/ m




212

Design of Structural Elements

Contract : Multi-span Floor Job Ref. No. : Example 5.22 | Calcs. by : W.McK.
Part of Structure : Multi-span Slab Checked by :
Calc. Sheet No. : 5 of 13 Date :

References Calculations Output

Clause 3.12.10.3

At interior support
Top reinforcement

100% of steel extends 0.15/ =(0.15x4000)= 600 mm
or 45 bardia. =(45x%16) = 720 mm
50% of steel extends 0.3/ =(0.3x4000) = 1200 mm

Curtail bars 720 mm and 1200 mm from the face of the support.

Bottom reinforcement

60% of mid-span reinforcement extends to within 0.2/ of the

centre line of the support. 0.2/ = (0.2x4000) = 800 mm
Curtail bars 800 mm from the centre line of the support.

At end support  (assuming simple support)
Top reinforcement
Provide anti-crack steel equal to 50% of the bottom steel at mid-
span and not less than the minimum % as given in
Clause 3.12.5.3.

0.151 = (0.15x4000) = 600 mm
or45bardia. = (45x%16) = 720 mm
This steel should be provided with a full tensile anchorage
length.

Curtail bars 720 mm from the face of the support.

Bottom reinforcement
60% of mid-span reinforcement extends to within 0.1/ of the
centre-line of the support.
0.1 =(0.1 x4000) = 400 mm
Curtail bars 400 mm from the centre-line of the support.

‘ 1200 mm : N 1200 m ‘
! oy -
1 720 mm 720 mm ; 720 mm

4000 mm —— -

Slab detail

Standard : i K
90° bend at == = — _ p:w.; 1:1 \|
support NI | 800 mm ! 800 mm

4000 mm —m




Design of Reinforced Concrete Elements 213
Contract : Multi-span Floor Job Ref. No. : Example 5.22 [ Calcs. by : W.McK.
Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 6 of 13 Date :
References Calculations Output

Table 2.1

Clause 3.4.3

Table 3.5

Consider the main beams:
Characteristic load due to self-weight of slab:

= (03x4.0x24) = 28.8kN/m
Characteristic self-weight of rib:
= (03x03x24) = 2.16kN/m
Characteristic load due to dead load:
= (12.0x4.0) = 48.0 kN/m
Characteristic load due to finishes:
= (1.0x4.0) = 4.0kN/m
Characteristic load due to imposed loading:
= (5.0x4.0) = 20.0 kN/m
Ultimate design load = (1.4g + 1.6qy)
= 1.4(28.8+2.16+48.0 +4.0) + (1.6 x20.0)
= 148.1kN/m = (148.1x6.0) = 888.6kN

Characteristic imposed load Qy < Characteristic dead load Gy,
Loads are substantially uniformly distributed over three or more
spans, variations in span lengths do not exceed 15% of the
longest span, therefore use Table 3.5.

Near middle of end span ultimate bending moment=0.09FI
At first interior support ultimate bending moment = —0.11F/
At outer support ultimate shear force = 045F
At first interior support ultimate shear force = 0.6F
where F is the total design ultimate load = (1.4Gx + 1.60y)
= 888.6kN

Near middle of end span ultimate bending moment:

= (0.09 x 888.6 x 6.0) = +479.8 KNm
At first interior supportultimate bending moment:

= —(0.11 x888.6x6.0) = —586.5kNm
At outer support ultimate shear force:

= (0.45 % 888.6) = 400 kN
At first interior support ultimate shear force:

= (0.6 x 888.6) = 5332kN

Bending moments and shear forces evaluated using the
coefficients from Table 3.5 for an end span with a simple

support are:
ﬂ\ — 586.5 kKNm

+479.8 kKNm
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Contract : Multi-span Floor

Job Ref. No. : Example 5.22

Calcs. by : W.McK.

Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 7 of 13 Date :
References Calculations Output

Consider near the middle of the end span — section can be
designed as a T-beam, i.e. compression in the top surface.

Table 3.3
Table 3.4

Clause 3.3.6

Clause 3.4.4

Clause 3.4.4.4

exposure condition severe = 40 mm
fire resistance =1 hour = 20 mm
Assume nominal cover to steel 40 mm

Assume 8 mm diameter bars for links.

Effective depth d = (600-40-8-13) = 539 mm
Minimum dimensions for 1 hour fire cover
beam width > 200 mm
Beam width is satisfactory
Bending
M 479.8x10°

=0.04 < K’ (=0.156)

Cbd’f,  1140x539% x40
Section is singly reinforced

e fo - o o)

= 0.95d (£ 0.95d)

Clause 3.4.1.5 | Effective width of flange beam= b, < (b, + [,/5)
= 300+ 0.7x6000
5
= 1140 mm
Actual flange width = 4000 mm
. b, = 1140 mm
T\ 1140 mm *F
| )
300 mm
d *l
300 mm
< X — A \J‘
300 mm ]
Clause 3.3.7 Cover
Assume 25 mm diameter bars for main steel:
Clause 3.3.1.2 | bar size 25 mm
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Contract : Multi-span Floor
Part of Structure :

Job Ref. No. : Example 5.22
T-Beam

Calcs. by : W.McK.
Checked by :

Clause 3.12.11.1

Clause 3.12.11.2
Table 3.28

Clause 3.4.4

Clause 3.4.4.4

The bars selected are 32 mm diameter which are slightly greater
than the 25 mm diameter assumed when calculating the effective
depth. This slightly reduces the strength but not normally
sufficiently to require a re-calculation — the reader should check
this.

Minimum spacing of reinforcement > 25 mm Adequate
Maximum spacing of reinforcement:

There is no redistribution and f;, = 460 N/mm?

The clear distance between bars < 155 mm

Actual spacing = [300 — (2 x40) — (2 x8) — (2% 32)]/2
= 70 mm Adequate

Consider at the first interior support: the section must be
designed as a rectangular beam since the top flange is in
tension and does not contribute to the bending strength.

Change the value of d to allow for 16 mm diameter slab steel

d = 539-16 = 523mm
------- R\ S
g £ s slab stee}
,,,,,,,,,,,,,,,,,,,,,, E . _| i
g g
1 300 mm
Bending:
M 586.5x10°

=0.18 > K’ (=0.156)

Cbdf.,  300x5232 x40

Section is doubly reinforced

Calc. Sheet No. : 8 of 13 Date :
References Calculations Output
Depth to the neutral axis:
x = (d-2)/045= (0.05x539)/045 = 59.9mm Bottom
< hs (=300 mm) Reinforcement
The neutral axis lies within the flange.
M 479.8x10° s oraamm | Seleet
* T 09517 0.95%460%0.95% 539 3/32 mm  diameter
4 bars at mid-span
providing 2410 mm?>
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Contract : Multi-span Floor
Part of Structure :
Calc. Sheet No. : 9 of 13

Job Ref. No. : Example 5.22
T-Beam

Calcs. by : W.McK.
Checked by :
Date :

References Calculations Output
z=alos+ [lo2s-K = alos+ [[025- 9156
0.9 0.9
= 0.775d = (0.775 x 523)
= 405.3 mm
x = (d—-2)/0.45 = 0.5d
= (0.5x405.3) = 202.7 mm
Assume 16 mm diameter bars for A,
d = (40+8+8) = 56mm Bottom
d’/x = 56/2027 = 0.8 < 0.37 | Reinforcement

Clause 3.12.10.2
Figure 3.24

The compression steel will yield and the stress is equal to 0.95f;.

AS = (K=K') fuu bd*10.95f, (d—d")
— 2
_ (0.18-0156)x40x300x523° .
0.95%x460x (523 -56)
A = (K’ fubd®1095f,2)+A/
2
0.156x40x300x523% | o0 | iomn
0.95%x460x405.3
TOP STEEL

Simplified rules for curtailment of steel in beams designed for
predominantly uniformly distributed loads.

A maximum 50% of main bottom steel is curtailed a distance
0.08L from the end support.
A, = (2/32 mm diameter bars) = 1610 mm>
1004, 100x1610 10
byd 300x539 '

A maximum of 40% of the main top steel at the first interior
support is curtailed at a distance equal to the greater of 0.15L or
(45 x bar diameters) from the face of the support.

A, = (3/32 mm diameter bars) = 2410 mm>
1004, _ 100x2410 154
b,d 300%x523
For shear at the internal support use 100% of the area:
Ay = 4020 mm’

Two bars of the mid-
span steel are
continued through the
support and can be
used to provide the
required area of steel.

A FULL compression
lap is necessary for
this steel.

Top
Reinforcement

Select:

5/32 mm diameter
bars at mid-span
providing 4020 mm’
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Contract : Multi-span Floor

Job Ref. No. : Example 5.22

Calcs. by : W.McK.

Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 10 of 13 Date :
References Calculations Output
Clause 3.4.5 Shear Resistance
At outer support:
3
Clause 3.4.5.2 | Shear stress v = v v = M = 2.47 N/mm?
b,d 300x539
Maximum shear < 0.8y f., = (0.8x 440)
= 5.05 N/mm?
< 5.0 N/mm’
v < maximum permitted value.
Table 3.8 Effective depth d > 400 mm, 100A,/ byd= 1.0
ve = (0.63x1.17)=0.73 N/mm>
(Note: 1.17 — this allows for using C40 concrete)
Table 3.7 0.5v, = 0.36 N/mm?, (v, +0.4) =(0.73 + 0.4) = 1.13 N/mm’
(e+04) < v < 0.8yfy or SN/mm’
Design links are required
Ay 2 bysy(v —1)/0.95f,, assuming 8 mm diameter links ?dlgpt@sjgm diametter
0.95f A inks mm centres
Sy w _0.95x250x101 46 mm for the first metre
v-v. )b, (2.47-0.73)x300 from each end
Check shear stress at 1.0 m from end:
Shear force V;,, = 400-148.1 = 2519kN
3
BLOAT ) 56 Nmm? > (Ve +0.4)
300x539
Design links required
Adopt 8 mm diameter
; 0.95fyy Ay 0.95x250x101  _ 96 mm links @ 80 mm centres
' (v-v, )b, (1.56—0.73)x300 2.0 m from the end
Check shear stress at 2.0 m from end:
Shear force V,,, = 251.9-148.1 = 103.8kN
3
1038107 _ 6 64 Nimm? < (ve +0.4)
300x539
Minimum links required
Table 3.7 Ay 2 0.4bys, /0.95f,, Adoot § di .
0.95%250x101 Opt & mm diameter
s, £ ——————— = 200 mm links @ 200 mm
0.4x300 centres for minimum
links
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Contract : Multi-span Floor

Job Ref. No. : Example 5.22

Calcs. by : W.McK.

Part of Structure : T-Beam Checked by :
Calc. Sheet No. : 11 of 13 Date :
References Calculations Output
At 1™ interior support:
3
Clause 3.4.5.2 | Shear stress v = 14 v = M: 3.3 N/mm?
b,d 300x539
Maximum shear < 0.8y f., = (0.8x +40)
= 5.05 N/mm’
< 5.0 N/mm?
v < maximum permitted value.
Table 3.8 Effective depth d > 400 mm, 100A,/ byd= 2.48
ve = (0.85x1.17) = 1.0 N/mm*
(Note: 1.17 — this allows for using C40 concrete)
Table 3.7 0.5v, = 0.5 N/mm% (v +0.4) = (1.0 +0.4) = 1.4 N/mm’
(e +04) < v < 0.8yf, or SN/mm’
Adopt 8 mm

Design links are required

0.95 fy\,ASV
v-v, )by

0.95%250x101
—————— =34 mm
(3.3-1.0)x300

Check shear stress at 1.0 m from 1* interior support:

Shear force V,,, = 533.2-148.1 = 385.1kN
3
3851107 238 N/mm’> > (v.+0.4)
300%539

Design links required

0.95fyvASv
v-v )by

0.95x250%101

——————— = 58 mm
(2.38—1.0)x300

Check shear stress at 2.0 m from end:
Shear force V,,, =

385.1-148.1 =

237x10°
300x539

237 kN

147 N/mm?> > (v.+0.4)

Design links required

0.95x250x101

0.95f,y Agy B
(1.47-1.0)x300

v-v, )b,

170 mm

Check shear stress at 3.0 m from end:
Shear force V3, =

237-148.1 = 889kN

diameter links @ 25
mm centres for the
first metre from the
1% interior support

Adopt 8 mm
diameter links @ 50
mm centres 1.0 m
from the 1% interior
support.

Adopt 8 mm diameter
links at 150 mm
centres 2.0 m from the
1% interior support.
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Contract : Multi-span Floor Job Ref. No. : Example 5.22 | Calcs. by : W.McK.
Part of Structure : T-Beam Checked by :

Calc. Sheet No. : 12 of 13

Date :

References Calculations Output
3
889xI0° _ g seNmm® > (v +0.4)
300539
Minimum links required as before
Clause 3.4.6 Deflection:
span
effective depth (d)
< (Table 3.9 value x Table 3.10 value x Table 11 value)
b
Table 3.9 - = 300 = 026 < 03
b 1140
Basic (span/d) ratio = 20.8
Table 3.10 ﬂz = KXfu = 0.04x40 = 1.6
bd
2x f, XA ;
Service stress f, = fy s, required 2x460x2144
3% AS, provided 3x2410
=272.8 N/mm’
Interpolate between values given in Table 3.10:
Mibd* | 1.5 2.00
service stress f;
250 1.34 1.20
300 1.16 1.06
Use conservative estimate of modification factor = 1.06
Table 3.11 Since no compression reinforcement is required, this does not

Clause 3.12.5.3
Table 3.25

apply.
Table 3.9 value x Table 3.10 value =20.8 x 1.06 = 22.0
span _ 6000
effectivedepth 539
Adequate with respect to deflection

Actual

111 < 220

Minimum % tension reinforcement:

Flanged beams with webs in tension and f, = 460 N/mm?
by/b = (300/1140) 026 < 04

100A¢/byh = 0.18

0.18xby, xh
Minimum A required = 0 mm

2

= W = 324mm’ << A, provided

Minimum % reinforcement satisfied
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Contract : Multi-span Floor
Part of Structure :

Job Ref. No. : Example 5.22
T-Beam

Calcs. by : W.McK.
Checked by :

Clause 3.12.10
Figure 3.24

Standard
90° bend
at support

This is already provided by the slab steel

Curtailment:
At interior support
Top reinforcement
100% of steel extends = 0.15/ = 0.15 x 6000
= 900 mm
45 X bar diameter
= 45%x25
1125 mm
0.25] = 0.25x6000
= 1500 mm
(Two bars will be carried through to support the links)

vV

60% of steel extends >

Bottom reinforcement
70% of mid-span reinforcement extends to within 0.15/ of the
centre-line of the support.

0.15/ = 0.15x6000 = 900 mm

At end support (assuming simple support)

Bottom reinforcement

50% of mid-span reinforcement extends to within 0.08/ of the
centre-line of the support.

0.08/ = 0.08x6000 = 480mm

1500 mm_

Calc. Sheet No. : 13 of 13 Date :
References Calculations Output
Clause 3.12.5.3 | Transverse Reinforcement:

Table 3.25 A required = Wmmzlm length
0.15x300x1000 >
= 100 = 450 mm’/m Curtailment
Top Steel :

5/32 mm diameter
bars

Curtail 2 bars at
1125 mm from the
face of the support.

Curtail 1 bar at
1500 mm from the
face of the support.

Curtailment
Bottom Steel:

3/32 mm diameter
bars

Curtail 1 bar at

900 mm from the
centre-line of the
internal support.

Curtail 1 bar at a
distance of

480 mm from the
centre-line of the
support.

. 1500 mm

r [
1125 mm

T

, Spacing of links as indicated above

1125 m

T

)

] ] ] | el Pt | <) it

> | [

7

7

S

L B

900 mmi 900 mm

e N

480 mm
W ]
x 6000 mm L x

6000 mm

[
Lot |

|
el
[ '

\




Design of Reinforced Concrete Elements 221

5.12 Ribbed Slabs (with Solid Blocks, Hollow Blocks or Voids)

5.12.1 Introduction

In long span, solid reinforced concrete slabs, e.g. greater than 5 m, the self-weight
becomes excessive when compared to the applied dead and imposed loads, resulting in an
uneconomic method of construction. One method of overcoming this problem is to use
ribbed slabs which are suitable for longer spans supporting light loading, as in residential
or commercial properties. They are not suitable for heavy loading such as that found in
warehouses, etc.

Ribbed slabs are reinforced concrete slabs in which some of the volume of concrete
below the neutral axis (i.e. the area in tension) is removed and replaced with block formers
or left as voids, as shown in Figures 5.90 to 5.92. The resulting construction is
considerably lighter than a solid cross-section.

overall
E E @ E @ E % E slab
. Flodie e L R e T .. o thickness
hollow block former rib tension reinforcement
Cross-section through a ribbed slab cast with hollow blocks
Figure 5.90
overall
OQWQOOO0O0O00O0OO0O wmw
(] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ) [ ] (] [ ] ° .\ [ ] (] [ ] [ ] (] ’ thICkneSS
voids created by permanent formers rib tension reinforcement
Cross-section through a hollow slab with permanent void formers
Figure 5.91
overall
slab
thickness

voids left by removable formers | rib tension reinforcement

Cross-section through a ribbed slab cast on removable formers

Figure 5.92
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The term ribbed slabs is defined in Clause 3.6.1.1 in BS 8110:Part 1 as slabs cast in-situ
in one of the following ways:

a) Where topping is considered to contribute to the structural strength (see Table 3.17
for minimum thickness):

Extract from BS 8110:Part 1:1997

Table 3.17 Minimum thickness of structural toppings

Type of slab Minimum thickness of
topping (mm)

Slabs with permanent blocks as described
in 3.6.1.1al and 3.6.1.2

a) Clear distance between ribs not more
than 500 mm, jointed in cement : sand
mortar not weaker than 1 : 3 or 11 N/mm?* | 25

b) Clear distance between ribs not more
than 500 mm, not jointed in cement : sand
mortar 30

c) All other slabs with permanent blocks | 40 or one-tenth of clear
distance between ribs,
whichever is greater

All slabs without permanent blocks
50 or one-tenth of clear
As described in 3.6.1.1a2 and 3 distance between ribs,
whichever is greater

Figure 5.93

1) as a series of concrete ribs cast in-situ between blocks which remain part of
the completed structure; the tops of the ribs are connected by a topping of
concrete of the same strength as that used in the ribs;

2) as a series of concrete ribs with topping cast on forms which may be removed
after the concrete has set;

3) with a continuous top and bottom face but containing voids of rectangular,
oval or other shape.

b) Where topping is not considered to contribute to structural strength: as a series of
concrete ribs cast in-situ between blocks which remain part of the completed
structure; the tops of the ribs may be connected by a topping of concrete (not
necessarily of the same strength as that used in the ribs).
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The requirements for the hollow or solid blocks and formers when required to contribute
to the structural strength of a slab are given in Clause 3.6.1.2 :

a) they must be made of concrete or burnt clay;

b) they must have a characteristic strength of at least 14 N/mm?” measured on the net
section, when axially loaded in the direction of compressive stress in the slab;

¢) when made of fired brick, earth, clay or shale, they must conform to BS 3921.

5.12.2  Spacing and Size of Ribs (Clause 3.6.1.3)

In-situ ribs should be spaced at centres not exceeding 1.5 m and their depth, excluding any
topping, should not exceed four times their width. The minimum width of rib will be
determined by considerations of cover, bar spacing and fire. The minimum dimensions for
fire resistance for various reinforced concrete members is given in Figure 3.2 of
BS 8110:Part 1:1997.

=50 mm

<4b, mm

Figure 5.94

5.12.3  Thickness of Structural Topping (Clause 3.6.1.5)

The thickness of topping used to contribute to structural strength should not be less than
the value given in Table 3.17 of the code.

In hollow block slabs where the topping is rot used to contribute to structural strength
the requirements of Clause 3.6.1.6 should be satisfied. They are:

‘When a slab is constructed to b) of Table 3.17 the blocks should conform to 3.6.1.2. In
addition the thickness of the block material above its void should be not less than 20 mm
nor less than one-tenth of the dimension of the void measured transversely to the ribs. The
overall thickness of the block and topping (if any) should be not less than one-fifth of the
distance between ribs.’

5.12.4  Deflection (Clause 3.6.5)

The deflection of one-way spanning ribbed slabs is checked using the same method as for
T-beams, i.e. span/effective depth ratios, except that the rib width may include the walls of
the blocks on both sides of the rib.

5.12.5 Arrangement of Reinforcement (Clause 3.6.6)

The reinforcement can be curtailed using the simplified procedure given in Clause 3.12.10,
as for solid slabs.
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In addition to minimum areas of reinforcement as for solid slabs, consideration should
be given to providing a single layer of welded steel fabric in the topping. This steel should
have a cross-sectional area of not less than 0.12% of the topping, in each direction, and the
spacing between the wires should not be greater than half the centre-to-centre distance
between ribs.

5.12.6 Links in Ribs (Clause 3.6.6.3)

Provided the geometry of the cross-section satisfies the requirements of Clause 3.6.1.3,
ribs reinforced with a single bar do not require links other than to satisfy shear or fire
resistance requirements.

Where two or more bars are used in a rib, the use of link reinforcement is
recommended. The spacing of links can generally be of the order of 1 m to 1.5 m
depending on the size of the main bars.

5.12.7 Design Resistance Moments (Clause 3.6.3)

The same procedure as used for designing beams, i.e. Clause 3.4.4, is used to determine
the ultimate moment of resistance. Allowance can be included for the contribution made
by the burnt clay or solid blocks in the compression zone, as indicated in Clause 3.6.3.

5.12.8 Design Shear Stress (Clause 3.6.4.2 to Clause 3.6.4.7)

The design shear stress, v, should be calculated using Equation 22, which is the same as
Equation 3 given in Clause 3.4.5.2 for beams. The enhancement to the shear strength from
hollow blocks, solid blocks and joints between narrow precast units can be evaluated using
Clauses 3.6.4.3, 3.6.4.4 and 3.6.4.5 respectively.

It is sometimes necessary to make a section of the slab solid near the end supports or at
other locations where high shear forces occur.

5.12.9  Example 5.23: Single Span Hollow-Tile Floor

A hollow-tile floor, in which the permanent blocks are not jointed in a cement:sand
mortar, is to be designed as a series of simply supported spans as indicated in
Figures 5.95(a) and (b). Using the design data given and assuming that the blocks do not
contribute to the strength of the floor, determine:

i) the suitability of the slab thickness,
ii) the reinforcement required.

Design Data:

Characteristic dead load (including self-weight) 5.0 kN/m”
Characteristic imposed load 4.0 kN/m*
Characteristic concrete strength  (foy) 40 N/mm®
Characteristic of reinforcement  (f;) 460 N/mm®
Exposure condition mild
Fire rating Minimum 1 hour
Span of slab 40m

Nominal maximum aggregate size 14 mm
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Figure 5.95 (a)

400 mm

45 mm¢

AN N NN N N L NN NN, e

125 mm 275 mm 125 mm‘
T

Cross-section through a ribbed slab cast with hollow blocks

Figure 5.95 (b)
5.12.10 Solution to Example 5.23
Contract :Hollow-Tile Floor Job Ref. No. : Example 5.23 Calcs. by : W.McK.
Part of Structure : Slab Checked by :
Calc. Sheet No.: 1 of 5 Date :
References Calculations Output

BS8110:Part 1:1997

Clause 3.6.1.5 | Thickness of topping:

Table 3.17 Since the blocks are not jointed together and the rib spacing is
less than 500 mm the minimum thickness of topping should not
be less than 30 mm.

Actual thickness = 45 mm > 30 mm Topping thickness is
adequate
Clause 3.6.1.3 | Spacing and size of ribs:
Maximum spacing of ribs < 15m
Actual spacing = 400 mm
Maximum depth excluding topping < 4 X width
= (4x125 = 500mm Spacing and size of
Actual depth excluding topping = 150 mm ribs is adequate
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Table 2.1

Clause 3.3.7

Clause 3.3.1.2
Clause 3.3.1.3
Table 3.3
Table 3.4

Clause 3.4.1.2

The minimum rib thickness to satisfy fire requirements is given

inFigure 3.2as = 125 mm
Actual rib width = 125 mm
Design loads/rib:

Characteristic load due to dead load (including self-weight):
= (5.0x04) = 2.0kN/m
Characteristic load due to imposed loading:
= (40x04) = 1.6kN/m

Ultimate design load = (14%x2.0)+(1.6x1.6)

= 54kN/m
Ultimate design shear = (0.5x391x54)

= 10.6kN

2 2
Ultimate design bending moment = % = %
= 10.3kNm

Cover
Assume 12 mm diameter bars for main steel
bar size = 12 mm
nominal maximum size of aggregate = 14 mm
exposure condition mild = 20 mm
fire resistance > 1 hour > 20 mm

Assume nominal cover to steel 20 mm

Effective depth d = (195-10-20-6) = 159 mm
400 mm

45 mm

Y

—
10 mm 125 mm

thick slip
Effective span
< distance between the centre of the bearings = 4.0m
< (clear distance between the supports + the effective depth)
= (40-025+0.159) = 39Im

The hollow blocks are not structural and consequently the cross-
section can be designed as a T-beam.

Contract :Hollow-Tile FloorJob Ref. No. : Example 5.23 Calcs. by : W.McK.

Part of Structure : Slab Checked by :

Calc. Sheet No. : 2 of 5 Date :

References Calculations Output
Clause 3.3.6 Minimum width:

Rib width is adequate
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Contract :Hollow-Tile FloorJob Ref. No. : Example 5.23 Calcs. by : W.McK.
Part of Structure : Slab Checked by :
Calc. Sheet No. : 3 of 5 Date :

References Calculations Output

Clause 3.4.1.5 | Effective width of flange beam= b, < (b, +1/5)

= (125+3?5—10] = 907 mm
< actual flange width
b. = 400 mm
ﬁr 400 mm ﬁr
| NN
45 mm
159 mm
150 mm
L o o — A
125 mm

Clause 3.4.4 Bending

6
- 1;4 - 10'3X120 0025 < K'(=0.156)
bd%f,, ~ 400x159%x40

Y ey

Clause 3.4.4.4

Section is singly reinforced

d{o.5+ (0.25_%)} Bottom
0.9 Reinforcement

0.97d

the lever arm is limited to 0.95d | Select:
1/16 mm diameter bar

x = (d-2/045 = (0.05x159)/045 = 17.7mm providing 201 mm’
< hy (=45 mm) .
The neutral axis lies within the flange. Alternatively

2/12 mm diameter

6
. = M = 10.3x10 = 156 mm? | bars (226 mm?) could
095 fyZ 0.95x460x0.95x159 be used but links are
then recommended as
Clause 3.6.4 Shear Resistance in Clause 3.6.6.3
3
Clause 3.6.4.7 | Shear stress v = v v = M = 0.53 N/mm?
b,d 125x159
Maximum shear < 0.8\ f.,, = (0.8x 440)
= 5.05 N/mm’
< 5.0 N/mm?

v < maximum permitted value
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Contract :Hollow-Tile FloorJob Ref. No. : Example 5.23 Calcs. by : W.McK.
Part of Structure : Slab Checked by :
Calc. Sheet No. : 4 of 5 Date :

References Calculations Output

Clause 3.6.4.7

Clause 3.6.5
Clause 3.4.6.3

Table 3.9

Table 3.10

Atsupport A, = 201 mm’
1004, _ 100%201 10

byd  125x159

Table 3.8 v. > (0.78x1.17) = 0.91 N/mm’

v o< w

Deflection
span
effective depth (d)

(Note: No compression steel is required therefore the Table 3.11
value is not required)

< Table 3.9 value x Table 3.10 value

by _ 135

b 400
(Neglect interpolation between flanged and rectangular beams.
i.e. this slightly underestimates the permissible span/d ratio)

= 032 > 03

Basic (span/d) ratio = 16.0
ﬂz = KXf, = (0.025x40) = 1.0
bd

2X fy X A required _ 2x460x156

Service stress  f;

3X A, provided 3x201
=238 N/mm’
Interpolate between values given in Table 3.10:
M/bd*? 1.0
service stress f;
200 1.76
250 1.55

Modification factor = 1.6

Table 3.9 value x Table 3.10 value= (16 x1.6) = 25.6

span - B0 s < 256

Actual =
effective depth 159

No shear
reinforcement
required

Adequate with
respect to deflection
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Contract :Hollow-Tile Floor Job Ref. No. : Example 5.23 Calcs. by : W.McK.
Part of Structure : Slab Checked by :
Calc. Sheet No. : 5 of 5 Date :

References Calculations Output

Clause 3.6.6.2 | Topping Reinforcement
0.12% ke 1000

A required = mm?*/m length
100
_ 0.12x45x1000 _ 54 mm¥m
100
. . rib spacin Select mesh from
Spacing of wires < % = 200 mm manufacturer’s

catalogue

5.13 Two-Way Spanning Slabs

5.13.1 Introduction

When slabs are supported on all four sides, they effectively span in two directions
provided that the longer side is no greater than twice the shorter side. It is often more
economic to design slabs on this basis and to provide reinforcing steel in both directions to
resist the orthogonal bending moments. The magnitude of the bending moment in each
direction is dependent on the ratio of the two spans, and the support conditions. In square
slabs the load is distributed equally in both directions and in rectangular slabs, the shorter,
stiffer span resists a higher percentage of the load than the longer span.

There are two types of slab to be considered:

(1) Simply-supported slabs  (Clause 3.5.3.3 and Table 3.13) and
(i1) Restrained slabs (Clause 3.5.3.4 and Table 3.14)

There are nine different types of support condition to be considered which relate to the
particular support/restraint provided on each edge of individual slabs; these are illustrated
in Figures 5.96 to 5.99.

| |

. T — T . Y
4 3 . -
1 . 7 .

Figure 5.96 ! Figure 5.97 !
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8 6 8
] !
Figure 5.98 Figure 5.99
Type 1 Interior panel Type 2 One short edge discontinuous
Type 3 One long edge discontinuous Type 4 Two adjacent edges discontinuous

Type 5 Two short edges discontinuous Type 6 Two long edges discontinuous
Type 7 Three edges discontinuous (one long edge continuous)

Type 8 Three edges discontinuous (one short edge continuous)

Type 9 Four edges discontinuous

5.13.2  Simply-Supported Slabs

Simply-supported slabs do not have adequate provision to resist torsion at the corners. The
maximum design bending moments permitted to prevent lifting and to resist the applied
ultimate bending moment can determined using Equations (10) and (11) in the code:

Mgy = Olex lf Equation (10)

My = onl’ Equation (11)
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Figure 5.100 Figure 5.101

where:

Mg 1s the maximum design ultimate moment at mid-span on a strip of unit width and span
I

mg, 1is the maximum design ultimate moment at mid-span on a strip of unit width and span
ly

n  is the total design ultimate load/unit area = (1.4gx+ 1.64x)

I, is the length of the shorter side,

I, is the length of the longer side.

04, 1S a moment coefficient = - - Equation (12)
s{i+0, /1) }
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s
0y is a moment coefficient = (} / X) - Equation (13)
s{i+0, /. ]

values for o4, and oy are also given in Table 3.13.

The required areas of reinforcement can be determined using the design charts or the
Equations given in Clause 3.4.4.4 for rectangular beams, i.e.

mm?*/m width of slab in direction I, and

" 095f,Z,
= —msy

0.95f,Z,
Since the shorter span resists a higher bending moment, the main steel will be positioned

such that it has a greater effective depth than the longer span and hence Z, > Z,. Slabs
(other than bridge decks etc.) are normally singly reinforced.

5y mm®/m width of slab in direction /,

5.13.3  Deflection (Clause 3.5.7)

The limit-state of deflection for two-way spanning slabs can be checked using Table 3.9,
modified using Table 3.10 as for beams. Only reinforcement at the centre of the shorter
span and in that direction should be considered to influence the deflection.

5.13.4 Restrained Slabs

Restrained slabs, in which the corners are prevented from lifting and in which provision
for torsion is made at simply supported corners, are designed to resist maximum bending
moments given by Equations (14) and (15), i.e.;

My = Ponl; Equation (14)
mey = Bynl’ Equation (15)

where:

ms and mg, are the maximum design ultimate moments either over the supports or at the
mid-span on strips of unit width as before.

n and [, are as before

Bsx and B, are bending moment coefficients given in Table 3.14. These coefficients are
given for a wide range of support conditions along the edges of panels, to enable the
bending moments at the mid-span and over continuous edges to be evaluated.

The use of equations (14) and (15) is dependent on the conditions and rules given in
Clause 3.5.3.5 being satisfied. They are given in terms of:

(i) continuous slabs only, and
(i1))  in the case of restrained slabs, continuous or discontinuous.
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‘The conditions in which the equations may be used for continuous slabs only are as
follows.

(a)

(b)

The characteristic dead and imposed loads on adjacent panels are approximately
the same as on the panel being considered.

The span of adjacent panels in the direction perpendicular to the line of the
common support is approximately the same as the span of the panel considered in
that direction.

The rules to be observed when the equations are applied to restrained slabs (continuous or
discontinuous) are as follows.

(1)

(2)

(3)

(4)

(5)

(6)

Slabs are considered as divided in each direction into middle strips and edge strips
as shown in figure 3.9 (see Figure 5.102 of this text).

The maximum design moments calculated as above apply only to the middle strips
and no redistribution should be made.

Reinforcement in the middle strips should be detailed in accordance with 3.12.10
(simplified rules for curtailment of bars).

Reinforcement in an edge strip, parallel to the edge need not exceed the minimum
given in 3.12.5 (minimum areas of tension reinforcement), together with the
recommendations for torsion given in (5), (6) and (7).

Torsion reinforcement should be provided at any corner where the slab is simply
supported on both edges meeting at that corner. It should consist of top and bottom
reinforcement, each with layers of bars placed parallel to the sides of the slab and
extending from the edges a minimum distance of one-fifth of the shorter span. The
area of reinforcement in each of these four layers should be three-quarters of the
area required for the maximum mid-span design moment in the slab.

Torsion reinforcement equal to half that described in the preceding paragraph
should be provided at a corner contained by edges over only one of which the slab
continues.

(7) Torsion reinforcement need not be provided at any corner contained by edges over

both of which the slab is continuous.

5.13.5 Torsion (Clause 3.5.3.5)

The torsion reinforcement provided at corners is not in addition to the main steel included
for the edge strips (this is normally the minimum % of reinforcement specified in
Table 3.27). If the minimum does not provide sufficient steel then more must be provided
to satisfy the requirements of Clause 3.5.3.5.

(Note: Four layers of steel are required, i.e. two at both the top and the bottom.)
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e < Le

A

A
middle middle 31,
edge strip L strip 4

strip Y : y
3, L, L L
D a1 — ¢§ edge strip 3

(a) For span [, (b) For span [,

Figure 5.102  Division of slab into middle and edge strips

5.13.6  Loads on Supporting Beams (Clause 3.5.3.7)

The design loads on beams which support two-way-spanning solid slabs in which the
loads are uniformly distributed can be evaluated using Equations (19) and (20).

Vey = Byl Equation (19)
Vex = vxnlx Equation (20)

where B,y and B,y are shear force coefficients given in Table 3.15 of the code.

5.13.7 Example 5.24: Simply Supported Two-Way Spanning Slab

A floor slab in an office building measures 5.0 m X 7.5 m and is simply supported at the
edges with no provision to resist torsion at the corners or to hold the corners down. Using
the design data given, determine suitable reinforcement.

Design Data:
Characteristic dead load due to finishes and services g« = 1.25kN/m’
Characteristic imposed load g« = 2.5kN/m’
Concrete grade fau = 40 N/mm?
Characteristic strength of reinforcing steel fy =460 N/mm?
Self-weight of concrete Yeone = 24 kN/m®
Exposure condition mild
E ) area supported by Beam B
1 “ Beam B !
i i T ' :
i1 M = v =
NI H :\:"‘-\. | %
--EET S - < 3 : 3
o : = g ; B I m
1.0m ~ Frr mg | ¢ s E """ %Z'E
T 1 b [as] w
B BT ? %
- [, ——» AR
l \ ar;‘,;l }Sguef; I;;’r/tfd 1I m  load causing shear

J_ no connection to steel beam

Figure 5.103
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5.13.8  Solution to Example 5.24

Contract : Office Block Job Ref. No. : Example 5.24 | Calcs. by : W.McK.

Part of Structure : Two-Way Spanning Slab Checked by :
Calc. Sheet No. : 1 of 4 Date :
References Calculations Output

Initial sizing of the section:
The initial trial section depth can be based on deflection i.e.

Table 3.9 value = M = 20

effective depth

(This will be modified using the Table 3.10 value as given in
Clause 3.4.6.5 for the final deflection check)

Estimated effective depth required d 2 5280 = 250 mm.
Table 3.3 For C40 concrete with mild exposure steel cover > 20 mm

Assume 12 mm diameter bars:

The required overall thickness 7 = (250 + 6 + 20)

= 276 mm

Try a 275 mm thick slab.

Actual effective depth for the short span:

d=(275-20-06) =249 mm

Actual effective depth for the long span:

d=(275-20-12-6) =237 mm

Design loading:

Self-weight of slab = (0.275x%x24) = 6.6 kN/m>

Finishes and services = 1.25kN/m®

Characteristic dead load g« = 7.85kN/m’

Characteristic imposed load gc = 2.5kN/m?

Ultimate design load [(1.4 % g ) + (1.6 X g)]
[(1.4x7.85) + (1.6 X 2.5)]

15.0 kKN/m?

Table 3.13 ly/lx =7.5/50= 15 oy = 0.104 o, = 0.046

Design moment in the direction of span Iy

Clause 3.53.3 |my= ol = (0.104x150x5%
= 39.0 kKNm/m width

Design moment in the direction of span [,
my= ounl> = (0.046x15.0x5%
= 17.25 kNm/m width
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Contract : Office Block Job Ref. No. : Example 5.24 | Calcs. by : W.McK.

Part of Structure : Two-Way Spanning Slab Checked by :
Calc. Sheet No. : 2 of 4 Date :
References Calculations Output
Reinforcement: short span
6
Clause 3.4.4.4 = 1;[ = 39'0X1(2) =0.016 < 0.156
bd?f.,,  1000x2497% x40
Section is singly reinforced
Z=d505+ 0.25—£ = dq0.5+ 0.25—m
09 0.9
Bottom
= 0.984 .
The lever arm is limited to 0.95¢ | Reinforeement
Select:

M 39.0x10°

= = =377 mm?*/m width
0.95f,Z  0.95x460x0.95%249

s

Table 3.25 For slabs of rectangular sectionand f, = 460 N/mm?
100A/A. = 0.13%

Minimum A required = O.13xbxh mm®

100

_ 013x1000x275 oo o
100

< 452 mm?

Minimum % reinforcement satisfied

Reinforcement: long span
M 17.25%10°
bd? f.,  1000x237% x40

= 0.99d

Z=d405+ 0.25—£
0.9
The lever arm is limited to 0.95d

M 17.25%10°
0.95f,Z ~ 0.95x460x0.95x237

Clause 3.4.4.4 =0.008 < 0.156

Section is singly reinforced

d<0.5+ 0.25—M
0.9

= 175 mm?/m width

s

Table 3.25 Minimum area of reinforcement required A, = 358 mm?’
(as before)
< 377 mm’
Minimum % reinforcement satisfied

12 mm diameter bars
@ 250 mm centres
providing 452 mm*m
at mid-span

Bottom
Reinforcement

Select:

12 mm diameter bars
@ 300 mm centres
providing 377 mm” /m
at mid-span
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Contract : Office Block Job Ref. No. : Example 5.22 | Calcs. by : W.McK.

Part of Structure : Two-Way Spanning Slab Checked by :
Calc. Sheet No. : 3 of 4 Date :
References Calculations Output

Clause 3.12.11.2 | Maximum spacing of reinforcement:

< (Bxd)= (3x237) = 711 mm

< 750 mm

Since there is less than 0.3% reinforcement, no further check is
required on spacing.

Clause 3.12.10 | There is no curtailment since the reinforcement would be less

than 0.13%.
Clause 3.5.5 Shear Resistance
3
Clause 3.5.5.2 | Shear stress v = 14 = w = 0.16 N/mm?>
b,d 1000x237
Maximum shear < 0.8y f,, = (0.8x 440)
= 5.05 N/mm?
< 5.0 N/mm?

v < maximum pgrmitted value
1004,  100x377 _
bd 1000x237

Table 3.8 ve = (038x1.17) = 044 N/mm?
(Note: This allows for using C40 concrete)

0.16; d = 237

Table 3.16 v o< 1
No links are required

Clause 3.5.7 Deflection:
As for beams in Clause 3.4.6.3 using values for shorter span

& < Table 3.9 value X Table 3.10 value
effective depth

Table 3.10 lz = KXf, = 0.016x40 = 0.64
bd

2x fy x As,required _ 2x460x377
3% AS, provided 3x452

= 256 N/mm’
Interpolate between values given in Table 3.10

\%dl 0.50 0.75
service stress f;

250 1.90 1.70
300 1.60 1.44

Service stress f;

Use conservative estimate of modification factor = 1.44
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Contract : Office Block Job Ref. No. : Example 5.24 | Calcs. by : W.McK.
Part of Structure : Two-Way Spanning Slab Checked by :
Calc. Sheet No. : 4 of 4 Date :
References Calculations Output
Table 3.9 value X Table 3.10 value =20 X 1.44 = 28.8 Adequate
Actual SPa“ _ 2000 _ 201 < 288 with respf:ct
effective depth 249 to deflection
Standard
900 bend @ @ (] (] (] (] (]|
at support
TI2 @ 250 c/c — T12@300ce
« 5000 mm I

5.13.9 Example 5.25: Two-Way Spanning Restrained Slab
A part-floor plan for an office building is shown in Figure 5.104. The floor consists of
restrained 180 mm thick slabs poured monolithically with edge beams. Using the design
data given, design suitable reinforcement for a corner slab.

Design Data:
Characteristic total dead load (including self-weight)
Characteristic imposed load

Concrete grade

Characteristic strength of reinforcing steel
Exposure

8k
qx
Jeu
Iy

[ ¥ y
=
slab A 3 g
o)
- im » { [
=
<
O
6.0 m 6.0 m

Figure 5.104

L=60m |

corner slab A

6.2 kKN/m>
2.5 kN/m?
40 N/mm?>
460 N/mm?>
mild
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5.13.10 Solution to Example 5.25

Contract : Office Block Job Ref. No. : Example 5.25

Calcs. by : W.McK.

In most cases of this type the cover requirements regarding

1 hour fire protection is less onerous than exposure
requirements. Similarly, strength/deflection thickness
requirements normally exceed those required for fire protection.
The reader should refer to Table 3.4 and Figure 3.2 of the code.

Thickness of slab = 180 mm

Assume 10 mm diameter bars:

The effective depth for the outer layerd = (180 —20-5)
=155 mm

the effective depth for the inner layerd = (180—-20—-10-5)

=145 mm

Part of Structure : Restrained Slab Checked by :
Calc. Sheet No. : 1 of 5 Date :
References Calculations Output
Design loading:
Characteristic dead load g« = 6.2KkN/m?
Characteristic imposed load gc = 2.5kN/m’
Ultimate design load = [(1.4x g+ (1.6xq]
= [(1.4%x6.2)+ (1.6 x2.5)]
12.68 kN/m’
Table 3.14 From Figure 5.96 of the text the corner slab is ‘type 4’
Clause 3.5.3.5 | The slab is divided into middle and edge strips as indicated in
Figure 3.9 Figure 3.9 of the code.
l
ook 80 g5
8 8 8
ifrf; < 075m  45m  075m
£ -
| o S|
<]
middle .
strip IE edge mldqfle edge
< Strip — strip strip
- g
| __n
edge | * =
Strip
(a) For span [, (b) For span [,
lV
Table 3.14 L=0,=60m — =1
X
Table 3.3 For C40 concrete with mild exposure steel cover > 20 mm
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Contract : Office Block Job Ref. No. : Example 5.23

Calcs. by : W.McK.

Part of Structure : Restrained Slab Checked by :
Calc. Sheet No. : 2 of § Date :
References Calculations Output
Reinforcement for the middle strip of span I,
Table 3.14 ly/lx = 1.0
Figure 5.104 position 1 B, = —0.047
position2 B, = +0.036
Position 1 (continuous edge)
Design moment at position 1:
Clause 3.5.3.4 |my= Bun lf = —(0.047 x 12.68 x 6%)
= —21.45 kNm/m width
6
Clause 3.4.4.4 = ];/I = 21'45X120 = 0.022 < 0.156
bd”f,,  1000x155° x40
Section is singly reinforced
Z=d{05+ 0.25—£ = dq0.5+ 0.25—M
0.9 0.9
Top
= 0.98d .
Reinf t
The lever arm is limited to 0.95d emorcemen
Select:

M 21.45x10°
Y 095f,Z  0.95%460x0.95%155
100x393 _

Table 3.25 Actual area of reinforcement =

1000180
Position 2 (mid-span)
Design moment at position 2:

(0.036 x 12.68 x 6

= 16.43 kNm/m width
M 1643x10°
Cbd’f,,  1000x1552x40

Y ey

oM 16.43x10°
YT 095f,Z  0.95%x460x0.95x155

Clause 3.5.34

2
Mg = ﬁsxn [ X

Clause 3.4.4.4 0.017

= 0.98d

=333 mm?*/m width

0.22% >0.13%

Section is singly reinforced
Bottom
d{O.S + [0.25 _m)} Reinforcement

The lever arm is limited to 0.95d

=255 mm?*/m width

10 mm diameter bars
@ 200 mm centres

providing 393 mm?*/m
over continuous edge.

< 0.156

0.9
Select:

10 mm diameter bars
@ 250 mm centres
providing 314 mm*/m
at mid-span.
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Contract : Office Block Job Ref. No. : Example 5.25
Part of Structure : Restrained Slab

Calcs. by : W.McK.
Checked by :

Calc. Sheet No.: 3 of 5

Date :

Clause 3.5.5
Table 3.15

Clause 3.5.3.7

Clause 3.5.5

Clause 3.5.5.2

Table 3.8

Table 3.16

Clause 3.5.3.7

Clause 3.5.5.2

Table 3.16

128 mm?*m width
0.13x1000x 180
100

234 mm?*/m

Agrequired = (0.5 x 255) =

Minimum area of reinforcement

Shear resistance:
ly / .= 1.0

Figure 5.104 position 1 S, =
position 3 B, =

04
0.26

Position 1 (continuous edge)
Design shear at position 1:

Bunl, = (0.4x12.68x6.0) = 30.43 kN/m

Vsx =

Shear resistance
V. 3043x10°
bd 1000x155

08fos = (0.8%+40)

= 5.05N/mm’
< 5.0 N/mm?
v < maximum permitted value

1004, 100x393 _
bd 1000155

Ve = (0.5%x1.17) = 0.58 N/mm*
(Note: 1.17 — allows for using C40 concrete)

Shear stress v = 0.196 N/mm>

Maximum shear <

d = 155

0.25;

v o< v
No links are required
Position 3
Ve = Bunl, = (0.26 X 12.68 X 6.0) = 19.78 kN/m
3
Shear stress v = L = m = 0.136 N/mm’
bd 1000x155

v o< w
No links are required

References Calculations Output
Table 3.25 Actual area of reinforcement = 100x314 = 017% >0.13%
1000x180
Position 3 (discontinuous edge) TOP
Clause 3.12.10.3 | At least 50% of bottom steel should be provided in the top at the | Reinforcement
support and not less than the minimum area required. Select
elect:

8 mm diameter bars
@ 200 mm centres
providing 252 mm?*/m
at mid-span
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Contract : Office Block Job Ref. No. : Example 5.25
Part of Structure :
Calc. Sheet No. : 4 of 5

Restrained Slab
Date :

Calcs. by : W.McK.
Checked by :

References Calculations Output
Reinforcement for the edge strip of span I, Edge Strips
Clause 3.5.3.5 |Provide minimum reinforcement in accordance with Sel
elect:

Clause 3.5.3.5

Clause 3.12.10

The reader should carry out a similar calculation for
reinforcement in the [, direction for positions 2, 4, and 5
using the appropriate 3, and B, values from Tables 3.14
and 3.15 as necessary.

Torsion Steel

“Torsion steel consists of top and bottom reinforcement, each
with layers of bars placed parallel to the sides of the slab and
extending from the edges a minimum distance of one-fifth of the
shorter span. The area in each of these four layers should be
three-quarters of the area required for the maximum mid-span
design moment in the slab.

Torsion reinforcement equal to half that described in the
preceding paragraph should be provided at a corner contained
by edges over only one of which the slab is continuous.

Torsion reinforcement need not be provided at any corner
over both of which the slab is continuous.”

L_ 6000 _ s
5 5.0
A L1l
X Y
g
2
\O
Il
Y
' n L1
| |
jimanng -
P l,=6.0m _
Corner X:
Agrequired = (0.75x281) = 211 mm?/m width

This is less than the minimum area = 234 mm*m
(Note: The 281 mm? is based on position 2 in the /, direction.)

8 mm diameter bars
@ 200 mm centres

Torsion steel
External corner with
simple supports

Select:

8 mm diameter bars
@ 200 mm centres
providing 234 mm*/m
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Contract : Office Block Job Ref. No. : Example 5.25
Part of Structure : Restrained Slab
Calc. Sheet No.: 5 of 5

Calcs. by : W.McK.
Checked by :
Date :

References Calculations

Output

Corner Y:

Service stress f;

2x fy X As, required 2x460x364

Torsion teel

Arequired = (0.5%211)= 106 mm%m width < 234 mm? |corner with one

continuous edge

Deflection: Select: )

Clause 3.5.7 Same as for beams in Clause 3.4.6.3 using values for shorter 8 mm diameter bars
span @ 200 mm centres

span providing 234 mm*m

——— < Table 3.9 value x Table 3.10 value
effective depth

Table 3.10 Lz = KXf, = (0.017x40) = 0.68
bd

=284 N/mm?

Interpolate between values given in Table 3.10:

3% AS, provided 3x393

span _ 6000
effectivedepth 155

387 > 374

Mibd?* | 0.50 0.75
service stress f;
250 1.90 1.70
300 1.60 1.44
Use conservative estimate of modification factor = 1.44

Table 3.9 value X Table 3.10 value= 26x1.44 = 37.44

Calculate a more accurate value for the Table 3.10 coefficient.

Mibd* | 0.50 0.75
service stress f;
284 1.70 1.50
Value for M/bd>=0.68 = 1.56

>

Table 3.9 value x Table 3.10 value = 26 x 1.56 = 40.56 Adequate with

respect to deflection
38.7
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5.14 Design Charts for Bending Moments

As indicated in Clause 3.4.4.2 of the code, design charts have been prepared and are given
in BS 8110:Part 3:1985. These charts have been derived on the basis of a rectangular-
parabolic stress block as described in Section 5.3 with the partial safety factor %, = 1.5 for
concrete and 7%, = 1.15 for reinforcement. The current version of BS 8110-2:1997
indicates the use of 7%, = 1.05 for reinforcement and consequently any area of
reinforcement determined using the design charts should be modified by multiplying by a
factor equal to (1.05/1.15) = 0.91.

The design charts are presented for various combinations of f., and f; for singly
reinforced beams and additionally d '/d values for doubly-reinforced beams. The required
percentage areas of reinforcement are given in terms of 100 Ag/ bd and 100 A’ / bd. In
the case of doubly-reinforced beams graphs are given in for redistribution assumed to be
less than 10% (corresponding with x / d = 0.5) and with a maximum of 30%.

The charts used in Examples 5.26 to 5.28 are for illustration purposes only.

5.14.1 Example 5.26: Singly-Reinforced Rectangular Beam

Consider the rectangular beam in Example 5.6 which is required to resist a bending
moment of 150 kNm and has the following design data:

Characteristic strength of concrete fw = 40 N/mm’
Characteristic strength of reinforcing steel fy =460 N/mm’
Breadth of beam b = 200 mm
Effective depth to the centre of the tension steel d = 387 mm
Using Design Chart 2 determine the required area of tension reinforcement.
Solution:
6
In order to use Chart 2 it is necessary to evaluate M/bd> .. lz = &102 =50
bd 200x387
7
6 _ ‘%‘% < b —»
A
~ o g g x
S 4 ! g
S 8 z ¥
3 ! d
2 P : £ l
I
1 y v | 0A, @
|
0.5 1.0 15 25 f, = 460 N/mm’
100 A,/ bd

Figure 5.105 — Design Chart 2
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From Figure 5.105:
100A, _ 151 A = 1.51x200x387
bd 100

The modified value allowing for 3, = 1.05 A, = (1169x0.91) = 1064 mm’

1169 mm?

This value compares with A, = 1260 mm” calculated using the equations in Clause 3.4.4.4
of the code which were derived using the simplified rectangular stress block.

5.14.2  Example 5.27: Singly-Reinforced Rectangular Slab

Consider the rectangular slab in Example 5.7 which is required to resist a bending moment
of 60.02 kNm/metre width and has the following design data:

Characteristic strength of concrete fu = 40 N/mm’
Characteristic strength of reinforcing steel fy =460 N/mm?
Breadth of slab b = 1000 mm
Effective depth to the centre of the tension steel d = 270 mm
Using Design Chart 2 determine the required area of tension reinforcement.
Solution:
6
M2 _ 60.02x10 - o
bd 1000x270
7
6 _ gg < b —»
30
5 11 A
S 4 Z E x T
Q 7 e v
= z d
2 P £ l
1k .'7%4 0A @
0.5 1.0 1.5 2.5 f, =460 N/mm?
100 A,/ bd

Figure 5.106 — Design Chart 2

From Figure 5.106:

1004, _ 023 A = 0.23><11(z)(2)0><270

The modified value allowing for %, = 1.05 A

621 mm?

(621 x0.91)= 565 mm’

This value is the same as calculated using the equations in Clause 3.4.4.4 of the code.
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5.14.3 Example 5.28: Doubly-Reinforced Rectangular Beam

Consider a rectangular beam which is required to resist a bending moment of 256 kNm
and has the following design data:

Characteristic strength of concrete fau = 30 N/mm?
Characteristic strength of reinforcing steel fy =460 N/mm?
Breadth of beam b = 250 mm
Effective depth to the centre of the tension steel d = 420 mm
Depth to the centre of the compression steel d' = 50 mm

Use Design Charts to determine the required area of tension and compression
reinforcement assuming no redistribution of the moments.

Solution:

6
Mo 200 _sg x/d=05  did = (50/420) = 0.12
bd 250% 420

Use Design Chart No. 6

13 0.5 1.0 1.5 2.0 2.5 3.0 3.5
P 4.0 X/d=03 o
12
P52 2 R 7T T Y S—
11 pr gaem I
10 AL x/d=05 _______
_-"///
9 /ffz/ ——1.0
o g 2o ad -« b —»
E y gl nauE —0.5 %
= 6 A 0 A \ d 'T
e R RN S R x
5 /P AI
7114 ~ s
Vo d S
4 7 =~ d
P o
3 ] <
) Pd =
A S l
1 » = eA. @
/
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 f =30 N/mm2
100 A,/ bd 1, — 460 N/mm?
Figure 5.107 — Design Chart 6 dld 0.10
From Figure 5.107:
100A, .
s =18 A = AOX20XA0 6o L 1720 mm?
bd 100
IOO_AS = 03 A= w x 0.91 = 300 mm?3
bd 100

! modified value allowing for %, = 1.05
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5.15 Columns

Structural frames are constructed from a series of interconnected slabs, beams, walls and
columns. The primary purpose of the columns and walls is to transfer the loads in a
vertical direction to the foundation. In braced frames, i.e. those in which the lateral
loading is transferred by structural elements such as shear walls, cores or bracing, the
columns are subject to axial loading in addition to moments induced by the dead and
imposed loads only. In unbraced frames the columns are subject to additional sway
moments induced by the lateral wind loading.

In both cases, columns are defined in BS 8110:Part 1:1997, Clause 3.8.1.3 as either
short or slender. Slender columns are subject to moments due to the deflection of the
columns, which must be added to those calculated for the loading and sway effects.

The definition of ‘short’ and ‘slender’ is dependent on the [/ and [.,/b ratios of the
columns, where:

lx the effective height in respect of the major axis,

ley the effective height in respect of the minor axis,

h the depth of the cross-section measured in the plane under consideration,
b the width of a column (dimension of a column perpendicular to ).

The defining slenderness ratios are given in Clause 3.8.1.3 and summarized in Table 5.2.

Defining Slenderness Ratios for Short Columns
lex/h ley/D
Braced Column 15 15
Unbraced Column 10 10
Table 5.2

Any column which has a slenderness ratio greater than the values given in Table 1 should
be considered as slender. The effective height (/) can be evaluated using the
recommendations given in Clause 3.8.1.6, Table 3.19 and Table 3.20 of the code; i.e.
l. = B, where Bis a coefficient which is dependent on the end condition of the column,
and [, is the clear height between the end restraints.

The end conditions are graded from 1 to 4, in which 1 corresponds to a significant
fixity and 4 represents a free end. These conditions are defined in Clause 3.8.1.6.2 of the
code as shown in Figures 5.108 and 5.109.

Extract from BS 8110:Part 1:1997
Table 3.19 Values of  for braced columns

End condition at top | End condition at bottom
1 2 3
1 0.75 0.80 0.90
0.80 0.85 0.95
3 0.90 0.95 1.00

Figure 5.108
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Extract from BS 8110:Part 1:1997

247

Table 3.20 Values of 8 for unbraced columns
End condition at top | End condition at bottom
1 2 3
1 1.2 1.3 1.6
2 1.3 1.5 1.8
3 1.6 1.8 —
4 2.2 — —
Condition 1:
The end of the column is connected

monolithically to beams on either side which
are at least as deep as the overall dimension of
the column in the plane considered. Where the
column is connected to a foundation structure,
this should be of a form specifically designed to
carry moment.

Condition 2:

The end of the column is connected
monolithically to beams or slabs on either side
which are shallower than the overall dimension
of the column in the plane considered.

Condition 3:

The end of the column is connected to members
which, while not specifically designed to
provide restraint to rotation of the column will,
nevertheless, provide some nominal restraint.

Condition 4:

The end of the column is unrestrained against
both lateral movement and rotation (e.g. the
free end of a cantilever column in an unbraced
structure.

‘I‘:[ .
M

=

||

T

Figure 5.109

n

dd<h

light tie beams

S fixed base
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The slenderness limits for columns are given in Clauses 3.8.1.7 and 3.8.1.8 as:

[, £ 60 X minimum thickness generally, and in unbraced
columns, one end of which is unrestrained (e.g a cantilever column), its clear height, /,
should not exceed:

2
100b < 60b

I, =

where /& and b are the larger and smaller dimensions of the column respectively.

The design axial forces and moments in columns can be determined according to the
requirements of Clauses 3.2 as indicated in Section 5.14.1.

Additional moments induced in slender columns should be added to those evaluated
using Clause 3.2.1.3 as indicated in Clause 3.8.2.2. The design of slender columns is not
considered in this text.

As indicated in Clause 3.8.2.3, in the case of columns supporting a symmetrical
arrangement of approximately equally loaded beams, only the design ultimate axial force
need be considered in design, together with a design moment representing a nominal
allowance for eccentricity, equal to that recommended in 3.8.2.4.

In Clause 3.8.2.4 a minimum eccentricity, ey, equal to (0.05 x overall dimension of
the column in the plane of bending, but not more than 20 mm), is defined which must be
used to evaluate the nominal design moment.

Note: At no section in a column should the design moment be taken as less than that
produced by considering the design ultimate axial load as acting at the minimum
eccentricity.

5.15.1 Design Resistance of Columns

The rigorous design of columns subject to combined axial loading and bending moments
is very laborious and time-consuming. To enable an efficient, economic and rapid design
to be undertaken, a series of design charts have been produced for symmetrically-
reinforced columns; these are given in BS 8110:Part 3. A typical design chart is shown in
Figure 5.110. The reinforcement areas determined using the design charts should be
modified to reflect the changes to the partial safety factor %, as before, i.e. multiplied
by 0.91.

50
I . .
45 b k=0.1 N - the ultimate design
40 2 k=0.2 100 A,./bh axial load
E 35 [ AT ke 0-}3_ > i i M - the ultimate design
> 30 k=05 bending moment
< 25 P~ < k=06 k — reduction factor for
S 20 PSS e R k=0T slender columns
2 s i P k=08 | |
10 < N N (3('9= 10 Reinforcement equal to
s LD oD R s e 0.4%, 1%, 2%, 3%, 4%,
04 8.0 5%, 6%, 7% and 8%.

01 2 3 456 7 8 9101112 131415 16
M /bh* N/mm* Figure 5.110
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5.15.1.1 Short Columns Resisting Moments and Axial Forces (Clause 3.8.4.3)

Normally short columns only require to be designed for the maximum moment about one
critical axis in addition to the axial load. In the case of a column supporting e.g. a rigid
structure or very deep beams, where it cannot be subjected to significant moments, they
may be designed in accordance with Clause 3.8.4.3 such that the applied ultimate axial
load does not exceed the following:

N = 04f.A+0.8A,f,
where:
N is the applied ultimate axial load,
A, is the net cross-sectional area of concrete in the column, i.e. (bh — A, ),
A 18 the area of vertical reinforcement, i.e. all main reinforcement,
feu and fy are as before.

5.15.1.2 Short Braced Columns Supporting an Approximately Symmetrical Arrangement
of Beams (Clause 3.8.4.4)

A reduction from the equation given in Clause 3.8.4.3 is given to allow for moments
which will arise from asymmetrical loading on symmetrical beams and is given in
Clause 3.8.4.4 in the following equation:

N = 035, Ac + 0.7A fy
where:
a) the beams are designed for uniformly distributed loads; and
b) the beam spans do not differ by more than 15% of the longer.

Both of these equations incorporate an allowance for the partial safety factor %, and a

reduction of approximately 10% for the required minimum eccentricity specified in
Clause 3.8.2.4.

5.15.2 Example 5.29: Axially Loaded Short Column

A short, braced column is subjected to an ultimate applied axial load of 3000 kN and a
nominal moment only. Using the design data given:

i)  check that the column is short,
ii) determine the required area of main reinforcement,
i) determine suitable links.

Characteristic strength of concrete fu = 40 N/mm’
Characteristic strength of reinforcing steel fy =460 N/mm’
Width of column b = 350 mm
Depth of column h = 375mm
End condition at the top of the column for x—x axis = 1
End condition at the top of the column for y—y axis = 2
End condition at the bottom of the column for x—x axis = 3
End condition at the bottom of the column for y—y axis = 3

Clear height between the end restraints about both axes = 5.0m
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Solution to Example 5.29

Part of Structure :

Contract : Concrete Frame Job Ref. No. : Example 5.29
Short, Braced Column

Calcs. by : W.McK.
Checked by :

Clause 3.12.7.1

(3000 x 10*) = 0.4 x 40 X [(375 x 350) — A ] + (0.8 X Ay, X 460)

A =

2557 mm?

Minimum link diameter = (0.25 X largest compression bar)

= 625 mm
> 6mm
Spacing of links <
= (12x25) =
A 12
A 12

(12 x smallest compression bar)

300 mm

Typical column/beam/slab intersection details:

75 mm

- I

lap

1in 10

kicker

[\

slab

length Lt |

lin 10\/

beam

— column

Calc. Sheet No.: 1 of 1 Date :
References Calculations Output
Clause 3.8.1.3 | The column is braced
“olex/h and L,/ h < 15 if column is short
Table 3.19 x—x direction: end condition at the top =1
end condition at the bottom = 3
B = 09 = L = (0.9 X 5000) = 4500 mm
sl /B = (45007 375) = 12.0<15.0
y—y direction: end condition at the top = 2
end condition at the bottom = 3
B = 095 . ly,=(0.95x5000) = 4750 mm .
oyl h = (4750 /350) 13.6<150 | Columnis short
Clause 3.84.3 |N = 0.4f,A.+0.8A.f,

Select:

6/25 mm diameter
bars providing
2950 mm?

Select:
8 mm diameter links
at 300 mm spacing
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5.15.4 Example 5.30: Reinforced Concrete Multi-Storey Braced Column

A reinforced concrete industrial frame is shown in Figure 5.111. The structure, of which
this frame forms a part, is braced and comprises a series of such frames at 6.0 m centres.
Using the design data given determine suitable reinforcement for the internal column at
Section x—x. Assume the columns bases are fixed.

Design Data:
Characteristic dead load (including self-weight of floor):
Roof level g« = 4.0KkN/m’
1*" and 2™ floor levels g« = 8.0KkN/m’
Characteristic imposed load:
Roof level g = 40kN/m’
1*" and 2™ floor levels g« = 12.0kN/m’
Characteristic strength of concrete fw = 30 N/mm’
Characteristic strength of reinforcement fy = 460 N/mm’
Exposure condition mild
Minimum fire resistance 1 hour
All columns 300 mm x 350 mm
All main beams 300 mm wide x 600 mm deep
1Roof B
=
J J:j 350 mm 2
2" Floor A I —
; ! ! :
on o
D | | I Floor B E ©
X7 x = — N
(@]
Ground Floor C ~ Part plan
T
L] L] L]
50m 35m |
Cross-section
Figure 5.111

The critical design load case in a braced structure is usually that which induces the largest
moment in the column being considered together with the largest compatible axial load. In
this example the load case which should be considered is as indicated in Clause 3.2.1.2.5,
assuming that the beams DB and BE are to be designed in accordance with
Clause 3.2.1.2.4.
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5.15.5 Solution to Example 5.30

Contract : Concrete Frame Job Ref. No. : Example 5.30

Calcs. by : W.McK.

Part of Structure : Multi-Storey, Braced Column Checked by :
Calc. Sheet No. : 1 of 4 Date :
References Calculations Output

Clause 3.2.1.2.5

“The arrangement of the design ultimate imposed load should be
such as to cause the maximum moment in the column.”

[ ]
Roof Fl;llll||||||||||||||||||||||||||||||||||||| |
g
)
nd «“
2" Floor t:||||||||||||||||||||||| [NERRRRRRRRNRRNNN]
A g
Lg]
o
1" Floor FI:-‘”””””””I”””“ LI LLLLLLLLT
Ground B Eg
Floor =+
T C T
L] L] L]
50m | 3s5m |

LY ~ ~

Design roof loading = [(1.4 x 4.0 X 6.0) + (1.6 x4.0 X 6.0)]
= 72 kN/m

Design 2nd floor loading
= [(1.4x8.0x6.0)+ (1.6 x12.0 X 6.0)]
= 182.4 kN/m

Design 1st floor loading

Beam DB [(1.4x8.0%x6.0)+ (1.6 X 12.0 X 6.0)]

182.4 kKN/m

(1.0x 8.0 x6.0)

48.0 kN/m

Beam BE

Design axial load at section x—x:

N= (5:0+3.5) X (72 + 182.4) + (2.5 x 182.4) + (1.75 x 48.0)

=1621.2 kN

The analysis to determine the design bending moment is carried
out using a sub-frame as indicated in Figure 5.86.
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Contract : Concrete Frame Job Ref. No. : Example 5.30 | Calcs. by : W.McK.

Part of Structure : Multi-Storey, Braced Column Checked by :
Calc. Sheet No. : 2 of 4 Date :
References Calculations Output

Load from above
iR .
A I~

182.4 kKN/m — 48 KN/ i
S oo
;%D B \ E:ﬁ ET
kpg= (0.5 X Ipg)/Lpg C kge = (0.5 X Igg)/Lgg S"
J 5.0m W 3.5m J
T ~ T
In this simplified frame:
Ign= Ipc= % = W: 1071.9 x 10° mm*
Ip= Iys= % = M: 5400 x 10° mm*
kga = I_ M = 0.31x10° mm®
L 3500
kpe = L M = 0.27x10° mm®
L 4000

In the sub-frame the beam stiffnesses are assumed to be equal to
(0.5 x actual value)

6
kap= |05k L] = 92X3400xXI07 5108 mm?
L 5000

6
kg = ( [J= 05540010 .77 x 106 mm®

0.5x—
L 3500
Total stiffness of the joint ki

= (0314027 +0.54+0.77)x10° = 1.89x10°m’
Distribution factors at joint B:
DFgy = % = 0.16; DFpc = % = 0.14
DFpp = % = 029; DFg, = % = 041

Note: The sum of the distribution factors = 1.0




254

Design of Structural Elements

Contract : Concrete Frame Job Ref. No. : Example 5.30

Calcs. by : W.McK.

Part of Structure : Multi-Storey, Braced Column Checked by :
Calc. Sheet No. : 3 of 4 Date :
References Calculations Output

Clause 3.8.1.3

Table 3.19

Clause 3.3.1.2
Clause 3.3.1.3
Table 3.3
Table 3.4

Figure 3.2

The fixed end moments from the beam loadings are:
wL> | 1824x50°

Mgpand Mps = +25 — = +380.0 kNm
BD DB 12 12
2 2
My and Mgg = + W1L2 =+ 48'0123'5 = +49.0kNm

Completing the moment distribution at the joint B gives:

Joint A D B E C
AB DB BD BA BC BE EB CB

DF 0.0 0.0 ] 029 | 0.16 | 0.14 | 041 0.0 0.0

- + - +
FEM 380 | 380 49.0 | 49.0
Bal. 96.0 | 53.0 | 46.3 | 135.7

C.0. | 265 | 48.0 679 | 23.2

- - + - — - - -
Total | 26.5 | 428 | 284 | 53.0 | 46.3 | 184.7 | 18.9 | 23.2

Design moment in the lower column at section x—x:
M = 463 kNm
Design axial load at section x—x N 1621.2 kKN

The column is braced

Assume the effective height of column section BC is equal to
4.0 m about both axes.

x—x direction: ... I,/ h = (4000 /300) = 133<150
y=y direction: .. [,/ h = (4000 /350) = 114 <150
Assume bar size = 25 mm
Nominal maximum size of aggregate = 20 mm
Exposure condition is mild = 25 mm
Minimum fire resistance 1 hour = 20 mm
Assume minimum cover to main steel = 25 mm

Assume all column faces are exposed:
Minimum column dimension = 200 mm
Column is adequate with respect to fire resistance

Assume 6 mm diameter links
Effective depth d=  (350-25-8-16) = 311 mm

Column is short




Design of Reinforced Concrete Elements

255

Contract : Concrete Frame Job Ref. No. : Example 5.30
Part of Structure :

Multi-Storey, Braced Column

Calcs. by : W.McK.
Checked by :

Clause 3.12.7.1

Calc. Sheet No. : 4 of 4 Date :
References Calculations Output
d/h = (311/350) = 0.89
Use Design Chart No. 29
3
Nph = 162L2XI0°
(300x350)
46.3%x10°
MIbh* = = 13
(300x3502 )
50 —
45 [l k=01
40 W | k=02
. 1004, /bh
"'E 35 V : k=0.3 [
g 1T k=04
> 30 |- k=05
25 A k=06
S o0 B <N k=07
Z LS e = k=08 J. ). L.
R S s SN g N T k=09 |
10 T o - R k= 10
5 74'041 ) ) ) ] 1) - % of reinforcement
L 8.0 ranging from 0.4 to 8.0
0 1 23 456 78 9101112 13141516
M /bh* N/mm®
From the chart:
100A/bh= 13 o Ay = (1.3x300x350) = 1365 mm’ Select:

100

Minimum link diameter = (0.25 X largest compression bar)

= 6.25mm
> 8§mm

Spacing of links < (12 x smallest compression bar)
= (12x20) = 240 mm

Similar calculations can be carried out for column sections
above and below each floor level and at the ground floor level.
Note that this sub-frame cannot be used to determine the beam
moments; see Clause 3.2.1.2.4.

4/25 mm diameter
+ 2/20 mm diameter
bars providing

1432 mm*

Select:
8 mm diameter links
at 240 mm spacing
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5.16 Foundations

5.16.1 |Introduction

The primary function of all structural elements is to transfer the applied dead and imposed
loading, from whichever source, to the foundations and subsequently to the ground. The
type of foundation required in any particular circumstance is dependent on a number of
factors such as:

¢ the magnitude and type of applied loading,

¢ the pressure which the ground can safely support,
¢ the acceptable levels of settlement,

¢ the location and proximity of adjacent structures.

The most common types of foundation currently used are indicated in sections 5.16.2
to0 5.16.6.

5.16.2 Pad Foundations

These are normally adopted for single columns (either steel or concrete), and can be either
square or rectangular in plan as indicated in Figure 5.112. When only concentric vertical
loading is applied, square pads are used, assuming a uniform pressure under the whole
base area. If the loading is eccentric or if a moment is applied to the base then it is more
efficient to adopt a rectangular base. In this case the pressure under the base is assumed to
vary linearly.

rectangular pad
square pad foundation

foundation

Figure 5.112

5.16.3 Combined Foundations

These are normally adopted for two columns either when they are relatively close together
or when one of the columns is adjacent to an existing structure. The shape of a combined
footing is generally rectangular, trapezoidal or a combination of two rectangles, as shown
in Figure 5.113. In the last case, a rib-beam the same width as the columns is often
incorporated either the whole length of the base or between the columns. This foundation
can be designed as a T-section and requires less concrete.

trapezoidal combined
foundation

rectangular combined
oundation

combined rectangle
foundation

“alternative T-section

Figure 5.113 foundation
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The dimensions of a combined footing can be determined such that the resultant load
from the columns passes through the centroid of the base area. In this case the resulting
pressure on the soil will be uniform.

A rectangular base does not always provide the most economic arrangement due to the
difficulty of making the resultant load pass through the centroid of the base area. The
trapezoidal base has the disadvantage of detailing and cutting the transverse reinforcement.
It is more suitable when there is a large variation in the column loads and there are
limitations on the dimensions of the foundations. The combined rectangular solution can
be used in most cases.

The critical section for shear in a combined footing is not specified in BS 8110, but for
a wide footing which acts as a thick slab bending in both the longitudinal and transverse
directions, it is probably similar to pad foundations and approximately ‘1.0d” from the
column face. In narrow footings the bending is predominantly in the longitudinal direction
and the critical section for shear should be taken at the face of the column.

5.16.4 Strip Footings

These are normally adopted for lines of closely spaced columns or under walls, as shown
in Figure 5.114. The strips are designed as continuous beams subjected to the ground
bearing pressures. In good ground conditions where the soil is firm (and the columns are
evenly spaced), the ground pressure can be assumed to be uniform. When columns are
unevenly spaced and the soil is firm, the variation in pressure can be assumed to vary
linearly. In compressible and/or poor soils the variation in ground pressure will not be
linear, resulting in a different distribution of bending moments. In many situations, other
than on lightly loaded strip foundations, reinforcement will be necessary.

v
i i i i strip foundation i i &
W% >

—— strip foundation

M
Figure 5.114

5.16.5 Raft Foundations

These are continuous slabs which cover the whole plan area of the structure as shown in
Figure 5.115. They are normally used under the following circumstances:
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¢ For lightly loaded structures on soft natural ground where it is necessary to
spread the load, or where there is variable support due to natural variations
such as made-up ground, swallow holes, etc., and the raft is used to bridge the
weaker areas.

¢ For heavier structures where the ground conditions are such that there are
unlikely to be significant differential settlements. In many such cases the raft
can be considered as a nominal one replacing isolated foundations occupying
the majority of the available foundation area.

¢ Where differential settlements are likely to be significant. In such cases, the
raft will require special design, involving an assessment of the disposition and
distribution of loads and contact pressures.

¢ Where mining subsidence is likely to occur. Design of the raft and structure to
accommodate mining subsidence requires special consideration, often
involving provision of a flexible structure, e.g. avoiding long continuous
buildings by creating division of extensive buildings into independent sections
of appropriate size each with its own foundations.

The construction of the raft can be a flat slab of continuous thickness, thickened locally
around column positions, or can be strengthened by beams to form a ribbed construction.

\

AVAVaVaVaVaN

N2 VAVAVAVAVAY

raft foundation

Figure 5.115

5.16.6 Piled Foundations

These are used in situations where it is necessary to transfer the foundation loads through
strata which have a low bearing capacity to strata, which has a higher capacity, or to rock.
In some situations, where it is necessary to resist high uplift forces or to transfer horizontal
loads through poor soil, it may also be necessary to introduce piled foundations. Piles are
essentially long, slender members, mostly subjected to compression as shown in
Figure 5.116. In general, pile groups are subjected to axial load, moments and horizontal
loads. The distribution of these loads between individual piles is based on simple elastic
analysis.
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@ pile cap resisting vertical and
/ horizontal loads and a moment

~o !/ -

N
TSN

Figure 5.116

5.16.7 Loading Effects
The loading effects which occur in foundations, are generally one or more of the following
three types:

¢ horizontal forces due to lateral loading such as wind on the supported structure
or friction between the underside of the base and the ground — horizontal forces
are not usually of sufficient magnitude to affect the size of foundations,

¢ vertical forces due to columns and/or walls and the bearing pressure from the
ground underneath the base,

¢ moments due to loading from columns and/or walls etc. which are eccentric to
the centroid of the base.

5.16.8 Base Pressures

The assumption of a linear pressure distribution under foundations results in one of three
possible pressure diagrams under the base. The magnitude of the pressure in each case is
determined using elastic analysis.

5.16.8.1 Case 1: Uniform Pressure (compression throughout)
When a base is subject to an axial load only in which the line of action of the applied force
passes through the centroid of the base as shown in Figure 5.117, the pressure under the
base is assumed to be uniform throughout and is equal to P where:

| N

Applied Load N l

= = - - 20
E]HMMIP

(A
B

Base Area BD

D

Figure 5.117
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5.16.8.2 Case 2: Varying Pressure (compression throughout)

When a foundation is subject to an
eccentric load or a central load
combined with a moment, the
pressure under the base can be either
compression throughout or
compression and tension. In the case
of compression throughout as shown
in Figure 5.118, the magnitude can
be determined using simple elastic
analysis and is equal to the sum of
the axial stress and the moment
stress, i.e.

N, M _ N M
BD BD?/6  BD BD?

p

jpmax

N
/] \T M
S &
D Pmin i
e M=(Nxe) |V
1 e
h 4
B .
Pmin i
D
Figure 5.118

Note: In the second case with the eccentric column, the moment M = (N X e)

5.16.8.3 Case 3:Varying Pressure
(compression over part of the base)

In the case of compression over part

of the base as shown in Figure 5.119,

the magnitude of the maximum

pressure can be determined using

simple elastic analysis and is equal
2N

P=—F7"T7T
3B(D—e)
2

Note: In the first case the equivalent
eccentricity e can be determined by
equating

to:

M=(NxXe e = —
( ) N

e
2

N
e

S J

e

Pl
B

Figure 5.119

jpmax

max

max

y LELyB

Middle Third Rule
Incasel e
In case 2

e
Incase3 e

=0 No tension
< DJ/6 No tension
> D/é6 Tension exists

This is normally regarded as the middle third rule: i.e. if the eccentricity e of the load lies

within the middle third of the base length, then no tension will occur under the base.
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5.16.9  Design of Pad Foundations

A typical arrangement of the reinforcement in a pad foundation is shown in Figure 5.120.
In square bases the reinforcement to resist bending is distributed uniformly across the full
width of the foundation. For a rectangular base the reinforcement in the short direction
should be distributed with closer spacing in the region under and near the column to allow
for the fact that the transverse moments are greater nearer the column. If the foundation is
subjected to eccentric loading inducing large moments such that there is only partial
bearing, (case 3 above) reinforcement may also be required in the top face.

& i)

Figure 5.120

Dowel (or starter) bars provide the continuity of the reinforcement between the column
and the base. A length of the column (e.g. 75 mm) is often constructed in the same
concrete pour as the foundation to form a ‘kicker’ (a support) for the column shutters. In
these cases the dowel lap-length should be measured from the top of the kicker as shown
in Figure 5.121.

T
1 1
1 I

lap length { \ 1| dowel bars
ﬁ kicker =75 mm

= s = Figure 5.121

5.16.9.1 Critical Section for Bending

The critical section which should be considered for bending is at the face of the column
and extending across the full width of the base as shown in Figure 5.122. The area of
reinforcement required is calculated in the same manner as for beams using Clause 3.4.4.4.
The minimum and maximum area of steel are determined using Table 3.25 and Clause
3.12.6 respectively.

critical section —
for bending

)

Figure 5.122
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5.16.9.2 Critical Sections for Shear

The critical sections which should be considered for shear are as shown in Figure 5.123.
The shear stress at the column face should not exceed the maximum values indicated in

Clause 3.7.7.2,i.e. 0.8,/ f,, or 5N/mm’,

The direct shear stress should be checked at a distance of 1.0d from the face of a
column, and if it is less than v, from Table 3.8 no shear reinforcement is required.
Punching failure can occur on the inclined faces of truncated cones or pyramids,
depending on the shape of the loaded area. The possibility of this type of failure can be
checked by considering a shear perimeter as indicated in Figure 3.16 of the code. In the
case of square/rectangular pad foundations the value of /, in Figure 3.16 is equal to 1.5d as
indicated in Clause 3.7.7.6. As in direct shear, when the value of the shear stress is less
than v, from Table 3.8 no shear reinforcement is required. Pad foundations are normally
designed such that shear reinforcement is not required.

critical section for |
maximum shear L
T T T T T T T T T 1

critical section \:,\:\ i
for direct shear NS ’:7— 1.5d

L g :‘ ..... e : e punching shear |
perimeter

i Figure 5.123

5.16.9.3 Design Procedure

Pad foundations should be checked for direct shear, punching shear, and bending. The
shearing forces and bending moments are caused by the ultimate design loads from the
column and the weight of the base should not be included in these calculations. The
thickness of the base is often governed by the requirements for shear resistance. The
principal steps in the design calculations are as follows:

¢ Calculate the plan size of the foundation using the permissible bearing pressure
and the critical loading arrangement for the serviceability limit state.

¢ Calculate the bearing pressure associated with the critical loading arrangement at
the ultimate limit state.

¢ Assume a suitable value of thickness (%) and determine the effective depth (d).

¢ Determine the reinforcement required to resist bending.

¢ Check that the shear stress at the column face is less than 5 N/mm”® or 0.8/ .,
whichever is the smaller.

¢ Check that the direct shear stress at a section 1.0d from the column face is less
than v, from Table 3.8.

¢ Check that the punching shear stress on a perimeter 1.5d from the column face is
less than v, from Table 3.8.
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Reinforcement to resist bending in the bottom of the base should extend at least a full
tension anchorage length beyond the critical section for bending.

5.16.10 Example 5.31: Axially Loaded Pad Foundation

A pad foundation is required to support a single square column transferring an axial load

only. Using the data provided:

¢ determine a suitable base size,
¢ check the base with respect to:
o bending,
o direct shear, and
o punching shear,

designing suitable reinforcement where necessary.

Design Data:

Characteristic dead load on column
Characteristic imposed load on column
Characteristic concrete strength
Characteristic of reinforcement

Net permissible ground bearing pressure
Column dimensions

Exposure condition

5.16.11 Solution to Example 5.31

800 kN
300 kN

fow = 40 N/mm’
f, =460 N/mm’
pe = 200 kN/m’
375 mm X 375 mm
severe

Calc. Sheet No.: 1 of 5

Contract : Foundations Job Ref. No. : Example 5.31
Part of Structure : Axially Loaded Pad Foundation

Calcs. by : W.McK.
Checked by :
Date :

References Calculations

Output

Base plan area:

bearing pressure given.

Total design axial load

(800 + 300)
Minimum required base area = 1100
200

Base length for square base = /5.5

The serviceability limit state loads are used to determine a
minimum base area since this is based on the permissible

(1.0 Gy + 1.0 Qy)
1100 kN

Base reinforcement (based on ultimate loads):

Total design axial load

= (14 Gk+1.6 Qk)

1600 kN

(1.4 x 800) + (1.6 x 300)

Provide a 2.4 m
square base
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Contract :Foundations Job Ref. No. : Example 5.31
Part of Structure : Axially Loaded Pad Foundation
Calc. Sheet No. : 2 of 5

Calcs. by : W.McK.
Checked by :
Date :

References Calculations

Output

Earth pressure due to ultimate loads = __1600
(2.4x2.4)

Base thickness:

layer of concrete.

Clause 3.3 Cover:

Assume 20 mm diameter bars.
Clause 3.3.1.2 | bar size = 20 mm
Clause 3.3.1.3 | nominal maximum size of aggregate = 20 mm
Table 3.3 exposure condition is severe cover = 40 mm.

Effective depth:
d = (550-40-20)=490 mm

reinforcement runs in both directions.)

Clause 3.11.3.1 | Bending
Clause 3.4.4.4 | Check the bending at the column face:

Assume a base thickness of 550 mm, constructed on a blinding

Assume minimum cover to main steel = 40 mm

(Note: This is the mean effective depth since the main

=278 kKN/m>

1600 kN

critical section

for bending |

278 kN/m?

|||||||||| 375 mm X 375 mm

I, = (1200 — 187.5) = 1013 mm 2400 mm L

Bending moment at the face of the column:

M 3447x10°

Clause 3.4.4.4 K= 5 = >
bd” f., 2400%x 490~ x40

= 0.98d

= [(278x24x1.013)x0.51] = 344.7kNm

=0.015 < K" (=0.156)

Section is singly reinforced

e

The lever arm is limited to 0.95d
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Contract :Foundations Job Ref. No. : Example 5.31
Part of Structure : Axially Loaded Pad Foundation

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 3 of 5 Date :
References Calculations Output
6
- M 3 344.7x10 = 1694 mm?
095f,Z2 0.95%x460%0.95%x490 Bottom
A, = (1694/2.4) = 706 mm*/m width Reinforcement
Table 3.25 Minimum % reinforcement required = 0.13 Select:
) 100x786 20 mm diameter bars
% provided T een 0.14 @ 400 mm centres
1000x550 .o 2
. . providing 786 mm/m
Minimum % of steel satisfied | . A
in both directions
Clause 3.12.11.2.7|Maximum spacing:
Spacing < (Bxd) = (3x490) = 1470 mm
< 750mm Spacing is adequate
1004, /bd = (100 x 786)/(1000 x490) = 0.16% < 3%

Clause 3.11.3.2

Clause 3.11.3.3
Table 3.8

Clause 3.7.7.4

[(3c/4) + (9d/4)] = [(0.75 % 375) + (2.25 x490)] = 1383 mm
I, = distance to the edge of the pad = 1013 mm < 1383 mm

Shear resistance (Clause 3.5.6 and Clause 3.7.7)
Critical shear stress

100A, 100786
b,d 1000x 490

(modify to allow for C40 concrete)
(035x 1.17) = 041 N/mm’

0.16  ..v. =0.35 N/mm’

Ve =

Direct shear
Check the direct shear at a distance of 1.0d from the column
face.

This location corresponds to a 45° dispersal line from the
column face. If the shear stress v is less than v, then no shear
reinforcement is required. At locations closer than this to the
column face the load is assumed to distribute through the base in
compression.

1600 kN
PR B ?critical section for
i i maximum shear

L i A \
lo_o o o o o o o o o ole o

375 mm X 375 mm
i LTI

278 kN/m?>

Iy

1.0d

| 2400 mm |

(1200 — 187.5 — 490) = 523 mm ~ 7

Reinforcement should
be distributed
uniformly over /.
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Contract :Foundations Job Ref. No. : Example 5.31
Part of Structure : Axially Loaded Pad Foundation
Calc. Sheet No. : 4 of 5

Calcs. by : W.McK.
Checked by :
Date :

References

Calculations

Output

Clause 3.7.7.2

Clause 3.7.7.2

At the critical section for direct shear (i.e. 1.0d from the column
face):

Shear force = V = (278 x2.4x0.523) = 3489 kN
74 3
Shear stress= v = —= M 0.3 N/mm?
bd 2400%x 490
vo< v

No shear reinforcement required

Punching shear

The possibility of punching shear should be checked at the
column face for the maximum shear stress as indicated in Clause
3.7.7.2 and on a perimeter located at 1.5d from the column face
as indicated in Clause 3.7.7.6. If the calculated shear stress does
not exceed v, on this perimeter then no further checks are
required.

Check the maximum shear at the column face:

1600

critical section
for maximum

shear : §
W T
f ‘ 375 mm X 375 mm
\
\
278 kN/m” | 2400 mm |
l A
Shear stress v = v = v
u,d column perimeter X d
3
o 60007 g Nimm?
[(4x375)x490]
Maximum shear vy < 0.8y f, = (0.8x +40)
= 5.05 N/mm’
Voax < 5.0 N/mm?

vV < Vmax

Maximum shear at column face is acceptable
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Contract :Foundations Job Ref. No. : Example 5.31
Part of Structure : Axially Loaded Pad Foundation

Calcs. by : W.McK.
Checked by :

Calc. Sheet No.: Sof 5 Date :

References

Calculations

Output

Clause 3.7.7.6

Clause 3.7.7.2

Check the shear stress on a perimeter 1.5d from the column face.

1600 kN
punching : I.SdT !
shear —+— !
perimeter ) !
! :
| v - :
| | ! 1
L
|
\
2
278 kN/m: | 2400 mm |
Critical perimeter = (column perimeter) + (8 X 1.5d)
= (4x375)+(8x1.5%x490) = 7380 mm
Area within the critical perimeter = (375 + 3d)?

= [375+ B x490)]* = 3.4x 10° mm>

Shear force outside the critical area = [278 X (2.4° — 3.4)]
656.1 kKN
3
Shear stress v = v = M: 0.18 N/mm>
u,d 7380 %490
v o< w

No shear reinforcement required

Curtailment of reinforcement:
The main reinforcement is not normally curtailed in slab bases.

Anchorage:

The main bars are anchored a standard length beyond the face of
the column. In most cases the size of the base will permit a full
anchorage to be obtained. In situations where this is not the case
then a standard 90° bend can be provided.




268

Design of Structural Elements

5.16.12 Example 5.32: Pad Foundation with Axial Load and Moment

A rectangular pad foundation is required to support a single square column transferring an
axial load and a moment as shown in Figure 5.124. Using the data provided:

¢ check the base with respect to:

O
O
O

bending,
direct shear, and
punching shear,

designing suitable reinforcement where necessary.

Design Data:

Characteristic dead axial load on column
Characteristic imposed axial load on column
Characteristic dead moment on column
Characteristic imposed moment on column
Characteristic concrete strength
Characteristic of reinforcement
Net permissible ground bearing pressure
Column dimensions

Jeu =
fy:

250 kN
350 kN
125 kN
175 kN

40 N/mm?
460 N/mm>

pe = 300 kN/m’
375 mm X 375 mm

Exposure condition moderate
N W 400 mm x 300 mm
Lj S &
1750
TR z
Figure 5.124

5.16.13 Solution to Example 5.32

Contract : Foundations Job Ref. No. : Example 5.32 | Calcs. by : W.McK.

Part of Structure : Pad Foundation with Axial load and Moment | Checked by :

Calc. Sheet No.: 1 of 7 Date :

References Calculations Output

It is necessary to establish if tension exists under the base under
the action of the bending moment. Refer to Section 5.19.8, and

the ‘middle third rule’.
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Contract : Foundations Job Ref. No. : Example 5.32
Part of Structure :Pad Foundation with Axial Load and Moment

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 2 of 7 Date :
References Calculations Output

Characteristic design axial load = 600 kN

Characteristic design bending moment = 300 kNm

. . M 300x10°
The equivalent eccentricity e = — = ————
N 600
= 500 mm

500 mm

600 kN

Wuuuﬂm Il
J D=2700mm | P Lym“ﬂ@ Vi3

Equivalent load system

D/6 = (2700/6) = 450 mm eccentricity e > D/6

Case 3 applies (see 5.19.8.3)

The length of the pressure diagram can be found from the
equivalent load diagram as follows:

y/3 = [(0.5%2700)-500] = 850mm .. y=2550 mm
In the case of compression over part of the base the magnitude
of the maximum earth pressure can be determined using simple

elastic analysis.

2N _ 2x600 = 269 KN/m>

Pmax =
3B(D—e] 3><1.75(2'7—0‘5)
2 2
< 300 kN/m>

Ground bearing pressure satisfactory

Assume an average partial safety factor equal to 1.5 to
determine an estimate of the ultimate design pressure under the
base. (Note: The values of e and y are slightly different from
those determined when using the factored values for axial load
and moment.)
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Contract : Foundations Job Ref. No. : Example 5.32
Part of Structure :Pad Foundation with Axial Load and Moment

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 3 of 7 Date :
References Calculations Output
Pmax = (1.5x269)= 403.5 kN/m? (net ultimate ground
bearing pressure)
1150 mm 400 mm 1150 mm
P
d
403.5 kN/m’
R A
S
1400 mm 1150 mm
T
2550 mm
Base thickness
Assume a base thickness of equal to (0.5 X cantilever length)
h = (0.5x1150) = 575mm
Assume a 600 mm thick base
(Note: This depth must be sufficient to accommodate a ‘starter
bar’ bond length.)
Clause 3.3 Cover:
Assume 32 mm diameter bars.
Clause 3.3.1.2 | bar size = 32mm
Clause 3.3.1.3 | nominal maximum size of aggregate = 20 mm
Table 3.3 exposure condition is moderate cover = 30 mm
Assume minimum cover to main steel = 32 mm
Effective depth:
d = (600-32-32)= 536 mm
(Note: This is the mean effective depth since the main
reinforcement runs in both directions.)
The plane for direct shear occurs at a distance of 536 mm from
the column face, i.e. (1400 + 536) = 1936 mm from the end of
the pressure diagram.
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Contract : Foundations Job Ref. No. : Example 5.32
Part of Structure :Pad Foundation with Axial Load and Moment

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 4 of 7 Date :
References Calculations Output
Bearing pressure atR = 403.5x1400 = 221.5 kN/m?
2550
Bearing pressure at S = 403.5x1936 = 306.3 kN/m’
2550
{1150 mm
i
i
i
221.5 kKN/m? “
i :
| 766.7 mm
Clause 3.11.3.1 | Bending:
Clause 3.4.4.4 | Check the bending at the column face
Bending moment at R =
[(221.5x 1.15 % 1.75) x (0.575) +
(403.5 - 221.5) x (0.5 x 1.15 x 1.75) x (0.767)]
= (195.64+152.2) = 397kNm
6
Clause 3.4.4.4 = 1;1 = 397)(12 =0.02 < K (=0.156)
bd~ f., 1750x536~ x40
Section is singly reinforced
7= atos+ [loos— K = aloss [0.25-092
0.9 0.9
= 0.98d
The lever arm is limited to 0.95d
6 Bottom
_ M _ 397x10 = 1784 mm? Reinforcement
’ 095f,Z2 0.95x460%0.95x536
2 . Select:
. Ay = (1784/1.75) = 1019 mm“/m width 20 mm diameter bars
@ 300 t
Table 3.25 Minimum % reinforcement required = 0.13 provi dil::;nlfg(l) :::nzlm
% provided = 100x1019 0.17 in both directions
1000600

Minimum % of steel satisfied
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Contract : Foundations Job Ref. No. : Example 5.32
Part of Structure :Pad Foundation with Axial Load and Moment
Calc. Sheet No.: 5 of 7 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 3.12.11.2.7

Clause 3.11.3.2

Clause 3.11.3.3
Table 3.8

Clause 3.7.7.4

Maximum spacing:

Spacing < (Bxd) = (3x536) = 1608 mm
< 750 mm
100A, /bd = (100 x 1050)/(1000 x 536) = 0.2% < 3%

[(Bc/4) + (9d/4)] = [(0.75 x 400) + (2.25 x 536)] = 1506 mm
I, = distance to the edge of the pad = 1150 mm < 1506 mm

Shear force at section R:

x1.15%1.75

[221.5+4o3.5]

= 6289kN
Shear force at section S:

=[%2m3'5)x(1‘15—0.536)x1.75

= 381.3kN

Shear resistance (Clause 3.5.6 and Clause 3.7.7)
Critical shear stress

1004 _ 92 -y =037 Nmm?
b,d

(modify to allow for C40 concrete)

ve = (037%x1.17) = 043 N/mm?

Direct shear

Check the direct shear at a distance of 1.0d from the column
face.

This location corresponds to a 45° dispersal line from the
column face. If the shear stress v is less than v, then no shear
reinforcement is required. At locations closer than this to the
column face the load is assumed to distribute through the base in
compression.

At the critical section for direct shear (i.e. 1.0d from the column
face):

536 mm
)

1
0
381.3 kN T

Spacing is adequate

Reinforcement should
be distributed
uniformly over /.
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Contract : Foundations Job Ref. No. : Example 5.32 | Calcs. by : W.McK.

Part of Structure : Pad Foundation with Axial load and Moment| Checked by :

Calc. Sheet No.: 6 of 7 Date :

References Calculations

Output

vV 3
Shear stress = v = —= M = 0.41 N/mm’
bd 1750%x536

v o< v
No shear reinforcement required

Punching shear

The possibility of punching shear should be checked at the
column face for the maximum shear stress as indicated in
Clause 3.7.7.2 and on a perimeter located at 1.5d from the
column face. If the calculated shear stress does not exceed v, on
this perimeter then no further checks are required.

Clause 3.7.7.2 | Check the maximum shear at the column face:

critical section for maximum shear

]

400 mm X 300 mm

1750 mm

L 2700 mm
T

Design vertical load on column (1.4 x250) + (1.6 x 350)

910 kN
Clause 3.7.7.2 | Shear stress v = v = 4
u,d column perimeter X d
910x10°

Vo= = 121 N/mm’
2(400+300)x 536

0.8yf., = (0.8x+40)

= 5.05 N/mm?
Vmax < 5.0 N/mm?

Maximum shear v,

IA

V< Vi
Maximum shear at column face is acceptable

Clause 3.7.7.6 | Check the shear stress on a perimeter 1.5d from the column face.
In this case, punching shear is more complex than for a
concentrically axially loaded base. A procedure often adopted is
to consider the total load due to the pressure under a reduced
area (shown shaded) acting along the plane ‘n—n’ indicated.
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Contract : Foundations Job Ref. No. : Example 5.32

Calcs. by : W.McK.

Part of Structure :Pad Foundation with Axial Load and Moment| Checked by :

Calc. Sheet No. : 7 of 7 Date :

References Calculations Output
1.5d

2x + col. width)

1.5d

X

(1.5 x536) = 804 mm
(1750 -300)/2 = 725 mm

In this problem the 1.5d line lies further from the column face
than the intersection between the 45° line and the edge of the
base. This is clearly less critical than the direct shear case
considered previously in which ‘n-n’ is the full width equal to B.

Punching shear is satisfactory

Anchorage:

The main bars are anchored a standard length beyond the face of
the column. In most cases the size of the base will permit a full
anchorage to be obtained. In situations where this is not the case
then a standard 90° bend can be provided.

Transverse bending:

The critical section for transverse bending is at the column face.
This can be checked in the same manner as longitudinal bending
and reinforcement designed accordingly.
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5.16.14 Example 5.33: Inverted T-Beam Combined Foundation
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An inverted T-beam combined foundation is required to support two square columns
transferring axial loads as shown in Figure 5.125. Using the data provided, design suitable

reinforcement for the base.

Design Data:

Characteristic dead load on column A
Characteristic imposed load on column A
Characteristic dead load on column B
Characteristic imposed load on column B
Characteristic concrete strength
Characteristic of reinforcement

Net permissible ground bearing pressure

450 kN
450 kN
750 kN
750 kN
fw = 40 N/mm’
f, =460 N/mm’
pe = 175kN/m’

Nominal cover to centre of main reinforcement 40 mm
Column A dimensions 350 mm X 350 mm
Column B dimensions 350 mm x 350 mm
Gy =450 kN Gy =750 kN
Or =450 kN O =750 kN
Columns
350 mm x 350 mm 400 mm
T
800 mm

Figure 5.125

L0.6m 50m _ Xm 1 v 460 mm

5.16.15 Solution to Example 5.33
Contract : Foundations Job Ref. No. : Example 5.33 Calcs. by : W.McK.
Part of Structure : Inverted T-Beam, Combined Foundation | Checked by :
Calc. Sheet No.: 1 of 7 Date :
References Calculations Output

The foundation should be designed as a T-beam between the
columns where the rib is in tension and as a rectangular beam at
the column positions where the bottom slab is in tension.

Using the service loads it is first necessary to determine a
suitable base area and dimensions X and Y such that the centre-
line of the base coincides with the centre-of-gravity of the
column loads. This ensures a uniform earth pressure under the
base.
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Contract : Foundations Job Ref. No. : Example 5.33
Part of Structure :Inverted T-Beam, Combined Foundation

Calcs. by : W.McK.
Checked by :

. . service load
Minimum area required

permissible bearing pressure

- 2800 13.71 m?
175

F— 5.0m ——
1

! 1
i !

900kNl llSOOkN

LA Bi
|

Actual Load Systém

Total load = 2400 kN :
¢ i
]

\4

Equivalent Load System

Equate the moments of the force systems about the centre-line
of column B:

M centretine column B = (900 X 5.0) = (2400 X x) .~.x=1.875m

The centre-line of the base should coincide with this position.

e 50m ——

900 kN ¢ ‘IP ¢2400 kN

JO.()mJ 3.125m i1.875mj Xm ‘
[ N T

Calc. Sheet No.: 2 of 7 Date :

References Calculations Output
Base Area:
Total service load = (450 + 450 + 750 + 750) = 2400 kN
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Contract : Foundations Job Ref. No. : Example 5.33

Calcs. by : W.McK.

Part of Structure :Inverted T-Beam, Combined Foundation Checked by :
Calc. Sheet No. : 3 of 7 Date :
References Calculations Output
Length of the base = [2X(3.125+0.6)] = 7.45m
X = (745-56) = 185m
Width of the base Y = (13.71/7.45) = 1.84m

Ultimate bearing pressure:
Ultimate load on column A

(1.4 x450) + (1.6 x 450)

1350 kN
Ultimate load on column B = (1.4x750)+ (1.6 x750)
= 2250kN
Ultimate design pressure under the base = M
(7.45x1.84)
= 262.6 kN/m’

The combined base can be regarded as a beam 1.84 m wide.

Bending moment at Q = shaded area

Longitudinal load/m = (262.6x1.84) = 483.2kN/m
1350 kN 2250 kN
483.2 kN/m
P Q R S
‘O.6m ‘ 5.0m J 1.85 m J
\ ‘ ‘ ~
Shear forceatQ = (483.2 x0.6) = +289.9kN
and = (289.9-1350) = —1060 kN
Shear forceat R = —1060 + (483.2x5.0) = +1356 kN
and = (1356 —2250) —-894.1 kN
Position of zero shear = @ = 2.19m
483.2
1356 kN
289.9 kN
|
‘ Shear force diagram
894.1 kN
1060 kN

= (0;26><289.9J= 86.8 kNm
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Contract : Foundations Job Ref. No. : Example 5.33
Part of Structure :Inverted T-Beam, Combined Foundation

Calc. Sheet No. : 4 of 7 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 3.4.4.4

Bending moment at R = shaded area

= (%X894) = 827 kNm

Maximum bending moment at point of zero shear:

= resultant shaded area = 87 — [2'—219><1060]= — 1074 kNm

1074 kNm

87 kNm
827 kNm

Design the base as a T-beam between A and B and as a
rectangular beam at the column locations.

Assume 32 mm diameter bars for the main steel.
Effective depth:

d = (1260-40-16) = 1204 mm
(Note: This is the mean effective depth)

400 mm

o
[ sl

Bending between the columns A and B (T-beam):

1204 mm

d=

Design bending moment between the columns = 1074 kNm

6
- M Y o1 < Ko(=0.156)
bd*f,,  1840x12042 x40
Section is singly reinforced
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Contract : Foundations Job Ref. No. : Example 5.33 Calcs. by : W.McK.
Part of Structure :Inverted T-Beam, Combined Foundation Checked by :
Calc. Sheet No. : 5of 7 Date :
References Calculations Output
x = (d—2)/0.45 =(0.05x%1204)/0.45 =133.8 mm < 460 mm

The neutral axis lies in the flange

= 0.984 Reinforcement
The lever arm is limited to 0.95d

Select:
6 3/32 mm diameter
o = M = 1074x10 = 2149 mm? bars providing
095f,Z2 0.95x460%0.95%x1204 2410 mm?

Design bending moment at column B (Rectangular section):

2
= |:483.2XM:| = 678 kNm
400 mm
£
g
=z
(=]
a ,
I e A 460
U i mm

1840 mm

6
Clause 3.4.4.4 | k=M _ 67810

== - =0.03 < K'(=0.156)
bd*f,, — 400x1204% x40

Section is singly reinforced

Z=d{0.5+ ,(0.25—%)} = 0.96d

The lever arm is limited to 0.95d | Bottom

M 678x10° ) Reinforcement
s = = = 1356 mm
095f,Z 0.95x460x0.95%x1204
Y Select:
100A i
Table 3.25 Minimum area of steel = —3 = 026% /25 mm d.l a.meter
by h bars providing
0.26x400%1260 1470 mm*
Ay = 'T = 1310 mm* < 1356 mm?

The bottom reinforcement required at column A should be
determined by the reader.
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Contract : Foundations Job Ref. No. : Example 5.33 Calcs. by : W.McK.
Part of Structure :Inverted T-Beam, Combined Foundation Checked by :

Calc. Sheet No. : 6 of 7 Date :

References Calculations Output

The reinforcement required to resist transverse bending can be
determined in a similar manner. Consider a 1m width strip:

(ﬁ 720 mm
|
[T
483.2 kKN/m?
Assume 25 mm diameter bars:
d = (460-40-25-13) = 382mm
. 0.722
Transverse bending moment = |483.2x 5

= 125.2 kNm/m width

6
Clause 3.4.44 | K = 1;4 - AB2A07 50 < kr(=0.156)
bd*f,,  1000x382% x40
Section is singly reinforced
Z=d40.5+ 0.25—% = 0.984
0.9
The lever arm is limited to 0.95d
6
As = M = 125.2x10 = 789 rnrn2 /m Bottom
095f,Z 0.95%460%x0.95x382 Reinforcement
Table 3.25 Minimum area of steel = 0.15% g(e;lect: di erb
mm diameter bars
Ay 2 % = 690 mm%m < 789 mm*m @ 400 mm centres
providing 786 mm*/m
Clause 3.4.5 Shear resistance of the T-beam:
Consider shear at the face of Column B
Table 3.8 Critical shear stress

1004, 100x2410
b,d 400x1204

0.5 v, = 0.5N/mm?

Modify to allow for using C40 concrete
ve = (0.5x1.17) = 0.59 N/mm’

Table 3.7 (ve +0.4) = 0.99 N/mm>
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Contract : Foundations Job Ref. No. : Example 5.33
Part of Structure :Inverted T-Beam, Combined Foundation

Calc. Sheet No.: 7 of 7 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 3.4.5

Table 3.8

Table 3.16

Shear force at the face of the column:

Vo= (1356- (483.2x0.175) = 1271.4kN
3

y = Vo LRTLAXI0T ) o Nmm?
byd 400x1204

Since (v.+04) < v < 084 f.
< 5.0 N/mm?®
Design links are required
bgy sy (V=)
0.95fyy

Assume two-legged 10 mm diameter links .. Ay, = 157 mm?
s, < 157%0.95%250

400 (2.64—0.59)

>

sV =

] = 455 mm

A similar calculation should be carried out by the reader to
determine the links required over the full length of the
T-beam.

Shear resistance of the flange: Consider shear at the face of rib

=

[TRIRRRRERRNNRITN
L 483.2 kKN/m?

Critical shear stress

1004, _ 100x786 -0
b,d  1000x382

ve = 0.37N/mm’; modify to allow for using C40 concrete

ve = (037%x1.17) = 0.43 N/mm>
(v +0.4) = 0.83 N/mm®

2; d = 382mm

Shear force V. = (4832x1.0x0.72) = 348kN
3
yo= o 38X o) Nmm? < 08 T
byd 1000x382
< 5.0 N/mm?

Since the shear stress v is greater than v, shear reinforcement is
required. Shear links are not normally provided in slabs.
Alternatives to providing links are to increase the % of
reinforcement A and hence increase the value of v, sufficiently,
or to increase the thickness of the slab, which will reduce the
value of v,

Adopt double 10 mm
diameter two-legged
links @ 100 mm
centres for the 1%
metre from column B




6. Design of Structural Steelwork Elements (BS 5950)

Objective: to illustrate the process of design for structural steelwork elements.

6.1 Introduction

The origins of modern building materials such as structural steelwork can be traced back
to the birth of the Industrial Revolution in the latter part of the 18" century. The
construction of the Iron Bridge (manufactured from cast iron) across the River Severn near
Coalbrookdale in 1779 marked the end of an era in which timber and masonry were the
dominant materials of building.

Initially cast iron was used to replace timber columns and beams in buildings but
masonry load-bearing walls were still used as an external envelope well into the 1800’s.
The development of extensive railway networks and their associated infrastructure
throughout the U.K. in the 19" century resulted in the widespread use of wrought iron, a
purer material which was much more reliable in both tension and compression than cast
iron. The Bessemer process for producing steel which was strong, ductile and
economically viable virtually eclipsed the use of cast and wrought iron by the end of the
19" century.

During this period the improved scientific principles and model testing on which
structural design was based resulted in the extensive use of pre-fabricated units in
structures such as the Crystal Palace in London, designed by Joseph Paxton, and the 1000-
bed hospital, designed by Isambard Kingdom Brunel and shipped out to Crimea.

The major improvements in material production, analysis and design techniques were
reflected in major steel structures throughout the world such as the Forth Rail Bridge—
Scotland (1890), the Guaranty Building, in Buffalo New York (1894) and the Eiffel
Tower—Paris (1899).

Steel had become a very important construction material by the end of the 19" century.
Hot-rolled steel sections were available in quantity at affordable prices and methods of
connecting elements together by rivets and later bolts were well established.

During the 1* World War the method of joining steel members together by metal arc
welding was established. This is now used extensively in the construction of modern steel
structures such as multi-storey frames, bridges, and oil production platforms. During the
welding process an electrical arc is struck between a metal rod (the electrode) and the two
steel members to be welded. The metal is fused at both ends of the arc and the fused
electrode is deposited in the joint in a series of layers until it is filled. The resulting joint is
smaller and more efficient than bolts but does require the use of highly trained personnel
and sophisticated examination techniques to ensure the integrity of the connection.

The design of modern steelwork structures is undertaken in the U.K. to comply with
the requirements of BS 5950-1:2000, Structural use of steelwork in building—Part 1:
Code of practice for design-rolled and welded sections. This text relates to the use of
Part 1 of this code.
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6.2  Material Properties

6.2.1 Stress-Strain Characteristics

The stress-strain characteristics for a typical structural steel as shown in Figure 5.11 of
Chapter 5 indicate a ductile material which exhibits linearly elastic behaviour followed by
significant plasticity before failure occurs. The minimum yield stress and the maximum
tensile stress indicated in Figure 5.11 are represented in Clause 3.1.1 of BS 5950-1:2000
by the symbols Y and U, respectively. The assumed strength (py) for design purposes is
the smaller of 1.0Y; and Uy/1.2, and is dependent on the thickness of the material being
used. Values of p, for the more commonly used grades and thicknesses of steel are given
in Table 9 of the code, as shown in Figure 6.1.

Steel Grade Thickness* less than or equal to Design strength
(mm) (N/mm?)
S 275 16 275
40 265
63 255
80 245
100 235
150 225
S 355 16 355
40 345
63 335
80 325
100 315
150 295
S 460 16 460
40 440
63 430
80 410
100 400
* For rolled sections, use the specified thickness of the thickest element of the cross-section.

Figure 6.1

(BS 5950-1:2000 — Table 9: Design Strength p,)

Steel grades are specified in accordance with BS 5950-2:2000 in which reference is made
to the following European Standards:

¢ BSEN 10025

¢ BSEN10113-2

¢ BSEN10113-3

¢ BSEN10137-2

Hot rolled products of non-alloy structural steels — Technical
delivery conditions.

Hot rolled products in weldable fine grain structural steels —
Part 2: Delivery conditions for normalized/normalized rolled
steels.

Hot rolled products in weldable fine grain structural steels —
Part 3: Delivery conditions for thermomechanical rolled
steels.

Plates and wide flats made of high yield strength structural
steels in the quenched and tempered or precipitation
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hardened conditions — Part 2: Delivery conditions for
quenched and tempered steels.

¢ BSEN 10155  Structural steels with improved atmospheric corrosion
resistance — Technical delivery conditions. (i.e. weathering

steels)

¢ BSEN 10210-1 Hot finished structural hollow sections of non-alloy and fine
grain structural steels — Part 1: Technical delivery
requirements.

In each code a designation system is used to describe the steel:

BSENX-YZ
where:
X identifies the standard,
Y identifies the type of steel i.e. S for structural steel, E for engineering steel
Z identifies the minimum yield strength e.g. 235 N/mm?, 275 N/mm” etc.

The following example represents the designation for non-alloy steel with a minimum
yield strength of 255 N/mm?® used to manufacture hot-rolled sections and plates:

BS EN 10025 — S 255
6.2.2 Ductility (Clause 2.4.4)

It is important to ensure that steel has sufficient ductility, particularly at low temperatures,
to avoid brittle fracture. The ductility is measured in terms of the notch toughness and the
Charpy value from the Charpy V-notch test.

The Charpy test is a notched-bar impact test in which a notched specimen, fixed at both
ends, is struck behind the notch by a striker carried on a pendulum. The energy absorbed
in the fracture is measured by the height to which the pendulum rises.

In addition to specifying the grade of the steel, e.g. S 275, it is necessary to identify the
appropriate quality by specifying a sub-grade. Sub-grades are defined in the appropriate
British Standards for steels and used in Tables 4, 5, 6 and 7 of BS 5950-1:2000; e.g.

JR represents an impact resistance value of 27 Joules at room temperature
JO  represents an impact resistance value of 27 Joules at  0°C

J2  represents an impact resistance value of 27 Joules at —20°C

K2 represents an impact resistance value of 27 Joules at —30°C

* & o o

The full designation for a steel includes the sub-grade, e.g. BS EN 10025 — S 255]2.
When determining the required sub-grade for a particular situation consideration must
be given to a number of factors:

the minimum service temperature,
the thickness,

the steel grade,

the type of detail,

* & o o
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¢ the stress level,
¢ the strain level or strain rate.

as indicated in Clause 2.4.4 of the code. The appropriate steel sub-grade is selected such
that the thickness ¢ of each component satisfies the following criteria:

@) t < K4y

where:

K is a factor that depends on the type of detail, the general stress level, the stress
concentration effects and the strain conditions and is given in Table 3 of the code

t; is the limiting thickness at the appropriate minimum service temperature 7, for a
given steel grade and quality, when the factor K = 1. Values of #, are given in Tables 4
and 5 of the code for plates, flats and rolled sections and for structural hollow sections
respectively.

and
(ii) t <t

where:

t, is the thickness at which the full Charpy impact value applies to the selected steel
quality for that product type and steel grade, according to the relevant product standard.
Values of 1, are given in Table 6 of the code.

For rolled sections ¢ and ¢; should be related to the same element of the cross-section as the
factor K, but 7, should be related to the thickest element of the cross-section.

The value of #; can also be determined from equations given in the code. The application
of Clause 2.4.4, is illustrated in Examples 6.1 and 6.2.

6.2.2.1 Example 6.1

Consider an internal steel structure fabricated from rolled steel sections in which both
welding and bolting are used. Assuming the design data given, check the suitability of the
proposed steel designation.

Design Data:

Maximum steel stress > 150 N/mm’
Maximum thickness of element (i) t=14mm and (i) ¢=35mm
Proposed steel grade BS EN 10025 S 275

Assume all connections are bolted using punched holes and welded end plates/cleats.

Clause 244 t < Ky
Table 3 K requires the type of steel and stress level and the value of Yo, Which is
the nominal yield strength as in the steel grade designation.
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Case (i) t = l4mm: Yoom = 275 N/mm?

Table 3 0.3Yhom = (0.3 x275) 82.5 N/mm’ “K=1.0
Stress level > 150 N/mm® > 0.3Y,0m ’
Welded generally and punched holes

Table 4 Normal temperatures / Internal (—=5°C)
BS EN 10025 S 275 gives ;)= 25 mm > 14 mm

Table 6 Maximum thickness based on Charpy value = 100 mm for sections.
Proposed steel designation BS EN 10025 S 275 is adequate

Case (ii) t = 35mm; Yoom 275 N/mm?*

Table 3 0.3Ynom = (0.3x275) = 82.5N/mm’ “K=1.0
Stress level > 150 N/mm® > 0.3Y;0m '
Welded generally and punched holes

Table 4 Normal temperatures / Internal (=5°C)
BS EN 10025 S 275J0 gives t;= 65 mm 235 mm

Table 6 Maximum thickness based on Charpy value = 100 mm for sections.
Required steel designation is BS EN 10025 S 275]J0

6.2.2.2 Example 6.2

Using the design data given, check the suitability of the proposed steel designation for a
structure which is exposed to a temperature of — 30°C.

Design Data:

Maximum steel stress > 240 N/mm’
Maximum thickness of element t=20 mm
Proposed steel grade BS EN 10025 S 355J2

Assume all connections are welded to unstiffened flanges.

Clause2.44 t < Kn
Table 3 t = 20mm; Yoom = 355 N/mm’;
0.3Ymm = (03%x355) = 106.5N/mm> | . g_g5
Stress level > 150 N/mm® > 0.3Y,0m '
Welded connections to unstiffened flanges
t < K s 20 £ 0.51 - Required#;, = 40 mm

Table 4 Lower temperatures  (—=35°C)
BS EN 10025 S 355)2 gives #; = 38 mm <40 mm

Change the steel designation:
BS EN 10025 S 355K2 gives ;= 46 mm 2>40 mm
Table 6 Maximum thickness based on Charpy value = 100 mm for sections.
Required steel designation is BS EN 10025 S 355K2
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A more precise value of 7, for (—30°C) may be calculated from the equations given in the
code as follows:

Table 7 T»;; = —20°C (assuming BS EN 10025 S 355J2)
Twin = the minimum service temperature (in °C) expected to occur in the
steel within the intended design life of the part
= -30°C
14
If Ty < Toin+20°C then £ < 50(1.2)" { 395 ]
where N = [M] = [M] = —-1.0
10 10
14
< 50x(1.2)" x [%] = 41.7mm> 40 mm

In this instance BS EN 10025 S 355]2 is satisfactory

6.2.3 Fatigue (Clause 2.4.3)

Metals which are subject to continuously varying or alternating loads can fracture at
values of stress considerably less than the ultimate value found during static tests.
Experimental evidence has indicated that fluctuating stresses, in some cases smaller than
the elastic limit, will induce fracture if repeated a sufficient number of times. This type of
failure is called fatigue failure and is dependent on the number of cycles and the range of
stress to which an element is subjected.

In general, it is not necessary to consider fatigue in design unless a structural element is
subjected to numerous significant fluctuations, e.g. in members supporting heavy vibrating
machinery and certain classes of crane supporting structures as indicated in Clause 2.4.3 of
the code. When it is considered necessary to evaluate resistance to fatigue, reference
should be made to BS 7608 Code of practice for fatigue design and assessment of steel
structures.

6.2.4 Elastic Properties (Clause 3.1.3)

The most commonly required material elastic properties for steel are given in Clause 3.1.3
as:

¢ Modulus of Elasticity E = 205 x10° N/mm’

¢ Poisson’s Ratio v = 0.3

¢ Shear Modulus G = E/N2(14+V)] = (78.85 x 10° N/mm?)
¢ Coefficient of Thermal Expansion o« = 12x107%°C

6.2.5 Section Classification (Clause 3.5)

In Clause 3.5 of BS 5950-1:2000, the compression elements of structural members are
classified into four categories depending upon their resistance to local buckling effects
which may influence their load carrying capacity. The compression may be due to direct
axial forces, bending moments, or a combination of both. There are two distinct types of
element in a cross-section identified in the code:
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1. Outstand elements — elements which are attached to an adjacent element at one
edge only, the other edge being free, e.g. the flange of an I-section.

2. Internal elements — elements which are attached to other elements on both
longitudinal edges, including:
— webs comprising the internal elements perpendicular to the axis of
bending
— flanges comprising the internal elements parallel to the axis of bending
e.g. the webs and flanges of a rectangular hollow section.

The classifications specified in the code are:

Class 1  Plastic Sections

Class 2 Compact Sections
Class 3 Semi-compact Sections
Class 4  Slender Sections

* & & o

and are determined by consideration of the limiting values given in Tables 11 and 12. The
classifications are based on a number of criteria.

6.2.5.1 Aspect Ratio

The aspect ratio for various types of element can be determined using the variables
indicated in Figure 5 of the code for a wide range of cross-sections. A typical example is
the I-section indicated in Figure 6.2.

PILEN
| ¥
[ o ) i T
Element Aspect ratio A
outstand of compression a t* i
flange b/T =
web d/t
v 3
« B
Figure 6.2

The limiting aspect ratios given must be modified to allow for the design strength p,. This
is done by multiplying each limiting ratio bye which is defined in each Table as:

2
£ = (EJ . In the case of the web of a hybrid section € should be based on the design
Py
strength pys of the flanges.
In addition to & some limiting values in Tables 11 and 12 also include parameters r;
and r, which are stress ratios, defined in Clause 3.5.5 as:
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F
ry = < but—l<r1S1
dip,,, For I and H sections
P F, with equal flanges
, =
Agpyw
F (BT -B[T, )
r o= ¢ +( Ct )ny but—l<r1S1 .
dip,,, dip,, \ For I and H sections
with unequal flanges
ry = fit ) 1 &
2Py )
N
FC
"= o but-1<r <1 For RHS or welded
Pyw % box sections with
r, = . equal flanges
Agp}’W J
where:

A, is the gross cross-sectional area,

B. 1is the width of the compression flange,

B, is the width of the tension flange,

d is the web depth,

F. 1is the axial compression (negative for tension),

fi 1is the maximum compressive stress in the web (as indicated in Figure 7 of the code),
> 1is the minimum compressive stress in the web (negative for tension, see Figure 7),
Dyt 1 the design strength of the flanges,

Dyw 1s the design strength of the web (but pyy, < pys ),

T, is the thickness of the compression flange,

T, is the thickness of the tension flange,

t is the web thickness.

6.2.5.2 Type of Section

Circular hollow sections” — including welded tubes
Hot finished rectangular hollow sections — including square sections Table 12
Cold formed rectangular hollow sections

All other sections Table 11

* Note: In the case of circular hollow sections, classification is defined seperately for
axial compression and for bending as indicated in Clause 3.5.1 of the code.

The classifications given in Tables 11 and 12 indicate the moment/rotation characteristics
of a section, as shown in Figure 6.3.
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Moment

where:
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_________________ Class 1 Sections which have full plastic

M, P moment and hinge rotation capacity.
M. === Sections which have full plastic

e Class 2 oment capacity but nor sufficient

Class 3 hinge rotation capacity
M :
Class 4
Rotation
Figure 6.3

M, = plastic moment of resistance
M. = limiting elastic moment of resistance
M = elastic moment of resistance

These characteristics determine whether or not a fully plastic moment can develop within
a section and whether or not the section possesses sufficient rotational capacity to permit
redistribution of the moments in a structure.

Consider a section subject to an increasing bending moment; the bending stress
diagram changes from a linearly elastic condition with extreme fibre stresses less than the
design strength (py), to one in which all of the fibres can be considered to have reached the
design strength, as shown in Figure 6.4.

where:
ZXX

Sxx =

Py =

Compression O <py o =py O =py

Tension o < py c =py c =py
M =(0XZx) Me=(pyXZ) My= (py X Sxx)
Class 4 Class 3 Classes 2 and 1
Slender Semi-compact Compact and Plastic
(a) (b) (©)

elastic section modulus
plastic section modulus
elastic stress

design strength

Figure 6.4
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Note: The shape factor of a section is defined as:

V= plastic mod ulus = i The value of v for most I-sections = 1.15.

elastic mod ulus V4

XX

6.2.5.3 Plastic Sections

The failure of a structure such that plastic collapse occurs is dependent on a sufficient
number of plastic hinges developing within the cross-sections of the members (i.e. value
of internal bending moment reaching M,), to produce a mechanism. For full collapse this
requires one more than the number of redundancies in the structure, as illustrated in the
rigid-jointed rectangular portal frame in Figure 6.5.

P‘ ‘ ‘W M<Mp‘ M,

w
P

L MTr— . ————- "
;' j
! I
1: ] M P

Pinned bases I Collapse Collapse Bending
x s = Mechanism b 3T Moment Diagram =

Number of redundancies =1 Number of hinges =2

Figure 6.5

The required number of hinges will only develop if there is sufficient rotational
capacity in the cross-section to permit the necessary redistribution of the moments within
the structure. When this occurs, the stress diagram at the location of the hinge is as shown
in Figure 6.4(c), and the aspect ratios of the elements of the cross-section are low enough
to prevent local buckling from occurring. Such cross-sections are defined as plastic
sections and classified as Class 1. Full plastic analysis and design can only be carried out
using Class 1 sections.

6.2.5.4 Compact Sections

When cross-sections can still develop the full plastic moment as in Figure 6.4(c), but are
prevented by the possibility of local buckling from undergoing enough rotation to permit
redistribution of the moments, the section is considered to be compact and is classified as
Class 2. Compact sections can be used without restricting their capacity, except at plastic
hinge positions.

6.2.5.5 Semi-compact Sections

Semi-compact sections may be prevented from reaching their full plastic moment capacity
by local buckling of one or more of the elements of the cross-section. The aspect ratios
may be such that only the extreme fibre stress can attain the design strength before local
buckling occurs. Such sections are classified as Class 3 and their capacity is therefore
based on the limiting elastic moment as indicated in Figure 6.4(b).

There is provision in Clause 3.6.5 in the case of Class 3, semi-compact cross-sections



292 Design of Structural Elements

for adopting an alternative method of determining a reduced capacity. In this case the
design strength p, is modified to produce a reduced design strength p,,, defined as:

py = (B ﬁ)ZPy

where 3 is the value of b/T, bit, DIt or d/t that exceeds the limiting value (i.e. 83) given in
Table 11 or Table 12 for a Class 3, semi-compact section. The reduced design strength is
subsequently used in strength calculations for members subject to bending, lateral-
torsional buckling, axial compression and combined bending and compression.

6.2.5.6  Slender Sections

When the aspect ratio is relatively high, then local buckling may prevent any part of the
cross-section from reaching the design strength. Such sections are called slender sections
and are classified as Class 4 sections; their reduced capacity is based on effective cross-
section properties as specified in Clause 3.6 of BS 5950-1:2000.

The classification of cross-sections is illustrated in Example 6.3.

6.2.5.7 Example 6.3: Classification of Sections

Determine the section classification of the sections indicated in (1) to (3), considering the
loading conditions given:

1. Section: 610x229x125UB S 275
a) pure bending
b) pure compression
1) axialload = 3200kN
ii) axial load = 4350 kN
¢) combined bending and compression
2. Section: Double angle strut composed of two 100 x 75 x 10 S 355 angles
connected to gusset plates by the long legs back-to-back, and subjected
to axial compression.
3. Section: Hot-rolled circular section 273.0 x 6.3 CHS S 275, subject to
compression due to bending.

Solution:
1. Section: 610 x229 x125UB S 275

Section properties:
Ay = 159.0cm’, b/IT=584, dit=460, d=547.6mm, t=11.9mm,T=19.6 mm

(a) Pure bending:
The section is symmetrical about the major axis (i.e. the axis of bending) and consequently
the neutral axis is at mid-height.

0.5
Tables 9/11  p, = 265N/mm’ .. € = (EJ = 1.02
Py
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Consider the outstand element of the compression flange for rolled sections:
The limiting value of b/T for Class 1 sections =9¢ =9.18 > 5.84 (the actual value)
The flanges are plastic

Consider the web of an I-beam with the neutral axis at mid-depth (p, = 275 N/mm®):

The limiting value of d/f for Class 1 sections =80€=280.0 > 46.0 (the actual value)
The web is plastic

Clause 3.5.1 The cross-section is plastic

(b) Pure compression:

(i) Axialload = 3200 kN

0.5
265 N/mm?> .. g = 255 1.02
Dy

Table 11 p,

The flanges are plastic as before

Consider the web of an I-beam subject to axial compression (py, = 275 N/mm?):

Ifdit > (11228 ) or 2 40¢ then the section is considered to be slender otherwise it is
+2r,
considered to be semi-compact, i.e. Class 3. The value of r; is defined in Clause 3.5.5(a).
F 3
Clause 355() r, = —o = 200X _ 4
A, Py 159%x10~ x 275
. limiting value of d/t = 120e _ 120x10 -~ _ 48.78
(1+2r,)  [1+(2x0.73)]
> 46.0 (the actual value)
The web is semi-compact
Clause 3.5.1 The cross-section is semi-compact
(i1)) Axial load = 4350 kN
05
Table 11 p, = 265N/mm’ .. & = (ﬁ] = 1.02
Py

The flanges are plastic as before

Consider the web of an I-beam subject to axial compression (py = 275 N/mm?):
F, 4350x10°

Clause 3.5.5(a): r, = £ = > = 0.99
A,  159%10%x275
.. limiting value of dt = —20e - _120x10 =506

(1+2r,)  [1+(2x0.99)]

46.0 (the actual value)
The web is slender
Clause 3.5.1 The cross-section is slender

A
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(c) Combined bending and compression:
Axial load = 2500 kN

0.5
Table 11 p, = 265N/mm’ .. & = (EJ = 1.02

The flanges are plastic as before

Consider the web of an I-beam ‘generally’:

3
Clause 3.55(a) r = —e = —2200x100 ),
dipy 547.6x11.9%275
3
Clause 355() r = —e = 20010 _ 4
Ay Py 159%10° %275
Table 11:
Class 1 limiting value of d/t = (1808 ] = Zoxllf) = 333
th +1L =40¢
> 40¢
Class 2 limiting value of d/t = % - % = 323 0
+1. " + 1.OXI. = £
= 40¢
Class 3 limiting value of d/t = (113(2)8 ) = [1_:2) X(1)(5)7)] = 56.1 se.l
r, X V. = le
> 40¢
Actual d/t = 46.0
The web is semi-compact (non-slender)
Clause 3.5.1 The cross-section is semi-compact

2. Section:  Double angle strut composed of two 100 x 75 x 10 S 355 angles
connected to gusset plates by the long legs back-to-back and subjected to
axial compression.

Section properties:

b =75 mm, d=100mm, ¢=10.0 mm (see Figure 5 of the code)

b/t=(75/10) =17.5, d/t=(100/10)=10.0, (b +d)/t=(175/10)=17.5

0.5 05
Table 11 p, = 355N/mm° .. € = 250 2 (23 2 oss
Py 355

Classes 1 and 2 are not applicable. Three criteria must be satisfied to comply with a
semi-compact classification:
Class 3 limiting value of b/t

15¢ (15x%0.88) 132 >7.5
limiting value of d/t 15¢ = 132 >10.0
limiting value of (b+d)/t = 24¢ (24x0.88) = 21.12>17.5
Clause 3.5.1 The cross-section is semi-compact
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3. Section:  Hot-rolled circular section 273.0 x 6.3 CHS S 275 subject to
compression due to bending.
Section properties: D/t =43.3

0.5
Table 12 p, = 275N/mm° ¢ = [ﬁ) = 1.0

Py
Class 1 limiting value of D/t = 40¢e = 40 < 433
Class 2 limiting value of D/t = 50 = 50 > 40.3
Clause 3.5.1 The cross-section is compact

6.2.6 Cross-Section Properties (Clauses 3.4, 3.5.6 and 3.6)

The cross-sectional properties used in design are dependent on the classification of the
cross-section and are defined in the following Clauses:

¢ Clause 3.4.1 gross cross-sectional properties,

¢ Clause 3.4.2 net cross-sectional area allowing for the reduced area due to bolt
holes,

¢ Clause 3.4.3 effective net areas which are dependent on the grade of steel,

¢ Clause 3.5.6 effective plastic section modulus for Class 3, semi-compact
sections,

¢ Clause 3.6 effective cross-sectional area and section modulus for Class 4
slender sections.

These are considered separately in Sections 6.2.6.1 to 6.2.6.5.

6.2.6.1 Gross Cross-sectional Properties (Clause 3.4.1)

The gross cross-sectional properties for elements is calculated on the basis of the nominal
dimensions without any allowance being made for bolt holes. Larger holes, e.g. to
accommodate services, should be allowed for.

6.2.6.2 Net Cross-sectional Area (Clauses 3.4.2 and 3.4.4)

The reduction in the cross-sectional area due to bolt holes is based on the holes due
allowance being made for the clearance dimensions, e.g. a 20 mm diameter bolt requires
a 22 mm diameter hole.

If holes are not staggered across the width of a member, then the area to be deducted is
the maximum sum of the sectional areas of the holes in any cross-section perpendicular to
the direction of the applied stress in the member.

For example, consider the flat plate tie member shown in Figure 6.6.

tensile ! !
stress ‘_‘~ 10 mm j:h \\":1 i b“-\. 'H.q i t\"\. \\":j
< ' 110mm |
-
— tensile

. 1!
Flat plate tie member SHess Figure 6.6
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Assuming the bolt diameter is equal to 20 mm then the hole diameter = (20 + 2) =22 mm
Area to be deducted = [(22x10)x2] = 440 mm’
Net area a, [(110 x 10) — 440] = 660 mm®

If holes are staggered across the width of a member then it is necessary to consider all
possible failure paths extending progressively across the member. The area to be deducted
is equal to the greater of the sum of the sectional areas of all holes in the path less an
allowance equal to (0.25s%t/g) for each gauge space which traverses diagonally in the path
as shown in Figure 6.7.

81
. where:

= I s is the staggered pitch
i — - <= g is the gauge

P~ t  1is the thickness

: - 1; .

1
*2 t Figure 6.7

Consider Example 6.4 shown in Figure 6.8 and determine the net area.

6.2.6.3 Example 6.4: Net Cross-sectional Area
Determine the net cross-sectional area of the axially loaded plate shown in Figure 6.8.

‘ 80 mm ‘ 55 mm ‘ 80 mm . 55 mm 180 mm wide X 10 mm thick plate
W W W ‘ ‘ with 16 mm diameter bolts
D - - =
. < P - 40 mm
D oy =
¢ N |
‘S 50 mm
N J
N P !
- 40 mm
P oy N
\1 T
@ @ @ Figure 6.8
Solution:
Path A Areato be deducted = [2(18 X 10)] = 360 mm*

Path B Area to be deducted [3(18 x 10) — (0.25 x 55% % 10)/40]= (540 — 189)

351 mm’

Path C  Area to be deducted
= [4(18 x 10) — 2(0.25 x 55> x 10)/40 — (0.25 x 55% x 10)/50]
= (720-378.13 — 151.25) = 190.62 mm’
Path A is the most severe with the highest area to be deducted and therefore:
Netarea a, =(180x10)—360= 1440 mm’
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6.2.6.4 Effective Net Cross-sectional Area (Clauses 3.4.3)
Experimental testing has indicated that the effective capacity of a member in tension is not
reduced by the presence of holes provided that the ratio:

net cross - sectional area S yield strength

- - by a suitable margin.
gross cross - sectional area ultimate strength

The effective net area a. of a cross-section with bolt holes is determined by multiplying a,
by a modification factor K, to allow for this, and hence:

a. = Kea, < a

where:

a, is the gross cross-sectional area,

a, is the net cross-sectional area,

K. is the effective net area coefficient defined in Clause 3.4.3 of the code as indicated in
Figure 6.9.

Grade of Steel | Effective Net Area Coefficient K,
S 275 1.2
S 355 1.1
S 460 1.0
All other grades (UJ1.2)/p,

where:
Us  1is the specified minimum tensile strength
py  is the design strength

Figure 6.9

6.2.6.5 Example 6.5: Effective Net Cross-sectional Area

Determine the effective net cross-sectional area for the plate given in Example 6.4,
assuming the grade of steel to be S 355.

Solution:
Effective netarea a. = K.a,
For grade S 355 steel K. L1, a,

ag

(180x 10) = 1800 mm*, a, = 1440 mm’

I IA

de

(1.1 x 1440) = 1584 mm’> < aq,

6.2.6.6  Effective Plastic Section Modulus for Class 3 Sections (Clause 3.5.6)

The design of Class 3, semi-compact sections subject to bending can be carried out
conservatively, using the elastic section modulus (Z), or alternatively an effective plastic
section modulus (S.) can be adopted using the equations given in the code. The general
form of these equations is:

Seer = Z+[(S—2) X ‘formula’]
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The ‘formula’ is dependent on several factors, i.e. the type of section and the limiting d/t
and b/T ratios for a given section, and is given in the code as:

2
B _1 & _1 For I and H sections with equal flanges
djt b/T considering bending about the major axis,
2 but < B (i.e. the x—x axis).
ﬂSw -1 i—1
B, B
[ Bar _ o
For T and H sections with equal flanges
b/T S . . .
considering bending about the minor axis,
By -1 (i.e. the y—y axis)
| Bae
where:
b is the flange outstand as given in Figure 5 of the code,

d is the web depth,

T is the flange thickness,

t is the web thickness,

B is the limiting value of b/T from Table 11 for a Class 2 compact flange,

Bow  is the limiting value of d/t from Table 11 for a Class 2 compact web,

Bs¢  is the limiting value of /T from Table 11 for a Class 3 semi-compact flange,
Bsw s the limiting value of d/f from Table 11 for a Class 3 semi-compact web.

Pav -1 &— For rectangular hollow sections considering
djt but < bt bending about either the major axis (i.e. the
Bsw _1 & _1 X—X axis) or the minor axis (i.e. the y—y axis).
Baw B

where:

B is the limiting value of b/t from Table 12 for a Class 2 compact flange,

Bow s the limiting value of d/f from Table 12 for a Class 2 compact web,

B¢ is the limiting value of b/t from Table 12 for a Class 3 semi-compact flange,
Bsw s the limiting value of d/t from Table 12 for a Class 3 semi-compact web.

0.5
1.485 ﬂ ﬁ —1% For circular hollow sections.
D/t ] p,

In all cases, Se < S.

6.2.6.7 Example 6.6: Effective Plastic Section Modulus for Class 3 Sections

Determine the effective plastic section modulus for a 457 x 191 x 67 UB S 275 section
subject to bending about the major axis and an axial compressive load equal to 950 kN.
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Solution:

Section properties:
d=407.6 mm, t
A =85.5cm’, Z

8.5 mm, b/T =17.48, d/t = 48.0,
1300 cm®, S, = 1470 cm®

2
ﬁSW _1 &_1
! djt l
Zi+ (Sx—Zy) / but Zi+ (Sx —Zy) b/T

Clause 3.5.6.3

N

Sy eff

- <
ﬁSw _1 &_1
By B
< S,
Table 11 Bsw = 1206 15 4oe where & = (275Ip)*° = 1.0
1+2r,
F 3
P o= e o 950X210 = 0.404
Agpyw 85.5x10° x275
120
v = |————| = 6637 > 40e B = 66.37
P [1 - (2><0.4o4)] A
B = 100e > 40e where
1+1.5n
F 3
P 950x 10 0,997
dip,,, 407.6x8.5x275
100
w = |—————| = 40.07 > 40e . By = 40.07
P [1+(1.5><0.997)] .
,ij = 15¢ = 150
Bx = 10e = 10.0
5 _
[,Bw) » 6637 T_l
djt
/ . _ 1480 - = 0.523
ﬁ3w -1 6637) _1
By [ 40.07 Use smaller value
&_1 i @ !_1
Check | 2T - |i748 = 0.201
&_1 @ -1
By {100

Seerr = {1300+ [(1470 —1300) X 0.523]} = 1386 < S,
-+ Sy.err = 1386 mm®
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6.2.6.8 Effective Cross-sectional Area and Section Modulus for Class 4 Sections

(Clause 3.5.6)

In the case of slender cross-sections, the reduced capacity due to local buckling effects is
determined using an effective cross-sectional area and section modulus as indicated in
Figures 8(a) and (b) of the code, which relate to doubly symmetric slender sections as

follows:

Figure 8(a) of the code: Effective cross-sectional (A.s) area when considering pure

compression.

Consider two typical cross-sections, i.e. a rolled I-section and a hot finished rectangular

hollow section (RHS).

The effective width of a slender web
element or internal flange element is
considered to be equal to 40e comprising two
equal portions with a central non-effective
zone. Note that this does not change the
position of the centroidal axis of the effective
cross-section.

Shaded areas are
considered ineffective

20te

i I~

Area considered
to be ineffective

20te

Rolled I-section Ay = (Ag—td +40F¢)

i ] Figure 6.10
1 : . 20te
________________ ' IO - R Rectangular hollow section (RHS)
} Web only slender:
1 | 20 Ac = A, — 21D —3t—40te)
e/ | 15t Web and flanges slender:
LLdvl ) At = Ag —2t{[D— (3t +40te)] + [B— (3t + 40te)]}

1.5¢ 20te 20te 1.5t

Figure 6.11

Similar information relating to rolled H-sections, welded and cold formed sections is also

provided in Figure 8(a).

Figure 8(b) of the code: Effective section modulus (Z.) considering pure bending where

the web is not slender.

15Te 15T¢ _~ghaded areas are
considered ineffective

centroidal axis of the
gross cross-section

centroidal axis of the
effective cross-section

Rolled H-section Figure 6.12

The Z.; used should be the minimum
value of elastic section modulus
considering the centroidal axis of the
effective section and ignoring the shaded
areas.

If neither the web nor the flanges are
slender then Z. = Z.
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Figure 9 of the code: Effective Section Modulus (Z.) considering pure bending where
the web is slender.

This Clause is not applicable to hot-rolled sections since none of them have slender webs
when the neutral axis is at mid-depth. It is used when considering welded sections such as
plate girders and is not included in this text.

For slender hot-rolled angle sections, either the method given in Clause 3.6.3 can be
used or an alternative, conservative method can be adopted in which:

A
The effective cross-sectional area: —i- = 12¢ off = 12¢ 4
A b/t bit
Z
The effective section modulus: 2t =196 i = 156z
b/t bit

where b is the leg length and ¢ is the thickness.

An alternative conservative method for all slender section properties is indicated in
Clause 3.6.5 in which the sections are considered to be Class 3 semi-compact and designed
on the basis of a reduced design strength py, obtained from:

Py = B/ ﬁ)zpy

in which B is the value of b/T , b/t, D/t or d/t which exceeds the limiting value f3; given in
Table 11 or Table 12 for a Class 3 semi-compact section.

The provisions of Clauses 3.6.2.1 to 3.6.2.3 and Figures 8(a) and (b) are illustrated in
Example 6.6.

6.2.6.9 Example 6.7: Effective Plastic Section Properties for Class 4 Sections
Determine:

@) the effective cross-sectional area for a 610 X 229 x 125 UB S 275 subjected to
pure compression from an axial load of 4350 kN,

>i1) the effective plastic section modulus for a 300 X 300 X 6.3 square hollow
section (SHS) S 275 section subject to pure bending about the major axis.

Solution:
(1) 610x229x 125 UB S 275
Section properties:
d=547.6mm, ¢=119mm, A=159cm’
In Example 6.3 this section was shown to be slender when subjected to an axial load equal
to 4350 kN and €= 1.0
Figure 8(a) (see Figure 6.10 of this text)
Rolled I-section A.y = (Ag—td +40r¢)
[(159 x 10%) — (11.9 x 547.6) + (40 x 11.9%)]
15048 mm”
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(i) 300X 300 x 6.3 SHS S 275
Section properties:

dit=0b/t =44.6, t =63mm, A=73.6cm’  I,= 10500 cm’
Table 12: bt > 40¢ ... the flanges are slender
dit < 64e .. the webs are plastic  (neutral axis at mid-height)

1.5t 20te 20te 1.5¢
! ineffective area

Width of ineffective area:
centroidal axis of the — [b _ 2(1.5l‘ + 202‘8)]

g & ’?:::::;:::;::‘ ':gmss cross-section = [300-2(21.5%x6.3)] = 29.1 mm?>
_ . centroidal axis of the
y i effective cross-section Ineffective area:
: = (29.1 x6.3) = 183.33 mm’
5= [(7360%150)— (183.33%296.85)] _ 146,95 mm

(7360-183.33)

Ly = Z[I centroidalaxis T AY 2]
= {(10500 x 10%) + [7360 x (150 — 146.25)]}
- {(%}r [183.33%(296.85-146.25) ]}
= 100.94 x 10° mm*
zo = dw 10094x10° (<o 0% mm®

(D-y)  (300-146.25)

6.3 Axially Loaded Elements
6.3.1 Introduction

The design of axially loaded members considers any member where the applied loading
induces either axial tension or axial compression. Members subject to axial forces most
frequently occur in bracing systems, pin-jointed trusses, lattice girders or suspension
systems, as shown in Figure 6.13.

Frequently, in structural frames, sections are subjected to combined axial and bending
effects which may be caused by eccentric connections, wind loading or rigid-frame action.
In most cases in which UB and UC sections are used as columns in buildings, they are
subjected to combined axial and bending effects. The design of such members is discussed
and illustrated in Section 6.3.5.

The types of section used for axially loaded members range from rolled uniform
beams, columns and hollow sections to threaded bars, flat plates and wire ropes.

The following discussion relates primarily to pin-jointed structures, which comprise
the majority of structures with members subject to axial loads only.
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wind bracing members

Transmission Tower Industrial Frame — Bracing Elements

suspension cables

rrrrr

Cable-stayed Bridge
Figure 6.13

The use of beams and plate girders does not always provide the most economic or
suitable structural solution when spanning large openings. In buildings which have lightly
loaded long span roofs, when large voids are required within the depth of roof structures
for services, when plate girders are impractical, or for aesthetic/architectural reasons, the
use of roof trusses or lattice girders may be more appropriate.

Trusses are frequently used as secondary structural elements to distribute wind loading
to the foundations, as temporary bracing during construction and for torsional and lateral
stability.

Roof trusses and lattice girders are open-web flexural members which transmit the
effects of loads applied within their spans to support points by means of bending and
shear. In the case of beams, the bending and shear is transmitted by inducing bending
moments and shear forces in the cross-sections of structural members. Trusses and lattice
girders, however, generally transfer their loads by inducing axial tensile or compressive
forces in the individual members. The form of a truss is most economic when the
arrangement is such that most members are in tension.

The magnitude and sense of these forces can be determined using standard methods of
analysis such as the method of sections, joint resolution, tension coefficients, graphical
techniques or the use of computer software.

The arrangement of the internal framing of a roof truss depends upon its span. Rafters
are normally divided into equal panel lengths and ideally the loads are applied at the node
points by roof purlins. Purlin spacing is dependent on the form of roof cladding that is
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used and is usually based on manufacturers’ data sheets. In instances where the purlins do
not coincide with the node points, the main members (i.e. the rafters, or the top and bottom
booms of lattice girders) are also subjected to local bending which must be allowed for in
the design.

The internal structure of trusses should be such that, where possible, the long members
are ties (in tension), while the short members are struts (in compression). In long span
trusses the main ties are usually cambered to offset the visual sagging effects of the
deflection.

In very long span trusses, e.g. 60 metres, it is not usually possible to maintain a
constant slope in the rafter owing to problems such as additional heating requirements
caused by the very high ridge height. This problem can be overcome by changing the slope
to provide a mansard-type truss in which the slope near the end of the truss is very steep,
while it is shallower over the rest of the span.

A few examples of typical pitched roof trusses are illustrated in Figure 6.14. Lattice
girders are generally trusses with parallel top and bottom chords (known as booms) with
internal web bracing members. In long span construction they are very useful since their
relatively small span/depth ratio (typically 1/10 to 1/14) gives them an advantage over
pitched roof trusses.

Purlins
Rafter

Short Span (8.0 m)

Medium Span (18.0 m)

Internal bracing members
|

Long Span (30 m)

vy I T T

Pratt or N-Type Truss

* * / ‘ / ¢ / ¢ ¢ * ¢ L ¢ . ¢ ‘ Pratt or N-Type Truss with

Secondary Bracing

S S S S S

ABL compression boonW Warren Girder with Local
\/  Bending

f \— tension boom T

Figure 6.14
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As with roof trusses, the framing should be triangulated, considering the span and the
spacing of the applied loads. If purlins do not coincide with the panel points then
secondary bracing as shown in Figure 6.14 can be adopted as an alternative to designing
for combined axial and local bending effects.

Generally, the four main assumptions made when analysing trusses are:

¢ Truss members are connected together at their ends only.

In practice, the top and bottom chords are normally continuous and span several joints
rather than being a series of discontinuous, short members. Since truss members are
usually long and slender and do not support significant bending moments, this assumption
in the analysis is acceptable.

¢ Truss members are connected together by frictionless pins.

In real trusses the members are connected at the joints using bolted or welded gusset plates
or end plates, as shown in Figure 6.15, rather than frictionless pins.

1 /
.’ v

g f\ /
\. ! ’.
’ bR 3 |
g ol
L R~
\, |I _/" N P
1 >~
P W 5 8
112 ’ i -Z i
Welded joint Bolted joint

Figure 6.15

Provided that the setting-out lines of the bolts or the centroidal axes of the members
intersect at the assumed joint locations, experience has shown that this idealisation is
acceptable.

¢ The truss structure is loaded only at the joints.

Often the exact location of purlins relative to the joints on the top of the compression
chord/rafters is unknown at the design stage of a truss. In these circumstances, assuming
that the purlins do not coincide with the position of the joints, a local bending moment in
addition to the axial load is assumed in the truss members.

A number of empirical rules are given in Clause 4.10 for this situation. The design of
such members is carried out assuming a combined axial load and bending moments, in
accordance with the requirements of Clause 4.8 in which the bending moment is assumed
to be equal to wL*/6 in which:

w is the total load/unit length applied perpendicular to the rafters, and
L is the length of the rafter between the joints.
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& The self-weight of the members may be neglected or assumed to act at the adjacent
nodes.

Frequently, in the analysis of small trusses it is reasonable to neglect the self-weight of the
members. This may not be acceptable for large trusses, particularly those used in bridge
construction. Common practice is to assume that half of the weight of each member acts at
each of the two joints that it connects.

6.3.2 Tension Members (Clause 4.6)

As indicated in Section 6.3.1, the types of element used in the design of tension members
are numerous and varied; open and closed single-rolled sections being adopted for light
trusses and lattice girders, compound sections comprising either multiple-rolled sections or
welded plates for heavy trusses with ropes and cables being used in suspension structures
such as bridges and roofs.

There are a number of potential problems that may arise from using light, slender
sections such as bars, flats, rolled angle and channel sections, e.g.

¢ excessive sag under self-weight,
¢ vibration during dynamic loading and
¢ damage during transportation to site.

The introduction of sag rods as indicated in Figure 6.14 and the use of intermediate
packing in double angle or channel members will assist in minimizing the first two of
these problems.

In general, if the leg length of an angle tie is at least equal to M, the

60
member will have sufficient stiffness to prevent damage during transport.

The tension capacity P, of a member should be determined from

P = pyx A,
where:
py 1is the design strength of the steel as given in Table 9 and
A, is the sum of the effective net areas (a.) of all the elements of the cross-section as
defined in Clause 3.4.3 but < (1.2 X Total net area A,).

Note: When designing bolted joints it is also necessary to consider the possibility of
failure by block shear as indicated in Clause 6.2.4 (see Section 6.3.6.4.5 on
connections).

6.3.2.1 Effects of Eccentric Connections (Clause 4.6.2)

Although theoretically tension members are inherently stable and the most economic
structural elements, the introduction of secondary effects such as bending due to
eccentricities at connections reduces their efficiency. With the exception of angles,
channels and T-sections, the secondary effects should be allowed for in the design by
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considering members subject to combined axial and bending load effects, as indicated in
Clause 4.8.2.

6.3.2.2 Single Angles, Channels and T-Sections (Clause 4.6.3.1)

For asymmetric connections where secondary effects will occur, the tension capacity
should be calculated based on a reduced effective net area as indicated in Figure 6.16.

UL A 7]
-

I T Nt

1

Pt
A
v

AR

-
-
-
-
-
s
’
-
-
-
-
s

Reduce Effective Area = (A. — 0.5a,) for bolted connections and
= (Ag— 0.3a,) for welded connections
where :
A,  isthe gross cross-sectional area,
a is the gross cross-sectional area of the connected element’,
a is equal to (A, — ay).
Figure 6.16

* Note: the gross cross-sectional area of the connected element of an angle is defined in
Clause 4.6.3.1 as ‘... the product of its thickness and the overall leg width, the
overall depth for a channel or the flange width for a T-section.’

The above reduced area also applies to double angles, channels and T-sections which are
connected to the same side of a gusset plate as shown in Figure 6.17. The total capacity is
equal to the sum of the capacities of each component.
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6.3.2.3 Double Angles, Channels and T-Sections Connected, to Both Sides of a Gusset
Plate (Clause 4.6.3.2)

For double angles connected back-to-back and to the same side of a gusset plate or section
as shown in Figure 6.18, a similar calculation is made to determine the effective area.
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Reduce Effective Area = (A. — 0.25a,) for bolted connections and
= (Ag— 0.15a,) for welded connections

where A,, a; and a, are as before.
Figure 6.18

In double ties as indicated in Figure 6.18 it is assumed that the components are
interconnected by bolts or welds and are held apart and longitudinally parallel by battens
or solid packing pieces in at least two locations within their length. In the case of angles
the outermost connection should be within a distance from each end equal to (10 X smaller
leg length); in the case of channels and T-sections to (10 X the smaller overall dimension).

6.3.2.4  Other Simple Ties (Clause 4.6.3.3)

In simple connections such as single angles connected through both legs, channels
connected by both flanges or T-sections connected either through the flange and the stem
or the stem only as in Figure 6.19 secondary bending effects can be ignored and the
sections designed assuming the effective net area as calculated using Clause 3.4.3.
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b\\."‘\."'\."‘\."'\."'\."‘\."‘\. I
Single Angle Channel Section T-Section

Effective Net Area A.=a. = K, < a,

Figure 6.19
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6.3.2.5 Example 6.8: Plate with Staggered Holes and Single and Double Angle Sections

Determine the tension capacity of the plate and the angle sections shown in
Figures 6.20(a), (b) and (c), considering the strength of the sections only (i.e. ignoring
block shear and bolt strength).

L, 0mm  50mm | 50mm _ 50 mm

t 160 mm x 8 mm thick plate S275,
W W W ‘ ‘ 20 mm diameter bolts

50 mm |50 mm

®) ©

(a) Plate with staggered holes

2 /75 x 50 x 8 double angle sections
with the long legs connected to each
side of a gusset plate by 12 mm
diameter bolts or welded.

g

75 x 50 x 8 single angle with the
long leg connected to a gusset
plate by 16 mm bolts or welded.

48 iy

3 B

3""\."'\."\.'\-\.' '\-"'\."'\."'\."'\.:—S""\.'\-\.'\-\.'\-\.’

(b) Single angle (c¢) Double angles
Figure 6.20
6.3.2.6  Solution to Example 6.8
Contract: Ties Job Ref. No. : Example 6.8 | Calcs. by : W.McK.
Part of Structure : Plate and Angle Sections Checked by :
Calc. Sheet No.: 1 of 3 Date :
References Calculations Output

(a) Plate:
Clause 3.4.3 Ac = a. = Kea, < a,
1.2 (aul +an )

Clause 3.4.4.3 | A series of staggered failure patterns must be considered to
determine the critical case.
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Contract : Ties Job Ref. No. : Example 6.8 | Calcs. by : W.McK.
Part of Structure : Plate and Angle Sections Checked by :
Calc. Sheet No.: 2 of 3 Date :
References Calculations Output
L, 0mm  50mm | 50mm _ 50mm
v
D) S
. . g
i ~ < ~ . o ) g
' - O = "J\ l;
! :
i N b
b
;
© o ® ©
(Note: The hole diameter is equal to the bolt diameter + 2 mm)
Path A: (two holes)
Areatobededucted = 2(xD) = (2x8x22)
= 352 mm’
Path B: (two holes and one diagonal path)
Area to be deducted = [2 (t x D) — 0.25s%/g]
= [352—(0.25 x 50% x 10)/50]
= 227 mm’
Path C: (three holes and two diagonal paths)
Area to be deducted = [3 (x D) — 2 (0.25s%1/g)]
= [(3x8x%22)—(2x0.25 % 50% x 10)/50]
= 278 mm’
Path A is the most critical and hence:
A, = [(160x8)-352)] = 928 mm’
Ay = (160 8) = 1280 mm’
Clause 3.4.3 K. = 1.2 for S 275 steel
A, = K.a,= (12x928) = 1113.6 mm’
Plate Capacity:
Clause 4.6.1 P = (pyxA.) = (275x1113.6/10°= 306.2 kN 306.2 kN
(b) Single angle:
(i) Consider the connection to be bolted
Clause 4.6.3.1 | P, = pyx(A.—0.5a;)
Clause 3.4.3 Ae = (@g+an) < 12(@y;+ayp)
a.; = effective area of the connected leg = K.a, < a
a.,, = effective area of the unconnectedleg = K.a, < a
a,; = (a; — area of bolt holes)
a, = (a,— area of bolt holes)
Section Tables [ A, = 9.41cm?
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Contract :

Ties
Part of Structure :

Job Ref. No. : Example 6.8
Plate and Angle Sections

Calcs. by : W.McK.
Checked by :

Calc. Sheet No.: 3 of 3 Date :
References Calculations Output
Clause 4.6.3.1 a; = (75%8) = 600 mm’
a = (A, —a) = (941-600) = 341 mm’
ay = [600—(8x18)] = 456 mm?
ap = 341 mm?
Clause 3.4.3 K. = 12
a; = (12x456)= 5472mm*> < q
ap = 341 mm? <
Ae = (G +ap) = (547.2+341) = 8882 mm’
1.2 (ay +ayp) = 1.2(456+341) = 956.4 mm’
.'.Ae < 1.2 (anl + ann )
3 Bolted Single Angle
Clause 4.6.3.1 [P, = pyX(Ac—0.5a,) = {275x[888.2 - (0.5 x 341)]}/10 Capacity:
= 197.4kN 197.4 kN
(ii) Consider the connection to be welded
Clause 4.6.3.1 | P, = pyx(A,—0.3a))= {275%x[941.0-(0.3 x 341)1}1/10° Welded Single Angle
= 230.6 kN Capacity:
230.6 kN
(c) Double angle:
(i) Consider the connection to be bolted
Clause 4.6.3.2 | P, = pyX(A.—0.25a,)
Section Tables |[A, = 18.8 cm? (=941 cmZ/angle)
Evaluate area/angle:
Clause 4.63.2 |a; = (75%8) = 600 mm’
a = (A, —a) = (941-600) = 341 mm’
ay = [600—(8x14)] = 488 mm’
ap = 341 mm’
Clause 3.4.3 K. = 12
aq = (12x488)= 585.6mm’> < g
dp = 341 mm? < @
Ae = (a1 +ae) = (585.6+341) = 926.6 mm?
1.2 (ag + apy) = 1.2(488 +341) = 994.8 mm*
A, £ 1.2 (ag +ap)
Tension capacity for both angles: Bolted Double Angle
Clause 4.6.3.2 | P, = 2 [pyx (A, —0.25a,)] Capacity:
= 2{275%[926.6 - (0.25 x 341)]}/10° = 462.7kN 462.7 kKN
(i1) Consider the connection to be welded Welded Double Angle
Clause 4.6.3.2 | P, = 2[pyx(A;—0.15a,)] Capacity:
= 2 {275 % [941.0 — (0.15 x 341)]}/10° = 489.0kN 489.0 KN
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6.3.3 Compression Members (Clause 4.7)

The design of compression members is more complex than that of tension members and
encompasses the design of structural elements referred to as columns, stanchions or
struts. The term ‘strut’ is usually used when referring to members in lattice/truss
frameworks, while the other two generally refer to vertical or inclined members supporting
floors and/or roofs in structural frames.

As with tension members, in many cases such members are subjected to both axial and
bending effects. This section deals primarily with those members on lattice/truss frame-
works in which it is assumed that all members are subjected to concentric axial loading.
Column/stanchion design in which combined axial compression and bending are present is
discussed in Section 6.3.5.

6.3.3.1 Compressive Strength p. (Clause 4.7.5)

The dominant mode of failure to be considered when designing struts is axial buckling,
and consequently the compressive strength (p.) is dependent on the factors which
determine the buckling strength. Buckling failure is caused by secondary bending effects
induced by factors such as:

¢ the inherent eccentricity of applied loads due to asymmetric connection details,

¢ imperfections present in the cross-section and/or profile of a member throughout its
length,

¢ non-uniformity of material properties throughout a member.

The first two of these factors are the most significant and their effect is to introduce initial
curvature, secondary bending and consequently premature failure by buckling before the
stress in the material reaches the yield value. The stress at which failure will occur is
influenced by several variables, e.g.

¢ the cross-sectional shape of the member,

¢ the slenderness of the member,

¢ the yield strength of the material,

¢ the pattern of residual stresses induced by differential cooling of the member after
the rolling process.

The effects of these variables are reflected in the various compressive strength (p.) strut
curves (see Chapter 4, Section 4.2) as indicated in Tables 23 and 24 of the code. The
values in Table 24 are presented in terms of the slenderness A and the material strengths
S 275, S 355 and S 460. The contents of Table 24 are summarized in Figure 6.21.

If, as indicated in Figure 14, additional flange plates have been welded to rolled I or H
sections, it is necessary to allow for the residual stresses induced by the welding process.
These stresses differ in both magnitude and distribution from those caused during the
rolling/cooling processes, and effectively further reduce the stress at which buckling may
occur. The appropriate strut curve for such composite sections is indicated in Table 23.

In the case of welded I, H or box sections, the value of compressive strength (p.) is
determined from Table 24 by using a p, value 20 N/mm’ less than is obtained from
Table 9.
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Table 24 | Slenderness A | Strut Curve | Robertson Constant
> | S| 20
v | sno |t 33
o | smo | o 53
s | sno | ¢ 50
Figure 6.21

6.3.3.2 Compressive Resistance (Clause 4.7.4)
In Clause 4.7.4, the compressive resistance P, of a member is given by:

P
P,

Agpe for plastic, compact and semi-compact sections  and
Aetrpes  for slender sections

where:

A, is the gross cross-sectional area as defined in Clause 3.4.1,

Aer 18 the effective cross-sectional area as defined in Clause 3.6,

Pes is the value of p. as defined in Clause 4.7.5 for a reduced slenderness of
MAs /Ag)o'5 in which A is based on the radius of gyration r of the gross cross-
section,

pe  is the compressive strength as defined in Clause 4.7.5.

The value of compressive strength to be used in any particular circumstance is determined
by identifying first the appropriate strut curve from Table 23 and subsequently p. from
Table 24 (1) to (8). In order to obtain a value from Table 24 it is necessary to evaluate the
slenderness.

A practical and realistic assessment of the critical slenderness (A) of a strut is the most
important criterion in determining the compressive strength.

6.3.3.3 Slenderness (Clause 4.7.2)
Slenderness is generally evaluated using:

Ao b
’
where:
A is the slenderness ratio,
Lg  is the effective length with respect to the axis of buckling being considered,
r is the radius of gyration with respect to the axis of buckling being considered.

In most cases the value of Lg for a compression member can be assessed in accordance
with Table 22 which provides coefficients (e.g. 07L, 0.85L) for both non-sway and sway
structures. There are a number of sections for which the effective lengths are specified
separately, as indicated in Figure 6.22.
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Type of Strut Relevant Clause
Laced triangular lacing Clause 4.7.8
Battened battens Clause 4.7.9
Single angle Clause 4.7.10.2

Double angles Clause 4.7.10.3

Single channels Clause 4.7.10.4

Single T-sections Clause 4.7.10.5

L
b
)

-

Starred angle Clause 4.7.11

Battened Parallel EE Clause 4.7.12
Angles ] D )
All Others Table 22

Figure 6.22

In addition, Appendix D of the code gives the appropriate coefficients to be used when
assessing the effective lengths for columns in single-storey buildings using simple
construction and for columns supporting an internal platform floor of simple design.
Effective lengths for continuous structures with moment-resisting joints should be
assessed in accordance with the provisions of Appendix E.

6.3.3.4 Example 6.9: Single Angle Strut (Clause 4.7.10.2)

A typical joint from a lattice girder is shown in Figure 6.23. Using the data given,
determine the maximum compressive load which can be carried by member AB.
/

g T\4—— Member AB
\< i ;’ 17100 x 75 x 10 S 275 single angle section with the long leg connected to a
c D 12 mm gusset plate.
E i . Double bolted in standard clearance holes in line at each end.
Nt _# 7, Length between the intersection of the setting out lines of the bolts = 3.0 m
". ‘\

f-g® ! " Figure 6.23



Design of Structural Steelwork Elements

6.3.3.5 Solution to Example 6.9

315

Contract : Struts Job Ref. No. : Example 6.9 | Calcs. by : W.McK.

Part of Structure : Single Angle Section Checked by :
Calc. Sheet No.: 1 of 1 Date :
References Calculations Output

Table 9
Table 11

Figure 5

Table 11

Clause 4.7.10.1

Clause 4.7.2
Clause 4.7.10.2(a

Table 23
Table 24(6)

Clause 4.7.4

Member AB: 1/100 X 75 x 10 Single Angle S 275

A, = 1660 mm*
-u r, = 21.6mm
rn = 31.2mm
L ry = 15.9mm
7 A b b = 75mm
- d = 100 mm
t = 10mm

Design strength:  p, =275 N/mm*; & =1.0
Section Classification:
Single angle subject to axial compression

blt = (75/10) = 175
dit = (100/10) = 10
b+dit = (5+100)/10 = 17.5
Note: For an angle d is the width of the connected leg.
Since blt < 15¢
dit < 15¢

b+ dft < 24¢
The section is not slender.

Effective length Lg = 3.0 m for all axes in this case

Slenderness A = Lg/r

0.85L/ry = [(0.85%3000)/15.9] = 160
(0.7L,/r, + 15) = [(0.7x3000)/15.9 + 15] = 147
1.OL/r, = [(1.0x3000)/21.6] = 139
(0.7L,/r, + 30) = [(0.7x3000)/21.6+30] = 127
0.85Ly/r, = [(0.85x3000)/31.2] = 81.7
(0.7Ly/ry, + 30) = [(0.7x3000)/31.2+30] = 97.3
The critical slenderness = A, = 160

Use strut curve (c) for all axes and since A = 110 use Table 24(6)
Using S275steel  p, = 275N/mm’
" pe = 61 N/mm’

P. = Agp.
= (1660x61)/10° = 101kN

The maximum
compressive load
which can be
supported = 101 kN
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6.3.3.6 Example 6.10: Double Angle Strut (Clause 4.7.10.3)

A compression member of a lattice girder comprises 2/150 X 75 X 15 S 275 angle sections
with the long legs connected back-to-back and double bolted at the ends to 12 mm thick
gusset plates as indicated in Figure 6 24. Using the data given determine the maximum
compressive load which can be carried by the member.

H——12 mm thick gusset plate

2/150 x 75 x 15 angle sections

X 1 — X 4000 mm ~ !
1 — 9
y - i ;
S
. P 0 700 mm
E P 0 650 mm
i
: ] )\{ 650 mm
1
T 650 mm
Wl U! 9]
wa
- i
o t‘k\.):: )\/ 650 mm Figure 6-24
|
{ 700 mm
S

6.3.3.7 Solution to Example 6.10

Contract : Struts Job Ref. No. : Example 6.10 | Calcs. by : W.McK.

Part of Structure : Double Angle Section Checked by :
Calc. Sheet No.: 1 of 2 Date :
References Calculations Output

Member: 2/150 x 75 x 15 Double Angles S 275

Double Angle Section Properties:
A, = 6340 mm’
Tx 47.5 mm
ry 30.9 mm

Single Angle Section Properties:
ry 47.5 mm
ry 19.4 mm
15.8 mm
48.8 mm
75 mm
150 mm
15 mm

rV
ru
y b
d
t
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Contract :

Struts
Part of Structure :
Calc. Sheet No.: 2 of 2

Job Ref. No. : Example 6.10
Double Angle Section
Date :

Calcs. by : W.McK.
Checked by :

Clause 4.7.10.1

Clause 4.7.2
Clause 4.7.10.3(¢c)
and Table 25

Clause 4.7.9(c)

Clause 4.7.10.3(¢c)

Table 23
Table 24(6)

Clause 4.7.4

b+ dlt < 24e
The section is not slender.

Effective length Lg = 4.0 m for all axes in this case
Slenderness A = Lg/r
A 2 0.85L/ry
= (0.7L,/ry + 30)
> [(Lr)" + A1
> 144
where:

L, and L, are taken as the length L between the intersections of
the centroidal axes or the setting out lines of the bolts.

L
A, =—-<50

Iy

and

L, is the distance between intermediate packing pieces

7y is the minimum radius of gyration for a single angle, i.e. about
the v—v axis

L, =L, =4000 mm

For a 150 x 75 x 15 double angle A .= —1750(; =443
0.85L,/ry = [(0.85 x 4000)/47.5] = 716
(0.7LJry +30) = [(0.7x4000)/47.5+30] = 88.9
[(Ly/r)* + 271" = [(4000/30.90)" +44.3%° = 136.8
1.4, = (1.4x44.3) = 620
The critical slenderness = A = 136.8

Use strut curve (c) for all axes and since 4 > 110 use Table 24(6)

Using S275steel; p, = 275 N/mm?
Interpolate p. = {81 —[(81 —76) x1.8/(140 — 135)]} N/mm?
© pe = 792 N/mm?
P. = Ayp

= (6340x79.2)/10> = 502 kN

References Calculations Output
Table 9 Design strength:  p, =275 N/mm*; & =1.0
Table 11 Section Classification:
Double angle subject to axial compression
bit = (75/15) =5
dit = (150/15) = 10
b+d)t = (754+150)/15 = 150
Table 11 Since blt < 15¢
dit < 15¢

The maximum
compressive load
which can be

supported = 502 kN
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6.3.3.8 Example 6.11: Side Column with Lateral Restraint to Flanges

The side column of a single storey building in which the roof truss is supported on a cap
plate and simply connected such that it does not develop any significant moment is shown
in Figure 6.25. Determine the maximum compressive load which the column can support.

' b = —T "
Restraint is provided to the g
Y ' _ y-y axis by the intermediate 2
| _ Intermediate restraint regtraints. The x—x axisisnot [ | g
to both flanges restrained and consequently N g
has a higher effective Q= T\
’ buckling length; see Annex D El v
- 356x 171 x57 UB S 275 of the code. o
i = -
=
a
] R
e d] fefw ]
Figure 6.25

6.3.3.9 Solution to Example 6.11

Contract : Struts Job Ref. No. : Example 6.11 | Calcs. by : W.McK.
Part of Structure : Side Column with Restraint Checked by :
Calc. Sheet No. : 1 of 2 Date :

References Calculations Output

Member: 356 X 171 x 57 UB S 275

Section properties:

A, = 7260 mm’

ry = 149 mm

ry = 39.1 mm

t = 8.1mm

T = 13.0mm

bIT= 6.62

dit = 38.5
Table 9 Design strength: ~ py =275 N/mm?; & =1.0
Table 11 Section Classification:

Outstand element of a compression flange — Rolled sections

biIT
dit

6.62 < 9¢ Flanges are plastic
385 < 40¢ Web is non-slender
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Contract : Struts
Part of Structure :

Job Ref. No. : Example 6.11

Side Column with Restraint

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
Clause 4.7.2 Slenderness A = Lg/r
Clause 4.7.3 For single-storey columns with intermediate restraint to both
Annex D flanges the effective lengths are indicated in Figure D2 of
Annex D1.
L, = 15L = (1.5x55) = 825m
L
o= oo 380 ssy
Ty 149
L, 2 085L; = (0.85x1.9)= 1.615m * critical value
2 10L, = (1.0x12) = 1.2m
L
A = oy 413
ry 39.1
Table 23 T = 130mm < 40mm
For Rolled I Sections
*. Use strut curve (a) for the x—x axis
Use strut curve (b) for the y—y axis
Table 24(1) A& = 554, p, = 275N/mm’ . p. = 245N/mm’
Table 24(3) A = 413, p, = 275N/mm’ .. p, = 248.5N/mm’
The maximum
Critical value of p, = 245 N/mm> compressive load
Clause 4.7.4 P.= Agp. which can l_)e
= (7260x245)10° = 1779kN | Supported =1779kN

6.3.3.10 Example 6.12: Concentrically Loaded Column

A column in a braced building supports a symmetrical arrangement of beams in addition to
a vertical load from above, as shown in Figure 6.26. Using the characteristic loads

indicated, check the suitability of a 203 x 203 x 60 UC S 355 section.

4.5m

"]

Figure 6.26

Fll

Dead load
Imposed load
FzZ

Dead load
Imposed load
F3Z

Dead load
Imposed load

75 kN
175 kN

20 kN
75 kN

150 kN
250 kN
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6.3.3.11 Solution to Example 6.12

Contract :

Struts Job Ref. No. : Example 6.12 | Calcs. by : W.McK.

Part of Structure : Concentrically Loaded Column| Checked by :
Calc. Sheet No.: 1 of 2 Date :

References

Calculations

Output

Table 2

Table 9

Table 11

Clause 3.5.5

Member AB: 203 x 203 x 60 UC S 355
Section properties:

Ay = 7640 mm’
ry, = 89.6mm
ry = 52.0mm
t = 94mm

T = 142 mm
bIT= 17.25

dit = 17.1

Total characteristic dead load G, =[2x(75+20) +150]

=340 kN
Total characteristic imposed load Q, =[2 X (175 + 75) +250]
=750 kN
Partial safety factors: Y, deadload = 1.4
Y, imposed load = 1.6

Design load [(1.4 x Gy + (1.6 X 0]

[(1.4 % 340) + (1.6 X 750)] = 1676 kN

Design strength:  p, = 355 N/mm?
e = (2751355%° = 0.88

Section Classification:

Outstand element of a compression flange — Rolled sections
9¢ = (9%x0.88) = 792
bIT = 17.25;
bIT < 9¢

Webs with axial compression
F,

C

r, =

AgPyw

3
1676x10 ~ 0618
7640x355

120 [(120x0.88)] 472 - 406

1+2r, | 1+(2x0.618)

120¢e
1+2l’2

Note: In this case it is not necessary to evaluate the full
expression as above since clearly d/f < 40e

dt = 17.1

Flanges are plastic

Web is non-slender
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Contract : Struts Job Ref. No. : Example 6.12 | Calcs. by : W.McK.
Part of Structure : Concentrically Loaded Column| Checked by :
Calc. Sheet No. : 2 of 2 Date :

References Calculations Output

Clause 4.7.2 Slenderness A = Lg/r

Table 22 (a) No-sway mode.
Assume the column to be effectively held in position at both
ends and not restrained in direction at either end.

Effective length Lg= 1.0L = (1.0x4.5) = 45m
L

A= oo B0 5,
Ty 89.6
L

A= X = B0 g6s
ry 52.0

Table 23 T = 142mm < 40mm

For Rolled H Sections
' Use strut curve (b) for the x—x axis
- Use strut curve (c) for the y—y axis

Table 24(3) A = 502, p, = 355N/mm*> . p. = 297.5N/mm’

Table 24(5) A, = 865, p, = 355N/mm*> . p, = 169 N/mm’
-, Critical value of p. = 149 N/mm?

Clause 4.7.4 P. = Agp.

1291 kKN Increase the

(7640 x 169)/10° .
column size

< Design load

6.3.3.12 Column Base Plates

Columns which are assumed to be nominally pinned at their bases are provided with a slab
base comprising a single plate fillet welded to the end of the column and bolted to the
foundation with four holding down (H.D.) bolts. The base plate, welds and bolts must be
of adequate size, stiffness and strength to transfer the axial compressive force and shear at
the support without exceeding the bearing strength of the bedding material and concrete
base, as shown in Figure 6.27.

The dimensions of the plate must be sufficient to distribute the axial compressive load
to the foundations and to accommodate the holding down bolts. It is usual to calculate the
thickness as indicated in Example 6.12 and to ensure that it is > to the flange thickness.

The purpose of the welds is to transfer the shear force at the base and to securely attach
the plate to the column. In most cases either 6 mm or 8 mm fillet welds run along the
flanges and for a short distance on either side of the web will be adequate.

The holding down bolts are generally cast within location cones in a concrete base and
fitted with an anchor plate to prevent pull-out. The purpose of the location cone is to allow
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for movement before final grouting and hence to permit site adjustment during
construction. The diameter at the top of the location cones is usually at least 100 mm or
3 x bolt diameter. The recommended size of H.D. bolts is M20 for light construction, M24
for bases up to 50 mm thick, increasing to M36 for heavier plates. Clearance holes in the
base plates should be 6 mm larger than the bolt diameter. The bolts are embedded in the
concrete base to a length equal to approximately 16 to 18 X bolt diameter with a threaded
length at least equal to the bolt diameter plus 100 mm. In cases where a moment is applied
to the base and tension may develop in the bolts, reference should be made to
Clause 4.13.2.4.

Bedding material can be mortar, fine concrete or a proprietary, non-shrink grout. In
lightly loaded bases a gap of 25 mm to 50 mm is normally provided; this allows access for
grouting the H.D. bolt pockets and ensuring that the gap under the base plate is completely
filled. It is normal for the strength of the bedding material to be at least equal to that of the
concrete base. In BS 5950-1:2000 Clause 4.13.1.2, the bearing strength for concrete
foundations is given as 0.6f,,, where f, is the characteristic concrete cube strength at 28
days.

\ ' Anchor Plates <

Figure 6.27

In BS 5950-1:2000 Clause 4.13.2.2, the formula for determining the minimum thickness of
a rectangular base plate supporting a concentrically loaded column is given as:

t, = c[Bwipy 1™ >T
where:
c is the largest perpendicular distance from the edge of the effective portion (see
Figure 6.28) of the baseplate to the face of the column cross-section,
Dy is the design strength of the baseplate,
T is the flange thickness (or maximum thickness) of the column,
w is the pressure under the baseplate, based on an assumed uniform distribution of

pressure throughout the effective portion.

This equation is based on assuming an effective area as defined in Figure 15 of the code,
in which a portion of the area of any baseplate which is larger than is required to limit the
bearing pressure to 0.6f,, is considered ineffective. This situation frequently occurs, for
example, when the minimum dimensions are governed by the size required to
accommodate the column section, welds and H.D. bolts. The effective areas indicated for
various cases in the code are shown in Figure 6.28.
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when evaluating the pressure under the baseplates
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Figure 6.28

6.3.3.13 Example 6.13: Column Base Plate

Design a suitable base plate for a 203 x 203 x 60 UC S 275 column section considering
the following two design loads:

@) 750 kKN and
(ii) 1900 kN

6.3.3.14 Solution to Example 6.13

Contract : Struts Job Ref. No. : Example 6.13 | Calcs. by : W.McK.

Part of Structure : Column Base Plate Checked by :
Calc. Sheet No.: 1 of 3 Date :
References Calculations Output
Design Data:

203 x 203 x 60 UC S 275 Section Properties

Section Tables | Surface Area 1.21 m%/ metre length
- Perimeter = 1210 mm

Ay = 7640 mm’*; D
T 14.2 mm; t

209.6 mm; B = 205.8 mm;
9.4 mm

ﬁ'zt = 20 N/mmz

16 mm thick
275 N/mm?; & =10

Assume the base plate is
Table 9 Design strength: Pyp

[LIYAN
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Contract :

Struts Job Ref. No. : Example 6.13 | Calcs. by : W.McK.

Part of Structure : Column Base Plate Checked by :
Calc. Sheet No.: 2 of 3 Date :
References Calculations Output
Figure 15 Effective area of baseplate:
T+2c| T+2c¢]
(D —2T - 2¢)
¢
TT
o n
Ay [
Shaded area = Cross-sectional area + 4c> + (Perimeter X ¢)
Effective area = [A, + 4¢* + (Perimeter X ¢)]
= (7640 + 4¢* +1210¢)
(i) Design Load =750 kN
3
Clause 4.13.1 Effective area required = 750107 = 62,500 mm’
(0.6x20)
562,500 = 4c?+1210c + 7640
0 = 4c*+1210c — 54860
0 = ¢ +302.5¢-13715
_-3025 i\/302.52 +(4x13715)  (=302.5+382.6)
- 2 - 2
= 40 mm
(D—-2T-2c) = [209.6—-(2x%x14.2)—(2x40)] = 101.2 mm
Since (D — 2T — 2¢) is +ve there is no overlap of the ¢ values
between the flanges.
(D+2c) = [209.6+(2x%x40)] = 289.6 mm
(B+2¢) = [205.8+(2x40)] = 285.8mm
Clause 41322 |1, = c[Bwip,,1°° = {40 x[(3x 0.6 x 20)/275]"%} Adopt a base plate:
300 mm x 300 mm X
= 145mm < 16mm 1 15 mm thick.
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Contract : Struts Job Ref. No. : Example 6.13 | Calcs. by : W.McK.
Part of Structure : Column Base Plate Checked by :
Calc. Sheet No.: 3 of 3 Date :
References Calculations Output
(i) Design Load = 1900 kN
Effective area = (7640 + 4¢* + 1210¢)
3
Clause 4.13.1 Effective area required = M = 158,333 mm?>
(0.6x20)
5158333 = 4c¢*+1210c + 7640
0 = 4c¢*+1210c — 150,693
0 ¢ +302.5¢ - 37673
_ ~302.544/302.52 + (4x37673) _(-302.5+492.1)
- 2 - 2
= 94.8 mm
(D-2T-2¢) = [209.6—-(2%14.2)-(2x%x94.8)]= —8.4 mm
Since (D — 2T - 2c) is —ve there is insufficient width available
between the flanges. Assume the effective area comprises a
complete rectangle.
Effective area = [(B+ 2¢) X (D + 2¢)]
= [BD +2c(B+ D) +4c%]
158,333 = [4c*+ 830.8¢ +43,136]
0 = 4¢*+830.8¢ — 115197
0 = *+207.7¢—-28799
. -2077 i\/zo7.72 +(4x28799)  (-207.7+397.9)
- 2 - 2
= 95.1 mm
Plate size > [(D +2c) X (B +2¢)]
= [209.6 + (2x95.1)] X [205.8 + (2 x 95.1)]
= 400 mm X 396 mm
Table 9 Assume l6mm < ¢, < 63mm ..p,=265 N/mm?
Clause 4.13.2.2 |1, = c[Bwip, 1" = {95.1x[(3 % 0.6%20)/265]"%} Adopt a base plate:
400 mm x 400 mm X
= 35mm < 63 mm =1 35 mm thick
H.D. Bolts 6 mm fillet welds to
Assume M24’s  threaded length =24+ 100 = 124 mm | flanges and web,
embedded length = 16 x24 = 384 mm | M24mm H.D. l:')olts
thickness of bedding material = 30 mm 575 mm long with
Total length of bolt = (124 + 35 +30 +384) = 573 mm 1125 ;Illlm threaded
ength.
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6.3.4 Flexural Elements

The most frequently used, and possibly the earliest used, structural element is the beam.
The primary function of a beam is to transfer vertical loading to adjacent structural
elements such that the load can continue its path through the structure to the foundations.
Loading can be imposed on a beam from one or several of a number of sources, e.g. other
secondary beams, columns, walls, floor systems or directly from installed plant and/or
equipment. In most cases static loading will be considered the most appropriate for design
purposes, but dynamic and fatigue loading may be more critical in certain circumstances.

The structural action of a beam is predominantly bending, with other effects such as
shear, bearing and buckling also being present. In addition to ensuring that beams have
sufficient strength capacities to resist these effects, it is important that the stiffness
properties are adequate to avoid excessive deflection or local buckling of the cross-
section.

A large variety of cross-sections are available when selecting a beam for use in any one
of a wide range of applications. The most common types of beam, with an indication of
the span range for which they may be appropriate, are given in Figure 6.29.
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Spans = Im to 40 m
%
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! ;
s RS
Castellated Beam Welded Plate Girder Welded Box Girder

Spans = 15 m to 200 m
Figure 6.29
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For lightly loaded and small spans such as roof purlins and side sheeting rails, the use of
hot-rolled angle sections or channel sections is appropriate. Cold-formed sections pressed
from thin sheet and galvanised, and provided by proprietary suppliers, are frequently used.

In small to medium spans hot-rolled joists, universal beams (UBs), hollow sections and
UBs with additional welded flange plates (compound beams) are often used. If the span
and/or magnitude of loading dictates that larger and deeper sections are required,
castellated beams formed by welding together profiled cut UB sections, plate girders or
box girders can be fabricated in which the webs and flanges are individual plates welded
together.

While careful detailing can minimize torsional effects, when they are considered
significant, hollow tube sections are more efficient than open sections such as UBs,
universal columns (UCs), angles and channels.

The section properties of all hot-rolled sections and cold-formed sections are published
by their manufacturers; those for fabricated sections must be calculated by the designer.

The span of a beam is defined in Clause 4.2.1.2 of BS 5950-1:2000 as the distance
between points of effective support. In general, unless the supports are wide columns or
piers then the span can be considered as the centre-to-centre of the actual supports or
columns.

The most widely adopted section to be found in building frames is the Universal Beam.
The design of beams to satisfy the requirements of BS 5950-1:2000 includes the
consideration of:

section classification,

shear capacity,

moment capacity (including lateral torsional buckling),
deflection,

web bearing,

web buckling,

torsional capacity (not required for the design of most beams).

* & & O O 0 o

6.3.4.1 Section Classification (Clause 3.5)

The section classification of structural elements is described in detail in Section 6.2.5 of
this text.

6.3.4.2 Shear Capacity (Clause 4.2.3)

Generally in the design of beams for buildings, the effects of shear are negligible and will
not significantly reduce the value of the moment capacity. It is evident from the elastic
shear stress distribution in an I-beam, as shown in Figure 6.30 that the web of a cross-
section is the primary element which carries the shear force.

=

Maximum

i— Shear area
shear stress

ey
Applied shear force Q} Elastic shear

stress distribution

P —t—]

LY. Shear flow

Figure 6.30



328 Design of Structural Elements

In situations such as at internal supports of continuous beams where there is likely to be
high coincident shear and moment effects which may induce significant principal stresses
(see Figure 6.31), it is sometimes necessary to consider the reduction in moment capacity
caused by the effects of the shear.

Applied loading

_D\l U E]\‘k “
/=0 ORI
- : [ o
Z \ +‘ o )
el ol T oL TS
,,,,, ol -
Applied 2D stress systems to element
Figure 6.31
The shear capacity of a beam is defined in the code as:
P,=0.6p A,
where:
0.6 p, is approximately equal to the yield stress of steel in shear,
A, is the shear area as defined in Clause 4.2.3.

When the applied ultimate shear force (F,) is equal to or greater than 60% of P,
(ie. F, =2 0.36 py A,) the moment capacity of a beam should be reduced as specified in
Clause 4.2.5.3.

When the aspect ratio of a web (d/f) is greater than 70¢ for rolled sections or 62¢ for
welded sections, the possibility of shear buckling should be considered in accordance with
Clause 4.4.5. In the design of webs of variable thickness and/or which contain large holes
(e.g. castellated beams), the code requires that shear stresses be calculated from first
principles, assuming elastic behaviour and a maximum shear stress not exceeding 0.7py;
the design of such webs is not considered in this text.

6.3.4.3 Example 6.14: Shear Check of a Simply Supported Beam

A simply supported 406 x 178 x 74 UB S 275 is required to span 4.5 m and to carry an
ultimate design load of 40 kN/m. Check the suitability of the section with respect to shear.

Solution:
Section properties: 406 x 178 x 74 UB S 275
t = 9.5 mm, D = 412.8 mm, d = 3604mm, dit = 379

Design shear force at the end of the beam F, = 40x4.5 =90 kN

Clause 4.2.3 P, =0.6p,A,
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For a rolled UB section A, = tD

Shear area Ay = (9.5x412.8)=3.922 x 10’ mm’
Clause 3.1.1 Web thickness t = 95mm
Table 9 t < 16mm  p, = 275N/mm’ and & = 1.0
Clause 3.5 Since the beam is subject to pure bending the neutral axis will

be at mid-depth.
Section Classification:

Table 11 % = 379 < 80¢ Web is plastic
3

Clause 4.2.3 Shear capacity P, = 06275 >1<03;.922 X100 647 kN
>>F, (90 kN)

d <70€ therefore no need to check shear buckling.
t

This value indicates the excessive reserve of shear strength in the web.
In cases where bolt holes are required in the web, no allowance is required provided
that:
Avnee 2 0.85A,/ K.
where:
Ay et 18 the net shear area after deducting bolt holes,
K. is the effective net area coefficient from Clause 3.4.3.

When A, ¢ < 0.85A,/ K. the net shear capacity is modified such that P, = 0.7 py KA, net
as indicated in Clause 6.2.3.

6.3.4.4 Moment Capacity (Clauses 4.2.5 and 4.3)
The moment capacity of a beam is determined by a number of factors such as:

(i)  design strength Table 9

(i1)  section classification Table 12

(iii) elastic section modulus V4

(iv) plastic section modulus S

(v)  co-existent shear Clauses (4.2.5.2 and 4.2.5.3) and

(vi) lateral restraint to the compression flange  Clause 4.3

The criteria (i) to (v) are relatively straightforward to evaluate, however criterion (vi) is
related to the lateral torsional buckling of beams and is much more complex. The design of
beams in this text are considered in two categories:

(a) beams in which the compression flange is fully restrained and lateral torsional
buckling cannot occur, and

(b) beams in which either no lateral restraint or only intermittent lateral restraint is
provided to the compression flange.

Refer to Chapter 4, Section 4.4 of this text relating to lateral torsional buckling.
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6.3.4.4.1. Effective Length

The provision of lateral and torsional restraints to a beam introduces the concept of
effective length. The effective length of a compression flange is the equivalent length
between restraints over which a pin-ended beam would fail by lateral torsional buckling.
The values to be used in assessing this are given in Tables 13 and 14 for beams and
cantilevers respectively. The values adopted depend on three factors relating to the degree
of lateral and torsional restraint at the position of the intermittent restraints. They are:

(a) the existence of torsional restraints,
(b)  the degree of lateral restraint of the compression flange,
(c) the type of loading.

In the case of beams (Table 13) factors (a) and (b) give rise to seven possible conditions.

(a) When nominal torsional restraint exists, as indicated in Clause 4.2.2, and the
compression flange is fully restrained:

(i)  both the compression and tension flanges are fully restrained against
rotation on plan,

(i)  the compression flange is fully restrained against rotation on plan,

(iii) both flanges are partially restrained against rotation on plan, or

(iv) the compression flange is partially restrained against rotation on plan,

(v)  both flanges are free to rotate on plan.

(b) When both flanges are free to rotate on plan and the compression flange is
unrestrained:

(i)  partial torsional restraint against rotation about the longitudinal axis
provided by the connection of the bottom flange to the supports,

(il) partial torsional restraint against rotation about the longitudinal axis is
provided only by pressure of the bottom flange onto supports.

Similar conditions exist in Table 14 for cantilevers.
Guidance is given in Clause 4.3.3 to assist designers in assessing the degree of
torsional restraint which exists.

(¢) Type of loading:
A beam load is considered normal unless both the beam and the load are free to
deflect laterally and so induce lateral torsional buckling by virtue of the
combined freedom; in this case the load is a destabilising load. In an efficiently
designed braced structural system, destabilising loads should not normally arise.
In some instances the existence of such a load is unavoidable e.g. the sidesway
induced in crane-gantry girders by the horizontal surge loads (see Figure 6.32).
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Vertical load crab

y . 4 crab girder ) =
f - [ /
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Horizontal crane gantry girder ——
surge load 2

Figure 6.32

In Table 14 it can be seen that destabilising loads are a particular problem for
cantilevers since it may be difficult to achieve torsional rigidity at either the free or the
fixed end. In addition the bottom flange, which is in compression, may not be as readily
restrained as the top flange.

6.3.4.4.2. Moment Capacity (M.) of Beams With Full Lateral Restraint

The moment capacity (M.) of beams with the compression flange fully restrained is
determined using the following equations which are given in Clauses 4.2.5.2 and 4.2.5.3
for low coincident shear and high coincident shear respectively.

For Plastic and Compact Sections:
Clause 4.2.5.2 Low Shear F, < 0.6P,:

M.= p,S
< 1.2p,Z for simply supported beams and cantilevers and
< 1.5p,Z  generally.

The limitations based on the elastic section modulus are to ensure that plasticity does not
occur at service loads.

Clause 4.2.6 High Shear F, > 0.6P,

M. = Py(S - pSv)
1.2p,Z  for simply supported beams and cantilevers and
1.5py Z generally.

ININ

where:
S is the plastic modulus,
S, is either
(i)  the plastic modulus of the shear area for sections defined in Clause 4.2.3 or
(i) equal to (S — Sy the plastic modulus of the effective cross-section excluding the
shear area A, defined in Clause 4.2.3.
p is defined by: [2(F,/P,)— 1]
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For Semi-Compact Sections:
Clause 4.2.5.2 Low Shear F, < 0.6P,:

M.= pyZ or alternatively M= pySer
< 12p,Z for simply supported beams and cantilevers and
< 1.5p,Z generally.
Clause 4.2.6 High Shear F, > 0.6P,
M.=py[Z— (pS,/1.5)] or alternatively M. = py[Scir — (pSV)]
< 1.2p,Z for simply supported beams and cantilevers and
< 1.5pyZ generally.

where:
Serr 1s the effective plastic modulus as indicated in Clause 3.5.6.

For Slender Sections:
Clause 4.2.5.2 Low Shear F, < 0.6P,:

M. = pyZeff
Clause 4.2.6 High Shear F, > 0.6P,

M.= Py[Zeff - (pSv/l )]
where:
Zgr 1s the effective plastic modulus as indicated in Clause 3.6.2.

6.3.4.5 Example 6.15: Moment Capacity of Beam with Full Lateral Restraint

A single span beam is simply supported between two columns and carries a reinforced
concrete slab in addition to the column and loading shown in Figure 6.33. Using the
characteristic loads indicated, select a suitable section considering section classification,
shear and bending only. Assume S 275 steel and that dead loads are inclusive of self-
weights.

Gy= 10.0kN
Oc= 30.0kN
o g = 8.0kN/m
""" g« = 10.0 kN/m
v

(a) Universal Beam Section
(b) Rectangular Hollow Section

2.0m 4.0m
6.0m
Figure 6.33




Design of Structural Steelwork Elements

6.3.4.6  Solution to Example 6.15

333

Contract :

Beams Job Ref. No. : Example 6.15 | Calcs. by : W.McK.

Part of Structure : Fully Restrained Beam Checked by :
Calc. Sheet No.: 1 of 3 Date :
References Calculations Output

Table 2

(a) Design a suitable Universal Beam Section

Gy =10.0kN ¢ = 8.0 kN/m
0, =30.0kN g = 10.0 KN/m

Design point load =(1.4x10)+ (1.6x30) = 62kN
Design UDL =(1.4%x8)+(1.6x10) = 27.2kN/m
62.0 kN
27.2 kN/m

By proportion:
Vertical reaction at A = V =
(27.2><3)+(62X4)= 1229 kN
Vertical reaction at C = V¢ =
(272x 3)+(62 a 2): 1023 kN
122.9 kN
68.5 kN

102.3 kN

Shear Force Diagram

Position of zero shear x = i =024 m
272

Maximum bending moment occurs at position of zero shear

The maximum bending moment = shaded area =

Moo (122.9;68.5)2 +[0-242X6'5):192.2kNm

Design shear
force = 122.9 kN

Design bending
moment = 192.2 kNm
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Contract :

Beams  Job Ref. No. : Example 6.15 | Calcs. by : W.McK.

Part of Structure : Fully Restrained Beam Checked by :
Calc. Sheet No. : 2 of 3 Date :
References Calculations Output

Table 9

Section Tables

Table 11

Clause 4.2.3

Clause 4.2.3

Clause 4.2.5.2

Clause 4.2.5.1

Clause 4.2.5.2

The compression flange is fully restrained and assume low shear

(a) Consider a universal beam section:
Assume the flange thickness T < 16 mm .. p, = 275 N/mm?

1922 x10°
5 Se required 2 9—X = 6989 x 103 mm3
275

A trial beam size can be selected from published section
tables: try a 305 x 165 x 46 UB S 275

Section Properties:

D = 306.6mm d 265.2 mm B =165.7 mm

T = 11.8mm ¢ = 6.7mm b/T =7.02

dft = 39.6mm S, =720x 10°mm® Z, =646x 10° mm’

1

2
(i) Section Classification £= 25 =10
Py
Flange: Outstand element of compression flange rolled section
bIT=7.02 < 9.0¢

Web: Neutral axis at mid-depth (i.e. bending only)
dit =39.6 < 80¢
<70¢ therefore no need to check shear buckling

(ii) Shear
Design shear force = F,=122.9 kN
P, = (0.6p,A,) = 0.6pyD

P, = (0.6x275%6.7%x306.6)/10° = 338.9kN
P, > F,
(iii) Bending
60% P, = (0.6x3389) = 2033kN > 68.5kN
Low shear

Note: 68.5 kN is the coincident shear at the position of
maximum bending moment.

M, 1.2py Z,  for simply supported beams
(1.2x275x 646 x 10°)/ 10° = 213.2kNm
M. = Py S

(275 x 720 x 10%)/10° = 198 kNm

A

192.2 kNm

Maximum applied moment = M,
M,

> M,

Flange is plastic

Web is plastic

Section is plastic

Section is adequate
in shear

Critical value of
M. =198 KkNm

Section is adequate
in bending
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Contract :

Beams  Job Ref. No. : Example 6.15 | Calcs. by : W.McK.

Part of Structure : Fully Restrained Beam Checked by :
Calc. Sheet No.: 3 of 3 Date :
References Calculations Output

Table 9

Section Tables

Table 12

Clause 4.2.3

Clause 4.2.3

Clause 4.2.5.2

Clause 4.2.5.1

Clause 4.2.5.2

(b) Consider a rectangular hollow section:
The flange thickness 7 < 16 mm .. p, =275 N/mm?

1922 x 10°
S rqred 2 222X 6989 %103 mm?
275

A trial beam size can be selected from published section
tables: try a 300 x 200 x 8 RHS S275

Section Properties:
D = 300mm B = 200mm A =7680mm>
Z. = 648%x10° mm® S, = 779%10° mm’
bt = 220 d/t = 345mm

1

(i) Section Classification £= (ﬁJz =10
Py
Flange: Hot finished rectangular hollow section with
compression due to bending.
b/T=22.0 < 28.0e
Web: Neutral axis at mid-depth (i.e. bending only)
dit =39.6 < 64¢
< 70¢ therefore no need to check shear buckling

(ii) Shear

Design shear force = F,=122.9 kN

P, = (0.6p,A,) = 0.6p,AD/(D + B)

P, = [(0.6 x 275 x 7680 x 300)/(300 + 200))/10°=  760.3 kN

P, >> F,
(iii) Bending
60% P, = (0.6x760.3) = 4562kN >> 68.5kN
Low shear

Note: 68.5 kN is the coincident shear at the position of
maximum bending moment.

M. < 12pyZ,  for simply supported beams
= (12x275x648x10°/10° = 213.8kNm

M. = Py Sy

(275 x 779 x 10%/10° 214.2 kKNm

Maximum applied moment = 192.2 kNm

M,
M. > M,

Flange is plastic
Web is plastic

Section is plastic

Section is adequate
in shear

Critical value of
M, =213.8 KNm

Section is adequate
in bending
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6.3.4.7 Moment Capacity of Beams with Intermittent Lateral Restraint

As indicated in Section 4.4 of Chapter 4, the moment capacity of a beam in which the
compression flange is not fully restrained is known as the Buckling Resistance Moment
(My) and is defined in Clause 4.3.6.4 as:

¢ My, = ppSx for plastic and compact cross-sections

¢ Mb = Db Zx

or alternatively for semi-compact sections
= Db Sxeft
¢ My, = poZies for slender sections

Tha appropriate values of Sy, Sx.fr, Zx, and Z, . can be found in Section Property Tables or
calculated in accordance with Clauses 3.5.6 and 3.6.7 as illustrated in Section 6.2.6.

The bending strength py is dependent on the design strength p, the Equivalent
Slenderness—A;r, and the type of member, i.e. rolled or fabricated by welding. The
characteristic shape of the bending moment diagram also influences the value of moment
at which lateral torsional buckling will occur.

Consider an unrestrained length of beam which is subject to a maximum bending
moment M; at one end and M, at the other, as shown in Figures 6.34 (a) and (b). In case
(a) the beam is subject to single curvature and in case (b) to double curvature. The length
of flange in compression in case (a) is greater than that in (b) and consequently it is more
likely to buckle. This behaviour is allowed for in the code by introducing a modification
factor called the Equivalent Uniform Moment Factor—my 1 (see Clause 6.3.4.7.2).

[

f—_‘\Mz

Ml M2 M]

P U

-
— e ~ -
e, _—— e —-—_-— S~ f’

-

Deformed shape — single curvature =~ Deformed shape — double curvature

»
WMQ
Ml M1

(a) (b)
Figure 6.34

6.3.4.7.1. Equivalent Slenderness (Art)
The equivalent slenderness is defined in Clause 4.3.6.7 in terms of:

L. the effective length for lateral torsional buckling as given in Clause 4.3.5, Tables 13
and 14,
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u abuckling parameter which for rolled I-, H- or channel sections with equal flanges can
be taken as 0.9 and for welded three-plate girders with equal flanges as 1.0,

x atorsional index which may be taken as D/T for rolled sections and welded three-plate
girders provided that u is taken as 0.9 or 1.0 as appropriate.

(An alternative, more accurate assessment of the buckling parameter and the torsional
index can be evaluated using the equations given in Clause B.2.3 of Appendix B.)

v a slenderness factor which may be obtained from Table 19. The values given in
Table 19 depend on three factors:
1

n = —X—; where I, and I, are the second moments of area of the tension

I, +1,
and compression flanges respectively about the minor axis of the section. In the case
of sections with equal flanges 11 = 0.5,
A« = LE/ry,
x = torsional index as above.

(As with u# and x, an alternative, more accurate assessment of v can be evaluated using the
equations given in Clauses 4.3.6.7 and B.2.4.1 of Appendix B.)

B, a ratio defined in the code in Clause 4.3.6.9 as:
= 1.0 for plastic and compact sections,

= ZJSx when Mg = ppZ,
or alternatively for semi-compact cross-sections
= x,eff/Sx when Mg = prx

= ZyettlSx for slender cross-sections
Clause 4.3.6.7 The Equivalent Slenderness = Air = wvd B,

6.3.4.7.2. Equivalent Uniform Moment Factor (1)

The equivalent uniform moment factor is given in Table 18 of the code for various load
cases. This factor is essentially a modification factor to the bending strengths given in
Tables 16 and 17 in which it is assumed that the force in the compression flange is
constant throughout the unrestrained length of a beam, i.e. the applied moment is assumed
to be uniform. If the compression force decreases along the unrestrained length there is
less tendency for lateral torsional buckling to occur.

Consider Figures 6.35(a) to (d) in which the unrestrained length of a beam is subject to
four different bending moment diagrams, all of which have a maximum value at one end
equal to M and a value at the other end equal to 3 M.

In cases (b), (¢) and (d) an equivalent uniform bending moment diagram, which is
assumed to have the same buckling effect as the actual bending moment diagram, is
indicated by a broken line.
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) ——)

B =10 0<B <10 B=0
(a) (b) (©

Equivalent Uniform Moment = mytM
Figure 6.35

The values of py, in the code are based on the assumption of a bending moment diagram as

indicated in Figure 6.35(a), i.e. mpr = 1.0. In all other cases this underestimates the actual

bending strength and consequently M, should be enhanced. This is reflected in

Clause 4.3.6.2 as follows:

Clause 4.3.6.2 M, < Mympr (Note: m1<1.0)

< M X

where:

My, is the buckling resistance moment,

M., 1is the major axis moment capacity of the cross-section,

M, is the maximum major axis moment applied to the unrestrained length being
considered,

myr is the equivalent uniform moment factor for lateral torsional buckling

Note: It is important to check M., since mr can be as low as 0.44, leading to the
moment capacity being the more critical case.

A general load case and a number of standard load cases to determine myt are given in the
code in Table 18.

The rigorous method for evaluating My as given in Clause 4.3.6.4 can be simplified in the
case of rolled I-, H- or channel sections with equal flanges to give a conservative estimate
of their buckling resistance moment as indicated in Clause 4.3.7. The evaluation M, is
illustrated using both methods in Examples 6.15 to 6.19.

6.3.4.8 Example 6.16: Beam with No Lateral Restraint

The existing outbuildings in an old stable-block are to be modified to provide facilities for
a motor vehicle repair shop. A cross-section of the intended new roof structure is shown in
Figure 6.36.



Design of Structural Steelwork Elements 339

Using the design data given, check the suitability of the proposed new steel beam with
respect to shear and bending.

Design Data:

Characteristic dead load including self-weight  (based on the plan area) 2.25 kN/m?
Characteristic imposed load (based on the plan area) 1.5 kN/m*
Span of beam between the centres of bearing 6.55 m

Conditions of restraint at supports:

Compression flange laterally restrained

Beam fully restrained against torsion

Both flanges are free to rotate on plan
Assume that the existing roof trusses and proposed new structure do not provide lateral
restraint to the compression flange.

i Existing structure J l/(

i New structure: .
T New beam: Timber beams at = ]
= 406 x 178 x 67 UB S 275 440 mm centres ]
T ]
= a
T ]
T al
| |
T a

o T
4.0m P 4.88 m
Figure 6.36

6.3.4.9  Solution to Example 6.16

Contract: Beams Job Ref. No. : Example 6.16 | Calcs. by : W.McK.
Part of Structure : Beam with No Lateral Restraint | Checked by :
Calc. Sheet No.: 1 of 5 Date :

References Calculations Output

The existing timber roof trusses and the new timber beams are
supported on the top flange of the beam but are not considered
to provide any lateral restraint to the compression flange.

The plan area supported by the universal beam comprises a
width of 2.0 m from the existing structure and 2.44 m from the
new one.
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Contract :

Part of Structure : Beam with No Lateral Restraint

Beams  Job Ref. No. : Example 6.16 | Calcs. by : W.McK.

Checked by :

Calc. Sheet No. : 2 of 5 Date :
References Calculations Output
]
H
C
d
1
5 ‘
G !
=
4.0m . 488m ol
___________ ———— A
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§ | —
| —
::I
I:I
|:I E
|:I vy
 — v
| — o
I:I
::I
|:I
|:I
_____________ — Y
(2.0+244)=444m
Plan area supported = (4.44x6.55) = 29.1m’
g = 2.25 kKN/m?
g« = 1.5kN/m?
Table 2 Designload = {[(1.4%x2.25)+ (1.6 X 1.50)] x29.1}
=161.5kN
Total load W=161.5 kN
Va=80.75 kN Vg =80.75 kN
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Contract: Beams  Job Ref. No. : Example 6.16 | Calcs. by : W.McK.
Part of Structure : Beam with No Lateral Restraint | Checked by :

Calc. Sheet No. : 3 of 5 Date :
References Calculations Output
80.75 kN
Design shear
force = 80.75 kN
Shear Force Diagram 80.75 kN
1
WL/8

Bending Moment Diagram

The maximum bending moment M, [(161.5 x 6.55)/8.0]
Design bending

132.2 kNm moment = 132.2 kNm

Check the suitability of a 406 x 178 x 67 UB S 275 section

Section Properties:
D = 4094mm d = 360.4 mm B =178.8 mm
T = 143mm ¢ = 8.8mm b/T =6.25
dn = 41.0 x = 305 u =0.88
S, =1350x 10’ mm’ Z, =1190x 10’ mm’ r, =39.9 mm
Table 9 Flange thickness T'< 16 mm .. p, =275 N/mm>
1
. N 275 |2
Table 11 Section Classification e=|—| =10
Py

Flange: Outstand element of compression flange rolled section Flange is plastic
bIT=6.25 < 9.0¢

Web is plastic

Web: Neutral axis at mid-depth (i.e. bending only) L.

dit = 41.0 < 80¢ Section is plastic
Clause 4.2.3 <70¢e therefore no need to check shear buckling

Shear:
Clause 4.2.3 Design shear force F, =80.75 kN

P, = (0.6p,A,) = 0.6pyD ..

P, = (0.6x275x8.8x409.4/10° = 594.4kN Section is adequate

P, >> F, in shear
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Contract :

Beams  Job Ref. No. : Example 6.16 | Calcs. by : W.McK.

Part of Structure : Beam with No Lateral Restraint | Checked by :
Calc. Sheet No. : 4 of S Date :

References

Calculations Output

Clause 4.2.5.1

Clause 4.2.5.2

Clause 4.3.6.2

Table 18

Clause 4.3.6.4

Clause 4.3.6.7

Clause 4.3.5.1

Table 13

Section Tables

Clause 4.3.6.7

Table 19

Bending:
M. < 12p,Z. for simply supported beams
= (12x275x 1190x 10’/ 10° = 392.7 kNm

The coincident shear at the point of maximum bending moment
is equal to zero; use Clause 4.2.5.2 for low shear.

M. = pyS, Critical value of
(275 x 1350 x 10*)/10° = 371.3 kNm M, =371.3 kNm
Maximum applied moment = M, = 132.2kNm
M. > M,
Lateral torsional buckling:
MX < MB/mLT (S Mc)
myr= 0.925 for an unrestrained length with a uniformly
distributed load.
Rigorous Method:

Mg = pp xS where py, is determined from Table 16 for
rolled sections using At and py

L
Ar= uwvd 4By where A = ZE
-
y
There is no intermediate restraint along the compression flange.
Both flanges are free to rotate on plan.

There are lateral and torsional restraints at the supports.

The loading condition is normal and Lg = 1.0Lyt =1.0L

Lz = 6550 mm,
A= 6550 =164.2
39.9
Buckling parameter u = 0.88
Torsional index x = 30.5

v is the slenderness factor which is given in Table 19 and
depends on A /x and
n = 0.5for UB sections; A/x= (164.2/30.5)= 5.38

Nx ’n =0.5 0.38
50 0.82 v o= 0.82- [(0.82—0.79)x'—]
55 ] 0.79 0.5

0.8
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Contract: Beams  Job Ref. No. : Example 6.16
Part of Structure : Beam with No Lateral Restraint
Calc. Sheet No.: 5 of 5

Calcs. by : W.McK.

Checked by :
Date :

Output

References Calculations
Clause 4.3.6.9 | B, = 1.0 for plastic sections
A= uvi ,IBW = (0.88x0.8%x164.2x%x 4/1.0)=115.6
Table 16 Ao= 343 < Arr .. check for lateral torsional buckling
Air= 1156 and p, = 275N/mm’
Ay | S275 - 0.6
Table 16 LT e =102 | (102-96)x——
115 | 102 5.0
120 | 96 =101.3 N/mm®
Clause 4.3.6.4 | Mg = (p,xSy)= (101.3x1350 % 103)/106 = 136.8 kNm
Clause 4.3.6.2 | M,< Mg/ myt = (136.8/0.925) = 147.9 kNm > M,

Clause 4.3.7 Mg = (p,XxSy)

Clause 4.3.6.9 | B, = 1.0 for plastic sections

Since My < M. and < Mg/ myr the section is adequate

Simplified Method for Equal Flanged Rolled Sections:
where p,, is determined from Table 20 for
rolled sections using [(f,) 05 Lg/ry] and DIT

Lilr, = 164.2
[(B.) *° Le/r] = [(1.0)°x1642] = 1642
DIT = (409.4/143) = 286
Table 20
[(B) *° Ly/ry] DIT
20 | 25 | 30 | 35
155 127 | 114 | 105 | 99
160 124 [ 111 [ 101 | 95
165 121 | 107 | 98 | 92
170 118 | 104 | 95 | 89
[(B.) ** Li/ry] DIT
20 | 25 30 | 35
164.2 - | 1076 | 985 -
3.6
. = 107.6- [(107.6—98.5)><—}
5.0
= 101 N/mm?
Clause 43.7 |Mg= (ppxS) = (101x1350x10°)/10°=

IN I

Clause 4.3.6.2 | M,

Mg/ myr = (136.4/0.925) = 147.5 kNm > M,

Since My < M. and < Mg/ myy the section is adequate

136.4 kNm

Section is adequate
in bending

Section is adequate
in bending
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6.3.4.10 Example 6.17: Beam 1 with Intermittent Lateral Restraint

A simply supported floor beam in a braced steel industrial frame supports grid flooring
and a column as shown in Figure 6.37. Using the design data given, check the suitability
of the steel beam with respect to shear and bending.

Design Data:

Characteristic uniformly distributed dead load (including self-weight) 8.0 kN/m
Characteristic uniformly distributed imposed load 10.0 kN/m
Characteristic dead load in column 10.0 kN
Characteristic imposed load in column 30.0 kN

Conditions of restraint at supports:
Compression flange laterally restrained
Beam fully restrained against torsion
Both flanges are partially restrained against rotation on plan

Assume the compression flange to be laterally restrained by the tie beam and that the grid
flooring does not provide lateral restraint to the compression flange.

— —— column —
— grid flooring

V4
4
& v ; .|

tie beam 457 x 191 x 82 UB S 275
- 20m . 40m
6.0 m

[y

A

Figure 6.37

6.3.4.11 Solution to Example 6.17

Contract: Beams  Job Ref. No. : Example 6.17 | Calcs. by : W.McK.
Part of Structure : Beam 1 — Intermittent Restraint | Checked by :
Calc. Sheet No.: 1 of 5 Date :

References Calculations Output

The industrial grid flooring is supported on the top flange of the
beam but not considered to provide any lateral restraint to the
compression flange.

Lateral restraint is assumed to be provided by the tie beams at
the 2.0 m position from the left-hand end.

The self-weight of the tie beam is included in the dead load.
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Contract :

Beams

Job Ref. No. : Example 6.17

Part of Structure : Beam 1 — Intermittent Restraint
Calc. Sheet No.: 2 of 5

Calcs. by : W.McK.
Checked by :
Date :

References

Calculations

Output

Table 9

Design point load
Design distributed load

Ge=10kN _ g= g = 8.0 kN/m

¢ =10 kN/m
AT

B
4.0 m

- et

6.0 m

-,

This beam has the same span and the same loading condition as
in Example 6.15 and consequently the same design shear force
and bending moment diagrams.

62.0 kN
27.2 kN/m

122.9 kN

68.5 kN

6.5 kN

C

c

2.24m ‘

The design shear force

Shear Force Diagram

F, =

o

122.9 kN

102.3 kN

D

dn

The maximum bending moment at B

T =

Sc=1

f

192.2 kNm

Bending Moment Diagram

Check the suitability of a 457 x 191 x 82 UB S 275 section

Section Properties:

460.0 mm d
16.0 mm t
41.2 x
830 x 10° mm’®

407.6 mm
9.9 mm
30.8 u
=1610 % 10° mm’

B

Zy

Flange thickness 7< 16 mm .. p, = 275 N/mm?

My =192.2 kNm

=191.3 mm
b/T =5.98
=0.879

Ty

=42.3 mm
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Contract: Beams  Job Ref. No. : Example 6.17
Part of Structure : Beam 1 — Intermittent Restraint

Calcs. by : W.McK.
Checked by :

Clause 4.2.5.1 |M. < 12p,Z, for simply supported beams

is equal to zero; use Clause 4.2.5.2 for low shear.

Clause 4.2.5.2 |M. = pyS.

Clause 4.3.6.2 | Lateral torsional buckling:
Mx < MB/mLT (S Mc.)

follows:
Table 18

= (12x275x1610x10%/10° = 531.3 kNm

The coincident shear at the point of maximum bending moment

The intermediate lateral restraint occurs at B, resulting in two
unrestrained lengths AB = 2.0 m and BC = 4.0 m. Clearly in this
instance section BC is the more critical unrestrained length.

myt can be determined from Table 18 for the general case as

Calc. Sheet No. : 3 of 5 Date :
References Calculations Output
1
. e 275 |2
Table 11 Section Classification e=|—1 =10
Py
Flange: Outstand element of compression flange rolled section Flange is plastic
bIT=598 < 9.0¢
Web: Neutral axis at mid-depth (i.e. bending only) Web is plastic
dit = 41.2 < 80¢
Clause 4.2.3 <70¢ therefore no need to check shear buckling Section is plastic
Shear:
Clause 4.2.3 Design shear force F, =122.9 kN
P, = (0.6p,A,) = 0.6p,D L.
P, = (0.6X275x9.9x460.0/10° = 751.4kN Section is adequate
P, >> F, in shear
Bending:

Critical value of

(275 x 1830 x 10/ 10° = 503.3 kNm M, =503.3 kNm
Maximum applied moment = My = 1922kNm
M. > M,

ma = 024 (0.15M , +0.5M 5 +0.15M )
M

max

>0.44
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Contract: Beams  Job Ref. No. : Example 6.17
Part of Structure : Beam 1 — Intermittent Restraint
Calc. Sheet No.: 4 of 5

Calcs. by : W.McK.
Checked by :
Date :

References Calculations

Output

122.9 kN

M, = [(102.3%x3.0)— (27.2%x 3.0 x 1.5)]
M; = [(102.3x2.0) = (27.2x 2.0 X 1.0)]
M, = [(1023x1.0)—(27.2x1.0x0.5)] =

[(0.15x184.5)+(0.5%150.2)+(0.15%88.7)]

102.3 kN

184.5 kNm
150.2 kKNm
88.7 kNm

>0.44

mr = 0.2+
t 1922

02+0.6
0.8

Clause 4.3.6.4 | Rigorous Method:

Lg

Ty

Clause 4.3.6.7 | Aur = uvd 4/ By, where A =

>

Clause 4.3.5.1 | There is no intermediate restraint along the compression flange.

Both flanges are free to rotate on plan.

Table 13 The loading condition is normal and Lg = 1.0Lt = 1.0L
Lz = 4000 mm,
= 200946
42.3
Section Tables | Buckling parameter u = 0.879
Torsional index x = 30.8

depends on A /x and

Clause 4.3.6.7 | n = 0.5for UB sections; A/x= (94.6/30.8)= 3.07

Table 19 Mx | 1=05
30 | 001

35 0.89

v=0.91

Mg = py xSy where p, is determined from Table 16 for
rolled sections using At and p,

There are lateral and torsional restraints at A, B and C.

v is the slenderness factor which is given in Table 19 and
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Contract: Beams  Job Ref. No. : Example 6.17
Part of Structure : Beam 1 — Intermittent Restraint
Calc. Sheet No.: 5 of 5

Calcs. by : W.McK.
Checked by :
Date :

Since My, < M. and < Mg/ myt the section is adequate.

Simplified Method for Equal Flanged Rolled Sections:
Clause 4.3.7 Mg = (p,XxSx) where p,isdetermined from Table 20 for
rolled sections using [(f3,,) 03

References Calculations Output
Clause 4.3.6.9 | B, = 1.0 for plastic sections
r= w By, = (0.879%091x946x 1.0) = 757
Table 16 Mo= 343 < A .. check for lateral torsional buckling
JAir= 757 and  p, = 275 N/mm’
Air | S275 - 0.7
Table 16 L7 p = 176 — [(176-165)x——
75 | 176 5.0
80 | 165 = 174.5 N/mm®
Clause 4.3.64 |My= (p,x S, )= (174.5%x1830x 10°/10° = 319.3 kNm
Clause 4.3.62 | M, < Mg/mr = (319.3/0.8) = 399.1 kNm >> M, Section is adequate
in bending.

Lg/ry] and DIT

Clause 4.3.6.9 | B, = 1.0 for plastic sections
Lelr, = 94.6
[(B,) P Lg/ry] = [(1.0)°x94.6]= 94.6
DIT = (460/16) = 28.75
Table 20
[(B,) *° L/r,] DIT
20 | 25 | 30 | 35
85 200 | 193 | 188 | 184
90 193 [ 185 | 179 [ 175
95 186 | 177 | 171 | 167
100 180 | 170 | 164 | 159
[(B,) " Ly/ry] DIT
20 | 25 30 | 35
94.6 - 1716|1716 | -

o = 177.6- [(l77.6—171.6)x%]

173.1 N/mm’

Clause 4.3.7 My
Clause 4.3.6.2 | M,

IA N

Mg/ mpp = (316.8/0.8) = 396 kNm

(PoxSy) = (173.1x 1830 x 10*)/10°

Since My < M. and < Mg/ myr the section is adequate

=316.8 kNm

>> My Section is adequate

in bending
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6.3.4.12 Example 6.18: Rectangular Hollow Section

A footbridge is required to span a small ravine in a theme park The proposed structure is
shown in Figure 6.38. Using the data provided, check the suitability of the rectangular
hollow section with respect to shear and bending.

Design Data:
Characteristic uniformly distributed dead load (including self-weight) 2.0 kN/m’
Characteristic uniformly distributed imposed load 5.0 kN/m*

/
~
/ _~—— Timber hand-rails and decking
/j/ ~
A

D D T 160x80%x 8 S 275

Rectangular Hollow Section

g
o

m

Figure 6.38

6.3.4.13 Solution to Example 6.18

Contract: Beams  Job Ref. No. : Example 6.18 | Calcs. by : W.McK.

Part of Structure : Rectangular Hollow Section Checked by :
Calc. Sheet No.: 1 of 5 Date :
References Calculations Output

The timber decking is supported on the top flange of the beams
but is not considered to provide any lateral restraint to the
compression flange.

The loading is assumed to be shared equally between the two
rectangular hollow sections.
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Contract: Beams  Job Ref. No. : Example 6.18 | Calcs. by : W.McK.

Part of Structure : Rectangular Hollow Section Checked by :
Calc. Sheet No.: 2 of S Date :
References Calculations Output

Plan area supported by each beam = (0.6 X 1.0) = 0.6 m*m
Table 2 Maximum design load {[(1.4 x2.0) + (1.6 X 5.0)] X 0.6}
6.48 kN/m length

[(1.0 X 2.0) X 0.6]

= 1.2 kN/m length

Minimum design load

There are two load cases to consider:

(i) maximum span moment with the maximum design loading
on one span and the minimum design load on the other span,
and

(ii) maximum support moment and shear force with the
maximum design loading on both spans.

Case (i):
6.48 kKN/m 12 KkN/m
||I||‘||||||||||I|||||||IIIIIIIIIIIIIIIIIIIIIIII
Ak El AB E]l AcC
4.0 m 4.0 m

The bending moments and support reactions can be determined
using either moment distribution or coefficients from tables of
standard loadings.

Moment Distribution:
Fixed-end Moments

2 2
FEMap = 0; FEMp = + Wé =+ 6'482 407 _ +12.96 kNm
wL? 1.2x4.02
FEMcg = 0; FEMpc =+ P =— 3 = —2.40kNm

Since the structure and the supports are symmetrical the
distribution factors at support B will be equal, i.e.
DFBA = DFBC = 05

A B C

AB BA BC CB

DF 1.0 0.5 0.5 1.0

FEM 0 +12.96 2.4 0
Balance —-5.28 —5.28

Mggl;l] o |0 +7.68 | —7.68 0
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Contract :

Beams  Job Ref. No. : Example 6.18 | Calcs. by : W.McK.

Part of Structure : Rectangular Hollow Section Checked by :
Calc. Sheet No. : 3 of 5 Date :
References Calculations Output
7.68 kNm 7.68 KNm
Ay H B H ¥y C
1.92 kN 1.92kN 1.92kN 1.92 kN

Fixed reactions

6.48 kN/m

IIIIIImIIIIIIIIIIII 1.2 K/
AA} B C

12.96 kN 1296 kN 2.4 kN 24 kN

Free reactions

6.48 kN/m 1.2 kN/m
T e e oo
AA “B A}C
11.04 kN 19.2 kN 0.48 kN
Final reactions
11.04 kN
4.32kN
— |
X 0.48 kKN
14.88 kN

Shear force diagram

The maximum bending moment coincides with the position of

zero shear x = 1104 = 17m
6.48
Maximum bending moment = shaded area

= (0.5%x1.7%x11.04) =9.38 kNm

Case (ii):
—— 6.48 kKN/m
T nnnnnnnnmm

Ak EJl AB EJl AC
4.0 m 4.0 m
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Contract :

Part of Structure : Rectangular Hollow Section

Beams  Job Ref. No. : Example 6.18

Calcs. by : W.McK.
Checked by :

Since the structure, the supports and the loading are symmetrical
there is no out-of-balance moment and no distribution is
required. Support moment = 12.96 kNm.

12.96 kNm 12.96 kNm

Ay HBH yC

3.24 kN 324 kN 3.24 kN 3.24 kN
Fixed reactions
— 6.48 kN 6.48 kKN
A [INNRRNRRNNRENNRENND B C
A i
12.96 kN 1296 KN 12.96 kN 12.96 kN
Free reactions
— 6.48 kN/m
L O O
4 A
A B C
9.72 kN 32.4 kN 9.72 kN
Final reactions
16.2 kKN
9.72 kN
9.72 kN
16.2 kN

Shear force diagram

The maximum bending moment coincides with the position of
zero shear x = 272 = 15m
6.48

Span bending moment = shaded area

= (05x1.5%x9.72) =729kNm

Calc. Sheet No. : 4 of 5 Date :
References Calculations Output
2 2
FEMyp = 0; FEMyyp =+ Wg =+ 6'4824'0 = + 12.96 KNm
2 2
FEM_p = 0: FEMpc = + wé __ 6.48x4.0 — _ 12.96 KNm

Design shear force
from case
(ii) = 16.2 kKN

Design bending
moment from case
(ii) = 12.96 KNm
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Contract :

Part of Structure : Rectangular Hollow Section

Beams  Job Ref. No. : Example 6.18 | Calcs. by : W.McK.
Checked by :

Calc. Sheet No.: 5 of 5 Date :

References

Calculations

Output

Table 9

Table 12

Clause 4.2.3

Clause 4.2.3

Clause 4.2.5.1

Clause 4.2.5.2

Clause 4.3.6.1

Table 15

Check the suitability of a 160 x 80 x 8 RHS S 275 section

Section Properties:

D =160mm B =80mm ¢ = 8.0mm

b/t =7.0 it =170 ry =31.8 mm

S, =175x 10 mm®  Z, =136x 10 mm® A =3520 mm’

Flange thickness t <16 mm ... p, =275 N/mm?
1

2
Section classification £= {EJ =10
Py

Flange: Compression due to bending
bit=70 < 28¢ and < (80e-d/r)

Web: Neutral axis at mid-depth (i.e. bending only)
dit = 17.0< 64¢
<70¢ therefore no need to check shear buckling

Shear:
Design shear force F, =122.9 kN
P, = (0.6p,A,) = [(0.6p,AD)/ (D + B)]
P, = [(0.6 X275 %3250 x 160)/(160 + 80)1/10° = 357.5kN
P, >> 16.2kN

Bending:
M. < 1.5p,Z, for continuous beams

= (1.5x275x 136 x 10°)/ 10° = 56.1 kNm
M. = pyS,

= (275 x 175 x 10°)/10° = 48.13kNm
Maximum applied moment = M, = 12.96 kNm

M. >> M,

Lateral torsional buckling:

In the case of RHS sections, resistance to lateral torsional
buckling need not be checked unless Lg/r, exceeds the limiting
value given in Table 15 for the relevant value of D/B.

D/B = (160/80)=2.0
The limiting value of ~Lg/ry
The limiting length of beam

[340 x (275/py)] = 340
(340xry) = (340x31.8)

= 10.81m
Since the limiting value > the length of beam in compression
then there is no need to check lateral torsional buckling.

Flange is plastic
Web is plastic

Section is plastic

Section is adequate
in shear

Critical value of
M, =48.13 KNm

Section is adequate
in bending
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6.3.4.14 Deflection (Clause 2.5.2)
In Clause 2.5.1 of the code, one of the serviceability limit states to be considered is
deflection. Recommendations for limiting values of deflection wunder various
circumstances are given in Table 8.

Limitations on the deflections of beams are necessary to avoid consequences such as:

damage to finishes, e.g. to brittle plaster, or ceiling tiles,
unnecessary alarm to occupants of a building,

misalignment of door frames causing difficulty in opening doors,
misalignment of crane rails resulting in derailment of crane-gantries.

> & o o

There are large variations in what are considered by practising engineers to be acceptable
deflections for different circumstances. If situations arise in which a designer considers the
recommendations given in Table 8 to be too lenient or too severe (e.g. conflicting with the
specification of suppliers or manufacturers) then individual engineering judgement must
be used.

span
coefficient
service imposed loads only. The coefficient varies from 180 for cantilevers to 360 for the
deflection of beams supporting brittle finishes. In most circumstances, the dead load
deflection will have occurred prior to finishes being fixed and the building being in use,
and will not therefore cause any additional problem while the building is in service.
Unfactored loads are used since it is under service conditions that deflection may be a
problem. Additional values are given for portal frames and crane-gantry girders; they are
not considered here.

In a simply supported beam, the maximum deflection induced by the applied loading
always approximates the mid-span value if it is not equal to it. A number of standard,
frequently used load cases for which the elastic deformation is required are given in
Appendix 3 of this text.

In many cases beams support complex load arrangements which do not lend
themselves to either an individual load case or a combination of the load cases given in
Appendix 3. Since the values in Table 8 are recommendations for maximum values,
approximations in calculating deflection are normally acceptable. Provided that deflection
is not the governing design criterion, a calculation which gives an approximate answer is
usually adequate. The Steel Designers’ Manual (ref. 70) provides a range of coefficients
which can be used either to calculate deflections or to determine the minimum / value

span
coefficient

The values in Table 8 relating to beams give a " ratio calculated using the

(second moment of area), to satisfy any particular ratio.

An equivalent uniformly distributed load technique which can be used for estimating
actual deflections or required [ values for simply supported spans is given in this text.

" A ratio is used instead of a fixed value since this limits the curvature of the beam which depends
on the span.
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6.3.4.14.1. Equivalent UDL Technique

(a) Estimating deflection
Consider a single-span, simply supported beam carrying a non-uniform loading which
induces a maximum bending moment of M .ximum as shown in Figure 6.39.

I‘\ maximum bending moment
P

Bending Moment Diagram

Figure 6.39

The equivalent U.D.L. (w,) which would induce the same magnitude of maximum bending
moment (note: the position may be different), on a simply supported span carrying a
uniform loading can be determined from:

2
. . w,L
Maximum bending moment = M uximum = e8
oW = 8 M maximum
. e - L2

where W, is the equivalent uniform distributed load.
The maximum deflection of the beam carrying the uniform loading will occur at the
Sw, L'

mid—span and be equal to 5maximum, uniform loading = 384E]

Using this expression, the maximum deflection of the beam carrying the non-uniform
loading can be estimated by substituting for the w, term, i.e.

M
. 5)( 8 mazmmum L4
_SwLt L _0104M

6 maximum, non-uniform loading =~ - =

384E1 384 EI EI

L2

maximum

(b) Estimating the required second moment of area (/) value
Assuming a building in which brittle finishes are to be used, from Table 8 in the code:

span 0104 M, imum r < L

5actual = . =

360 EIl 360
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where M aximem 18 the maximum bending moment due to unfactored imposed loads only.

> 37'4MmaximumL
E
Note: Care must be taken to ensure that a consistent system of units is used. A similar
. . span .
calculation can be carried out for any other P — ratio.
coefficient

6.3.4.14.2. Example 6.19: Deflection of Simply Supported Beam

A simply supported beam is required to carry characteristic imposed loads, as indicated in
Figure 6.40. Check the suitability of a 305 X 165 x 46 UB with respect to deflection,
assuming brittle finishes to the underside of the beam.

Ok =30 kN

gx = 10.0 kN/m

50 kN ~ 60m 40 kN
SOKN 30 kN
40 kN
Shear Force Diagram
Figure 6.40
: : . (50+30)2
Maximum bending moment due to unfactored imposed loads = s
= 80kNm
104 M i L
5actua1 ~ 0 0 maximum S span
EI 360
Clause 3.1.3 Modulus of Elasticity E = 205kN/mm’
Section property tables: I« = 9900 x 10* mm*
6 2
. 0.104x8(3x10 ><600(3 = 14.8 mm
205x107 x9900x10
Table 8 span-_ 6000 = 16.7mm > Oiwa
360 360

Section is adequate with respect to deflection

This check could have been carried out more accurately using the values given in
Appendix 3 of the text, as shown in Figure 6.41.
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30 kN 30 kN

| E 10 kN/m E 60 kN Total |
ﬁ = ﬁ + ﬁ
Figure 6.41
3 3 3
6actual = SWE + PL 3_a -4 ﬁ
384EI 48EI| L L

{ 5% 60% 6000 30%6000° {3><2 (2)3]}
Bactualz + —4] —

384x205x9899x10° | 48x205x9899x10°| 6 6
Ouctial = (8.3 +5.7)=14 mm

In this case the approximate technique overestimates the deflection by less than 5%.
Provided that the estimated deflection is no more than 95% of the deflection limit from
Table 8, the approximate answer should be adequate for design purposes and a more
accurate calculation is not required.

6.3.4.15 Web Bearing and Web Buckling

In addition to shear failure of a web as discussed in Section 6.3.4.2, there are two other
modes of failure which may occur:

(i) webbearing and
(iii)) web buckling.

At locations of heavy concentrated loads such as support reactions or where columns
are supported on a beam flange, additional stress concentrations occur in the web. This
introduces the possibility of the web failing in a buckling mode similar to a vertical strut,
or by localised bearing failure at the top of the root fillet, as shown in Figure 6.42.

! Critical section
\—— for buckling

Critical section i

for bearing

Figure 6.42

The code specifies two local capacities relating to these modes of failure. When either of
these is less than the applied concentrated force it will be necessary to provide additional
strength to the web. In most cases this requires the design of load bearing stiffeners.

There may be other reasons for utilizing stiffeners, such as enhancing torsional
stiffness at supports and points of lateral restraint, as discussed previously. In both cases at
the design stage it is usually necessary to make assumptions regarding the provision of
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bearing plates at supports or cap plates/base plates on columns to provide stiff bearing. In
the code, Clause 4.5.1.3 defines the stiff bearing length b, as ‘that length which cannot
deform appreciably in bending’. The value of b, is determined as illustrated in Figure 13
of the code. In cases where a bearing plate exists, an additional length may be included
assuming a dispersion of load at 45° through the bearing plate.

6.3.4.15.1. Web Bearing (Clause 4.5.2.1)

The bearing capacity (Pyy) is calculated on the basis of an effective bearing area over
which the design strength of the web is assumed to act. It is determined using:

Py = (bl + nk)tpyw
where:
b, is the stiff bearing length as indicated in Clause 4.5.1.3 and Figure 13,

n = (2+0.6b./k) but <5 atthe end of a member, and
=50 in all other cases,

k = (T+r) for rolled I- and H- sections,
=T for welded 1- and H- sections,

r is the root radius from Section Tables,

t is the web thickness,

Pyw 1s the design strength of the web.
as shown in Figure 6.43 for rolled sections.

n =
Bearing at the end of a member Bearing within the length of a member

b, the stiff bearing length, is
defined in Figure 13 of the code
n = (2+0.6b/k) <5 n =235

Bearing near the end of a member Bearing within the length of a member

Figure 6.43
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6.3.4.15.2. Web Buckling (Clause 4.5.3.1)

In the buckling check the web is considered to be a fixed-end strut between the flanges. It
is assumed that the flange through which the concentrated load is applied is restrained
against rotation relative to the web and lateral movement relative to the other flange, as
shown in Figure 6.44.

Flange rotation relative to the web  Relative lateral movement between the flanges
Figure 6.44

In general, the load carrying capacity of a strut is dependent on its bearing capacity of the
unstiffened web (Py,,) as indicated in Clause 4.5.2.1, and is given by:

25¢t

(b, +nk)d

Px = wa
where:

by, n, k, t are as defined previously,

d 1is the depth of the web

In cases where the distance a. (see Figure 6.45) is < 0.7d, P4 should be modified as
follows:

R
a,+0.7d | 25¢t » 3
x = bw 3
14d )b, +nk)d :
@
S E
R b, Figure 6.45
be

In cases where a flange is not restrained against rotation and lateral movement as in
Figure 6.44, the value of Py, should be reduced further by using:

P, = ﬁP,,W where: Lg is the effective length of the web, acting as a compression

E
member determined in accordance with Clause 4.7.2 for the appropriate end restraint
conditions.
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In the case of square and rectangular hollow sections when the flange is not welded to a
bearing plate, additional effects of secondary moments which are induced in the web due
to eccentricity of loading as shown in Figure 6.46 must be allowed for.

L

IR

Welded flange plate Non-welded flange plate

Bending is induced
in the webs due to
eccentric loading

Figure 6.46

Reference should be made to the Steelwork Design Guides... (refs. 68, 69) which contain
detailed information relating to the relevant bearing factors in such cases.

6.3.4.15.3. Example 6.20 Web Bearing and Web Buckling

A universal beam section supported on a 90 x 90 x 10 angle section as shown in
Figure 6.47 is subjected to a concentrated load of 100 kN transferred through the bottom
flange. Check the suitability of the section with respect to web bearing and web buckling.

N

MK\&K&
3 gl b
; 7 i !
: T
: ; T
5 Ao 3‘ \ e | L
MM 23 r 'T = 10mm
end clearance a 305 x 165 x 46 UB S275 t = 10mm
3 g = 5S5mm
’ = 11 mm
90 %90 x 10 angle Concentrated load = 100 kN B rVariables s in
—",*L" Figure 13 of the code

* should not be confused with the beam
web thickness 7 used in Py,, and P.

Figure 6.47
Solution:
Web Bearing Capacity:
Clause 4.5.2.1 Pyw= (b + nk)tpy,
Figure 13 b, (t+T+08r—g) = [10+10+(0.8x11)—5] = 23.8mm
k (T+r) where T is the flange thickness and r is the root radius of
the UB.
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11.8mm r = 89 mm t = 6.7mm d = 265.2 mm
k (T+r)=(11.8+8.9) = 20.7 mm
b. 5 mm
n

Section Tables T

= [2+(0.6b.)/k] <5
= [2 +(0.6x5)/20.7] = 2.14
Table 9 Pyw = 275 N/mm”
Py = (bi+nk)tpy, = {[23.8+(2.14 x20.7)] X (6.7 X 275)}/10°
= 1255kN
Py > 100 kN Section is adequate in web bearing
Web Buckling Capacity:

Clause 4.5.3.1 The web buckling capacity Py is influenced by a., the distance from the
load or reaction of the unstiffened web to the nearer end of the member

a.= b2 = 2382 = 119mm < 0.7d
sz(ae+0.7d\ 25¢t P,
14d  )[(b, +nk)d
[11.9+(0.7><265.2)] (25%1.0x6.7)
(1.4x2652)  ],[[23.8+(2.14x20.7)[x265.2
83.2 kN

x125.5

Py < 100kN
Section is inadequate with respect to web buckling: stiffeners required

6.3.4.16 Example 6.21: Beam 2 with Intermittent Lateral Restraint

It is proposed to use a 457 x 191 x 67 UB S 275 as a main roof beam spanning 12.0 m
between two columns as shown in Figure 6.48. The main beam supports three secondary
beams, one at mid-span and the other two at the quarter-span points, each of which
provides lateral restraint to the compression flange. Using the design data given, check the
section with respect to:

¢ shear,

¢ Dbending,

¢ deflection,

¢ web buckling and

¢ web bearing.
Design Data:
Characteristic uniformly distributed dead load (including self-weight) 5.0 kN/m
Characteristic uniformly distributed imposed load 6.0 kN/m
Characteristic dead load reaction from each secondary beam 10.0 kN

Characteristic imposed load reaction from each secondary beam 20.0 kN
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Conditions of restraint at supports:
Compression flange laterally restrained
Beam fully restrained against torsion
Both flanges are partially restrained against rotation on plan

The beam is connected to the columns at each end by flexible end plates.

0.104M1>

U

Assume that Oy where M is the maximum bending moment due to the

characteristic imposed load only.

gk =5.0kN/m
qu = 6.0 kN/m
_________ Y. Y Y 11
4 R s ’ =

Secondary beams

30m  30m 3.0m 3.0m
- e Pt P>
L 120 m N
Figure 6.48

6.3.4.17 Solution to Example 6.21

Contract: Beams  Job Ref. No. : Example 6.21 | Calcs. by : W.McK.
Part of Structure :Beam 2 — Intermittent Restraint | Checked by :
Calc. Sheet No.: 1 of 6 Date :

References Calculations Output

Gy=10kN Gy=10kN Gy=10kN
Or=20kN Qv=20kN Qy=20kN

g =5 kN/m
gx = 6 kN/m

30m | 30m . 30m | 30m

12.0 m

Design uniformly distributed load [(1.4 x5.0) + (1.6 X 6.0)]

16.6 kN/m

Design point loads [(1.4 x 10) + (1.6 x 20)]
46 kKN

Va= Vg = [(16.6x12.0)+(3x46)]/2 = 168.6kN
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Contract :

Beams  Job Ref. No. : Example 6.21 | Calcs. by : W.McK.
Part of Structure :Beam 2 - Intermittent Restraint

Calc. Sheet No.: 2 of 6 Date :

Checked by :

References

Calculations

Output

Table 9

Table 11

Clause 4.2.3

Clause 4.2.3

Clause 4.2.5.1

168.6 kN

118.8 kN
72.8 kN
23.0kN
Shear Force Diagram N

A B C D E
M
574.8 KNm

Bending Moment Diagram

Check the suitability of a 457 x 191 x 67 UB S 275 section
Section Properties:

D = 4534mm d
T 127mm ¢
dit = 48.0 X
S, =1470 x 10’ mm’
I, = 29400 x 10* mm

407.6 mm B =189.9 mm
8.5 mm b/T =748

37.9 u =0872

. =1300x 10° mm® r, =41.2 mm

NI

Flange thickness 7< 16 mm .. p, =275 N/mm?
1

2
Section Classification e= 25 =10
Py
Flange: Outstand element of compression flange rolled section
bIT =748 < 9.0¢

Web: Neutral axis at mid-depth (i.e. bending only)
dit = 48.0 < 80¢
<70¢e therefore no need to check shear buckling

Shear:

Design shear force F, =168.6 kN

P, = (0.6p,A,) = 0.6pyD

P, = (0.6x275x8.5x453.4)/10° = 635.9kN
P, > F,

Bending:

M. < 12p,Z. for simply supported beams
= (12x275%x1610x 10*/10° = 531.3kNm

At B, C and D where the maximum bending moments occur the
coincident shear force << 0.6P, therefore use the low shear
equations.

Flange is plastic

Web is plastic

Section is plastic

Section is adequate
in shear
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Contract :

Beams  Job Ref. No. : Example 6.21 | Calcs. by : W.McK.

Part of Structure :Beam 2 - Intermittent Restraint | Checked by :

Table 9

Table 11

Clause 4.2.3

Clause 4.2.5.1

Clause 4.2.5.2

Clause 4.3.6.2

Try a 533 x210x92 UB S 355
Section Properties:

D = 533.1mm d
T 15.6 mm t
dn = 472 x
Sy = 2360 x 10° mm®
I, = 55200 % 10* mm

476.5 mm B =209.3 mm
10.Ilmm BT =671

36.4 u =0.873
=2070% 10’ mm® r, =45.1 mm

LN

Flange thickness T< 16 mm .". p, = 355 N/mm?
1

Section Classification £= 25 =0.88
355
Flange: Outstand element of compression flange rolled section

bIT=6.71 < 9.0

Web: Neutral axis at mid-depth (i.e. bending only)
dit = 47.2 < 80¢e
<70¢ therefore no need to check shear buckling

Shear capacity is greater than previous section.
Bending:

M, 1.2p, Z,  for simply supported beams
(12x355x2070x 10%/10° = 881.8 kNm

A

Mc = Dy Sx
= (3552360 x 10°)/10° = 837.8kNm
Maximum applied moment = M, = 574.8 kNm
M. > M,

Lateral torsional buckling:
MX < MB/mLT (S Mc)

The intermediate lateral restraints occur at B, C and D resulting
in four unrestrained lengths AB, BC, CD and DE. Clearly in this
instance sections BC and CD are the more critical.

my 1 can be determined from Table 18 for the general case as
follows:

Calc. Sheet No. : 3 of 6 Date :
References Calculations Output
Clause 4.2.5.2 |M. = pyS,
= (275 x 1470 x 10%/ 10° = 4043 kNm
. . _ _ Critical value of
Maximum applied moment = M, = 574.8kNm M, = 404.3 KNm
M. < M,

Flange is plastic

Web is plastic

Section is plastic

Critical value of
M, =837.8 kKNm
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Contract :

Part of Structure :Beam 2 - Intermittent Restraint

Beams  Job Ref. No. : Example 6.21 | Calcs. by : W.McK.

Calc. Sheet No.: 4 of 6 Date :

Checked by :

References

Calculations

Output

Table 18

Clause 4.3.6.4

Clause 4.3.6.7

Clause 4.3.5.1

Table 13

Section Tables

Consider the shear force and bending moment diagrams between
B and C.

728 kN 60.34 kN
- 479 kN
? 35.45kN 23 0kN
B C
‘ 4 @0.75m
B C
Mmax
M, =431.1kNm M, Iy
3 M, M5 =574.8 kNm
0.15M » +0.5M ; +0.15M
my = 02+ ( 2 3 ) >0.44

M

max

M, = 431.1 +[0.5%x(72.8 +60.34) x0.75)] = 481.0kNm
M; = 431.1+[05%x (728 +479)x15)] = 521.6kNm
My = 431.1 +[0.5%(72.8 +35.4)x2.25)] = 552.9kNm

[(0.15x481.0)+(0.5%521.6)+(0.15x552.9)]

mpy = 0.2+ 2044
H 574.8
= 0.2+0.72
= 0.92
Rigorous Method:

Mg = py xSk where py, is determined from Table 16 for
rolled sections using A and py
L
At = wi By where A= £
-
y
Both flanges are free to rotate on plan.
There are lateral and torsional restraints at A, B and C.

The loading condition is normal and  Lg = 1.0L;p
Ly = 3000 mm,
A= 3000 =66.5
45.1
Buckling parameter u = 0.873
Torsional index x = 364
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Contract :

Beams
Part of Structure :Beam 2 - Intermittent Restraint
Calc. Sheet No.: 5 of 6

Job Ref. No. : Example 6.21

Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 4.3.6.7

Table 19

Clause 4.3.6.9

Table 16

Table 16

Clause 4.3.6.4

Clause 4.3.6.2

Clause 4.3.7

Clause 4.3.6.9

Table 20

v is the slenderness factor which is given in Table 19 and
depends on A /x and

n = 0.5for UBsections; Ax= (66.5/36.4)= 1.83

Ax | n=0.5
1.5 | 097
=0.96
20| 096 Y
By = 1.0 for plastic sections

Air= wvd B, = (0.873x0.96 x66.5x 41.0) = 55.7

A,L0= 30.2
Air= 557 and p, = 355N/mm’

A [ S35 = o7a- [(274—257)><£]
55 | 274 5.0
60 | 257 = 271.6 N/mm’

Mg = (poxSc)=(271.6x2360 x 10°/10° =
M, < Mg/mp = (640.9/0.92) = 696.6 kNm > M,

Since My, <M. and < Mg/ myr the section is adequate.

Simplified Method for Equal Flanged Rolled Sections:

Mg = (p,XSy) wherep,isdetermined from Table 20 for
rolled sections using [(f3,) 05 Lg/ry] and DIT

By = 1.0 for plastic sections

Lfr, = 665

(B, Le/ry] = [(1.0)°x665]= 66.5
DIT = (533.1/15.6) = 34.17

py =355 N/mm’

[(B) *° Ly/ry] DIT
25 30 35 40
60 - 286 | 284 -
65 - 273 | 270 -
70 - 259 | 256 -
75 - 246 | 242 -

< At .. check for lateral torsional buckling

640.9 kNm

Section is adequate
in bending
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Contract :

Part of Structure :Beam 2 - Intermittent Restraint

Beams  Job Ref. No. : Example 6.21 | Calcs. by : W.McK.
Checked by :

Calc. Sheet No.: 6 of 6 Date :
References Calculations Output
[(B,) " Ly/ry] DIT
25 | 30 35 | 40
66.5 _ [ 26882655 -
Py = 268.8-— [(268.8—265.5)x%]
= 266.0 N/mm>
Clause 43.7 |Mg= (ppxS¢) = (266.0%2360x10%/10° =627.8 kNm
Clause 43.6.2 | M, < Mg/m = (627.8/0.92)= 682.4kNm > M,

Clause 2.5.2
Table 8

Since M, <M. and < Mg/ myr the section is adequate.
Deflection:
Assume that the beam will support a ceiling with a brittle finish.

Deflection due to characteristic imposed loads < Span/360

O maimum S (12000/360) = 33.3 mm

20.0kN  20.0kN  20.0kN

i i ¢ l; 6.0 kN/m

A
66.0 kN 66.0 kN
3.0m 3.0m 3.0m 3.0m
120 m

0.104MI*

Sactuﬂl = - -
EI
M = [(66X%6.0)—(6.0x6.0x3.0)—(20.0x3.0)]
= 228 kNm

(0.104x228x103 ><120002)

(205x55200x10* )
O < 33.3mm

= 30.2 mm

) actual =

Web Bearing and Web Bearing:

Since flexible end plates are used to connect the beams to the
columns and the secondary beams are connected directly to the
web of the main beam, there is no need to check web bearing
and web buckling.

Section is adequate in
bending

Web bearing and web
buckling checks not
required
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6.3.4.18 Example 6.22: Beam 3 Beam with Cantilever Span

A beam ABC is connected to a column at A by flexible end plates and simply supported at
B on a column cap plate as shown in Figure 6.49. The top flange is restrained against
lateral torsional buckling for its full length. For the given characteristic loading, check the
suitability of the UB section indicated with respect to:

¢ shear,

¢ Dbending,

¢ deflection,

¢ web buckling and
¢ web bearing.

Bearing plate at base of column: Gy =10.0kN
g = 40kN/m 200 mmx 200 mm x 18 mm thick Oy =15.0kN
gx = 8.0kN/m
T T T T T T T T T T T T T T T T T
A B C -~ Free end
Flexible end-plate 305 x 102 x 33 UB S 275 Cap plate:

260 mm x 260 mm X 20 mm thick
welded to column by 6 mm fillet
welds

203 x 203 x 60 UC —

3.5m J 1.0 m

45m

Figure 6.49

6.3.4.19 Solution to Example 6.22

Contract: Beams Job Ref. No. : Example 6.22 | Calcs. by : W.McK.
Part of Structure : Beam 3 - with Cantilever Span | Checked by :

Calc. Sheet No.: 1 of 7 Date :
References Calculations Output
Table 2 Maximum design UDL load = [(1.4x4.0)+ (1.6 x8.0)]
= 18.4 kN/m length
Maximum design point load = [(1.4Xx10.0) + (1.6 X 15.0)]
= 38.0kN
Minimum design UDL load = (1.0 x4.0) =4.0 kN/m length
Minimum design point load = (1.0 x 10.0) = 10.0 kN

There are three load cases to consider:

(i) maximum span moment with the maximum design loading
on the span and the minimum design load on the cantilever,

(i1) maximum support moment with the maximum design
loading on the cantilever,

(iii)the maximum shear force with maximum loading over the
full length.
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Contract :

Part of Structure : Beam 3 - with Cantilever Span

Beams  Job Ref. No. : Example 6.22 | Calcs. by : W.McK.

Checked by :

Calc. Sheet No. : 2 of 7 Date :
References Calculations Output
Case (i): 10kN
18.4 kN/m 4.0 KN/m

|

AA BA C

3.5m 1.0m J

I

Table 9

Table 11

Maximum span moment 22.5kNm  1.56 m from A

Case (ii):
38 kN
|; 4.0 kKN/m 18.4 kN/m H |
A“ BA C
3.5m 1.0m |
Y
Maximum support moment = 47.2 kNm
Case (iii):
38 kN
18.4 kN/m
/
AA BA C
35m 1.0m J
Maximum shear force = 56.4kN
Maximum vertical reaction = 102.1 kN at support B

The reader should confirm the values of shear force
bending moments and support reaction indicated above.

Check the suitability of a 305 x 102 x 33 UB S 275 section
Section Properties:

D = 3127mm d = 2759 mm B =102.4 mm
T = 10.8 mm t = 6.6mm b/T =4.74

drn = 418 x = 316 u =0.867
S,=481x10°mm’ Z =416x10°mm’ r, =21.5mm
I, = 6500x10*mm* A = 41.8x10° mm?

r= 7.6 mm (root radius)

Flange thickness 7< 16 mm .. p, = 275 N/mm?
1

2
Section Classification £= [EJ =10
Py
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Part of Structure : Beam 3 - with Cantilever Span
Calc. Sheet No. : 3 of 7

Contract: Beams  Job Ref. No. : Example 6.22

Date :

Calcs. by : W.McK.
Checked by :

References Calculations

Output

bIT=4.74 < 9.0¢

dit = 41.8 < 80¢

Clause 4.2.5.1 M.

A

therefore use the low shear equations.

Clause 4.2.5.2 |M. = pyS.

Clause 4.3.6.4 | Rigorous Method:

Flange: Outstand element of compression flange rolled section

Web: Neutral axis at mid-depth (i.e. bending only)

Clause 4.2.3 <70¢ therefore no need to check shear buckling
Shear:
Clause 4.2.3 Design shear force F, =56.4 kN
P, = (0.6p,A,) = 0.6pyD
P, = (0.6x275x6.6x312.7/10° = 340.5kN
P, >> F,
Bending:

1.2py Z,  for simply supported beams
(1.2x275x 416 x 10/ 10° = 137.3kNm

At the position of the maximum bending moments over the
support the coincident shear force = 56.5 kN which is < 0.6P,,

(275 x 481 x 10%/10° = 132.3kNm

Maximum applied moment= M, = 47.2kNm

M. > M,
Consider the cantilever:
Clause 4.3.6.2 | Lateral torsional buckling:
Mx < MB/mLT (S Mc.)
Table 18 Note at the end of Table 18:
For cantilevers without lateral restraint mr = 1.0

Mg = pp XS where py, is determined from Table 16 for
rolled sections using At and p,

Clause 4.3.6.7 | Ar = wvd 4By where A= L—E;
-
y
Table 14 At the support the cantilever is continuous with restraint to the
top flange. At the tip the cantilever is free.
Table 13 The loading condition is normal and  Lg = 3.0L.p
Lz = 3000 mm
A= 3000 139.5

21.5

Flange is plastic

Web is plastic

Section is plastic

Section is adequate
in shear

Critical value of
M, =132.3 kNm
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Contract :

Beams
Part of Structure : Beam 3 - with Cantilever Span
Calc. Sheet No. : 4 of 7

Job Ref. No. : Example 6.22
Checked by :
Date :

Calcs. by : W.McK.

References

Calculations

Output

Section Tables

Clause 4.3.6.7

Table 19

Clause 4.3.6.9

Table 16

Table 16

Clause 4.3.6.4

Clause 4.3.6.2

Clause 4.3.7

Clause 4.3.6.9

Table 20

Buckling parameter u = 0.867

Torsional index x = 316

v is the slenderness factor which is given in Table 19 and
depends on A /x and 1

n = 0.5 for UBsections; Ax= (139.5/31.6)= 4.41

MNx | n=0.5

40 | 0.86 v =086 | (0.86—0.84)x 2 | = 0.844
4.5 0.84 5.0

B, = 1.0 for plastic sections

Air= wvd 4B, = (0.867 x0.844 x 139.5x 41.0) = 102.1

o= 340 < A .. check for lateral torsional buckling

Aur= 1021 and  p, = 275 N/mm’

Aur | S355 - 21
LT py = 125-[(125-117)x=—
100 | 125 5.0
105 | 117 = 121.6 N/mm’

M= (ppxS)= (121.6 x 481 x 10*/10° 58.5 kNm

M, < Mg/mr = (58.5/1.0) = 58.5kNm > M,
Since My < M. and < Mg/ my7 the section is adequate.

Simplified Method for Equal Flanged Rolled Sections:

Mg = (p,*xSx) where p,is determined from Table 20 for
rolled sections using [(f3,) 05 Lg/ry] and DIT
B = 1.0 for plastic sections
Lg/ry = 1395
[(B,) P Lg/ryl = [(1.0)°x139.5] = 139.5
DIT = (312.7/10.8) = 29
py =275 N/mm’
[(B,) ** L/ry] DIT
20 | 25 | 30 | 35
130 - - - -
135 - 130 | 121 -
140 - 126 | 117 -

145 -

Section is adequate
in bending
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Contract :

Part of Structure : Beam 3 - with Cantilever Span

Beams  Job Ref. No. : Example 6.22 | Calcs. by : W.McK.

Checked by :

Clause 4.3.7
Clause 4.3.6.2

Clause 2.5.2
Table 8

Clause 3.1.3

Appendix 3

Py = 126.4—[(126.4—117.4)><%:|= 118.3 N/mm?

Mg= (p,xS) = (1183x481x10%/10° =56.9KkNm
M, < Mg/mr = (56.9/1.0)= 56.9kNm > M,

Since My <M. and < Mg/ myr the section is adequate.
Deflection: Cantilever

Deflection due to characteristic imposed loads < Length/180
O maximum < (1000/180) = 5.55 mm

For a simply supported span ‘a * with a cantilever end = ‘b’,
total load ‘W’ along the cantilever and point load P at the end:

W P
(T /
{ dr [ 40
s |we’ Wwab®| | Pb®  Pab’
wwal = \8EL T 6EI 3El  3EI

3 2
E b_+ﬂ +L[b3+ab2:|
EIl 8 6 3El

El = (205x6500x 10" = 13325 x 10® kNmm®
a = 3500 mm; b = 1000 mm
W = (80x1.0)= 80kKN P = 150kN
6aclual =
010003 10002 | 1
80/ 10007 , 3500x10007 1, 15 ;0 4 350010002
EI| 8 6 3EI
6
_ 28166.7x10 2 1lmm
13325x10°

O v < 5.55mm
Deflection: Span
O maximum < (3500/200) = 17.5 mm

5 swir? 5%(8.0x3.5)x3500°
actual =~ ea— =
‘ 384EI 384x13325x10°

Oacua < 17.5mm
The actual deflections will be slightly less than these values due
to the minimum dead loads which have been ignored.

= 1.17 mm

Assume that the beam will support a ceiling with a brittle finish.

Calc. Sheet No. : 5 of 7 Date :
References Calculations Output
[(B) ** Le/ry] D/T
20 25 30 35
139.5 - 1264 | 1174 -

Section is adequate
in bending

Section is adequate
with respect to
deflection
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Contract: Beams  Job Ref. No. : Example 6.22
Part of Structure : Beam 3 - with Cantilever Span

Calcs. by : W.McK.
Checked by :

Output

Calc. Sheet No.: 6 of 7 Date :
References Calculations
Consider support B:
‘Web Bearing Capacity:
Clause 4.5.2.1 | Pyyw= (b + nk)ipyy
b,
[ I |:+‘ t=20 mm
’ }
Figure 13 203 x 203 x 60 UC i s=6mm
N i
Note: g =0 i
D, =209.6 mm ‘
by = Dc+{2x[t+(0.8xs)—g]}
= 209.6 + {2 x[20 +(0.8 X 6)]}
= 2592 mm
k = (T+r) where T is the flange thickness and r is the root
radius of the UC.
Section Tables |7 = 10.8mm r = 7.6mm t = 6.6mm
d = 2759 mm
k = (T+r)= (108+7.6) = 184 mm
n =5
Table 9 Pyw = 275 N/mm’
Ppu= (b1 + nk)tpyw
= {[259.2 + (5% 18.4)] X (6.6 x275)}/10° = 637.4kN
Maximum concentrated load = F, = 102.1kN << Py,
Web Buckling Capacity:
Clause 4.5.3.1 |a. > 0.7d
P, = 25¢t Py,
(b +nk)d
- (25x1.06.6) x637.4 = 337.9KN
J[259.2+(5x18.4)[x275.9
F, = 102.1kN << P,

Section is adequate
with respect to web
bearing at B

Section is adequate
with respect to web
buckling at B
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Contract: Beams  Job Ref. No. : Example 6.22
Part of Structure : Beam 3 - with Cantilever Span
Calc. Sheet No. : 7 of 7

Calcs. by : W.McK.
Checked by :
Date :

References Calculations

Output

Consider the free end of the cantilever:
‘Web Bearing Capacity:
Clause 4.5.2.1

Pyy= (b + nk)tpyw

200 mm wide x 20 mm thick

= 210.8kN
F, =

38.0kN

= base plate
by = 200 mm
k = (T+r)=(108+76) = 184mm
n o= [2+(0.6b)/k] <5
b = 0
= 2+(0)] = 20< 5
Table 9 Pyw = 275 N/mm’
Py= (b + nk)tpyw A
= {1200 + 2.0 % 18.4)] x (6.6 x275)}/10° = 430.8kN| Sectionis adequate
with respect to web
Maximum concentrated load = F, = 38.0kN << P, bearing at C
Web Buckling Capacity:
Clause 4.53.1 |a. = 100mm < 0.7d
P, = a,+0.7d \ 25¢t P,
Lad ) by ik
~ [100+(0.7x275.9)] (25%1.0x6.6) <4308
(14x275.9) | [[200+ (2.03x18.4)]x275.9 Section is adequate

with respect to web

<< P, buckling at C
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6.3.5 Elements Subject to Combined Axial and Flexural Loads

6.3.5.1 Introduction

While many structural members have a single dominant effect, such as axial loading or
bending, there are numerous elements which are subjected to both types of loading at the
same time. The behaviour of such elements is dependent on the interaction characteristics
of the individual components of load. Generally, members resisting combined tension and
bending are less complex to design than those resisting combined compression and
bending, since the latter are more susceptible to associated buckling effects. The combined
effects can occur for several reasons such as eccentric loading or rigid frame action, as
illustrated in Figures 6.50 (a) and (b) respectively, or concentrated loads between the
nodes in continuous lattice girders members, as indicated in (c).
10y z
. !

aaa ¥
N

Simple ‘pinned end’ connection
inducing an axial load and a nominal
secondary moment in the column
section (see Clause 4.7.7).

Rigid ‘moment’ connection inducing an
axial load and a primary moment in the
column section (see Clause 4.8.3).

(a) (b)

Purlins inducing a bending moment

g ) in the continuous top chord of the
4L () lattice girder in addition to member
U axial loads (see Clause 4.8.3).
Figure 6.50

6.3.5.2 Combined Tension and Bending

Consider a structural member subjected to concentric axial loading, as shown in
Figure 6.51(a).
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}a \}a \ t
} X MX—(F[XEX)‘hX Mx_(they) h
Y-t y Al v
.ﬁ- x/
(@ (b) (c)
Figure 6.51
The limiting value of applied axial load F, can be determined by using the equation:
F,
]a = pw4e :}% S ;? = LO
Similarly, if the applied load is eccentric to the X—X axis, as shown in 6.51(b):
M= M M, = 1.0
M

cX

In the case of eccentricity about the Y-Y axis, as shown in Figure 6.51(c):

M
M, = M Y = 10
ey
If these limits are plotted on three-dimensional orthogonal axes, then they represent the
members’ capacity under each form of loading acting singly. Figure 6.52 is a linear inter-
action diagram. Any point located within the boundaries of the axes and the interaction
surface represents a combination of applied loading F', M, and M, for which

Ly x4 Y <10 (Equation 1)

Interaction surface

Ymm———————=

Figure 6.52 M, & ~a My
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Equation (1), which represents a linear approximation of member behaviour, is used in
BS 5950 in Clause 4.8.2.2 in the simplified method of design for tension members with
moments.

A more rigorous analysis allowing for plastic behaviour of plastic and compact sections
results in an interaction surface as shown in Figure 6.53. The precise shape of the surface
is dependent on the cross-section for which the diagram is constructed. This non-linear
surface is represented by:

7, M Z)
M, + Y < 1.0 (Equation 2)
M M

Interaction surface

where:
M, 1is the reduced plastic moment capacity about the major axis due to axial loading,
M,y the reduced moment capacity about the minor axis due to axial loading
(see Section 6.3.5.3 regarding reduced plastic moment capacity),
71 =2.0 for I and H sections with equal flanges and solid and hollow circular sections,
=5/3 for solid and hollow rectangular sections,
=1.0  for all other cases,
7 =2.0 for solid and hollow circular sections,
=5/3 for solid and hollow rectangular sections,
=1.0  for all other cases.

The values of M, and M,, are available from published Section Properties Tables.
BS 5950-1:2000 gives Equation (2) as a more economic alternative to using Equation (1)
when designing members subject to both axial tension and bending.

Note: It is also necessary to check the resistance of such members to lateral torsional
buckling in accordance with Clause 4.3, assuming the value of the axial load to be zero.

6.3.5.3 Reduced Moment Capacity

In Section 6.2.5.2 and Figure 6.4 the plastic stress distribution is shown for a cross-section
subject to pure bending. When an axial load is applied at the same time, this stress diagram
should be amended. Consider an I-section subjected to an eccentric compressive load as
shown in Figure 6.51(b).

The load on the cross-section comprises two components: an axial load F and a
bending moment (F X e). The stress diagram can be considered to be the superposition of
two components, as shown in Figure 6.54. When the axial load is relatively low then
sufficient material is contained within the web to resist the pure axial effects, as shown in
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Figure 6.54(a). There is a small reduction in the material available to resist bending and
hence the reduced bending stress diagram is as shown in Figure 6.54(b). The stress
diagram relating to combined axial and bending effects is shown in Figure 6.54(c),
indicating the displaced plastic neutral axis.

2]

compression
zone

tension

- plastic -‘
t t neutral axis zone
[ - .

Axial i . .
Low axial load component Cf;giﬁlei ) Combined stress diagram
(a) (b) (0
Figure 6.54

When the axial load is relatively high then in addition to the web material, some of the
flange material is required to resist the axial load, as shown in Figure 6.55(a), and hence a
larger reduction in the bending moment capacity occurs, as shown in Figure 6.55(b). As
before the plastic neutral axis is displaced, as shown in Figure 6.55(c).

———F " X |
compression
> C ¢
) zone
plastic
neutral axis
E N eo———— " = ey M S p————— -
tension
. . Axial Bending . .
Combined stress diagram zone
High axial load omponent component g
(a) (b) (©
Figure 6.55

The published Section Property Tables provide a change formula for each section, to
enable a reduced plastic section modulus to be evaluated depending on the amount of
material required to resist the axial component of the applied loading.

6.3.5.4 Combined Compression and Bending

The behaviour of members subjected to combined compression and bending is much more
complex than those with combined tension and bending. A comprehensive explanation of
this is beyond the scope of this text and can be found elsewhere (refs. 68, 70). Essentially,
there are three possible modes of failure to consider:

(i)  acombination of column buckling and simple uniaxial bending;
(i)  acombination of column buckling and lateral torsional beam buckling;
(iii) a combination of column buckling and biaxial beam bending.
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As with combined tension and bending, an interaction diagram can be constructed to
illustrate the behaviour of sections subjected to an axial load F., and bending moments My
and M, about the major and minor axes respectively; this is shown in Figure 6.56.

F

C

APy

Family of curves for
different values of A and A; ¢

Figure 6.56

Although similar, this interaction diagram differs from that shown in Figure 6.53 in
that it relates to slender members. The precise intercept on the F, and M, axes will depend

o F
on the slenderness of the member. Clearly, short, stocky members will intercept the 1 <
p
gLy
axis at a value of 1.0; as the slenderness A increases, the intercept decreases. Similarly, in
sections which are fully restrained against lateral torsional buckling the intercept on the

X

axis will equal 1.0, decreasing as the equivalent slenderness A;r increases. The
Px

minor axis strength is not affected by overall buckling of the member and the intercept is

always equal to 1.0.

Members, except those with slender cross-sections, which are subject to combined
compression and bending should be checked for cross-section capacity using the
simplified approach, as given in Clause 4.8.3.2:

Fc Mx_l_M}’
Ap, My M

cx cy

< 1.0 (Equation 3)

which differs slightly from the equation given in Clause 4.8.2.2 for combined tension and
bending, or alternatively using the more exact method:

7, M Z2
M, | L2y < 10 (Equation 4)
M M

X ry

as before for plastic and compact cross-sections.
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For members with slender cross-sections the following equation should be used:

Fc MX+M}’

Ay P y M M

cx cy

< 1.0 (Equation 5)

The difference between equations (3) and (5) is the use of the effective cross-sectional area
At as defined in Clause 3.6

In addition to checking the cross-section capacity of a member, buckling resistance
should be checked in accordance with Clause 4.8.3.3. A simplified conservative approach
for this check, which is suitable in most circumstances, is given in Clause 4.8.3.3.1. The
following two relationships should be satisfied:

C

P pPyZy PyZy

C

F, mex + mYMY

IA

1.0 (Equation 6)

i+ my oMy " myM
P, M, PyZy

IA

1.0 (Equation 7)

y

where:

F.
My

Mt
mrr

is the axial compression
is the buckling resistance moment, generally from Clause 4.3,

is the maximum major axis moment in the segment length L governing M,,
is the equivalent uniform moment factor for lateral torsional buckling given in
Table 18 (see Clause 4.8.8.3.4),

is the maximum major axis moment in the segment length L, governing Py,
is the equivalent uniform moment factor for major axis flexural buckling given in
Table 26 (see Clause 4.8.8.3.4),

is the maximum minor axis moment in the segment length L, governing P,
is the equivalent uniform moment factor for minor axis flexural buckling given in
Table 26 (see Clause 4.8.8.3.4),

is the smaller of P., and Py,
is the compression resistance from Clause 4.7.4, considering buckling about the
major axis only,

is the compression resistance from Clause 4.7.4, considering buckling about the
minor axis only,

is the elastic section modulus about the major axis,

. ) ) . . cross-sections the value
is the elastic section modulus about the minor axis.

} In the case of slender
of Z.is should be used.

In Clause 4.8.3.3.2 a more rigorous analysis is indicated which utilizes alternative
equations which will produce a more economic design, but in most cases this is
unnecessary. The method is not dealt with in this text.
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6.3.5.5 Example 6.23: Lattice Top Chord with Axial and Bending Loads

A lattice girder supports a series of beams at the mid-span points between the nodes in the
top chord, as shown in Figure 6.57. Using the data given, check the suitability of the top
chord to resist the combined axial load and bending moment.

Data:

Characteristic imposed load due to each beam 50 kN
Ultimate limit state design load due to each beam 100 kN
Ultimate limit state design axial load in the top chord members AB and BC 1000 kN

254 x 146 x 31 Castellated UB S 275 bearing on welded flange plate

P s N (A s s N S R vy
g A B C i

Top and bottom chords: 300 x 200 x 10 RHS S 275
50m | 50m | 50m | 5.0m

-
~ ~ ~ > -

R Figure 6.57 o

6.3.5.6 Solution to Example 6.23

Contract : Lattice Girder Job Ref. No. : Example 6.23 | Calcs. by : W.McK.
Part of Structure: Chord with Axial and Bending Load | Checked by :
Calc. Sheet No.: 1 of 6 Date :

References Calculations Output

100kN 100kN 100kN 100kN 100 kN 100 kN 100 kN

l AJV l By ¢ yC€ ¢

A 1000 kN 1000 A

Consider members AB or BC:
Design axial load F, = 1000 kN
Design bending moment M, = (WL/8)
(This allows for the continuity of the top girder)
=[(100 x 5.0)/8.0] = 62.5 kNm
Section Properties: 300 x 200 x 10 RHS S 275

D =300 mm B =200 mm t = 10.0mm
b/t =17.0 dit =27.0 re = 112mm
r, =813mm S$,=956x10°mm’ Z, = 788x 10’ mm’
Ay =949 cm’> I, =11800 cm®
Table 9 Flange thickness r <16 mm .. p, =275 N/mm?

1

. - 275 |2
Table 12 Section Classification e=|—1| =10
Dy
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Contract : Lattice Girder Job Ref. No. : Example 6.23
Part of Structure: Chord with Axial and Bending Load
Calc. Sheet No. : 2 of 6

Calcs. by : W.McK.
Checked by :
Date :

(0.5x100)= 50kN P, >> F,

References Calculations Output
Table 12 Flange: Compression due to bending Flange is plastic
blt=17.0 < 28.0¢
Web:  Generally Web is plastic
dit = 27.0< 40¢e
Clause 4.2.3 <70¢ therefore no need to check shear buckling Section is plastic
Clause 4.7.3(c) | Effective length in the plane of the truss:
Clause 4.10 L
N B c| T g
Table 22 Lgx = (0.85xL) = (0.85x5000) = 4250 mm
Effective length perpendicular to the plane of the truss:
T o T e P s o PP Mt
b
Table 22 Lgy= (1.0xL) = (1.0x2500) = 2500 mm
Clause 4.7.2 A = Loy = 4250 = 3795
Ty 112
L
A o= oo B0 g5
ry 81.3
Clause 4.7.4 P, = Agp.
Table 23 x—x axis  Use strut curve a
y—y axis  Use strut curve a
Table 24 (1) [A, = 3795,  p,=275N/mm’ .. p.=261.6 N/mm’
A, = 3075,  p,=275N/mm%* .. p.=266.6 N/mm’
5 Compression
P, = (9490%261.6)/10° = 2482 kN resistance
Py = (9490 x 266.6)/10° = 2530 kN is adequate
P. > F,
Shear
Clause 4.2.3 P, = (0.6pyA,) = 0.6p,AD/(D + B)
P, = [(0.6 X275 x 9490 x 300) / (300 + 200)]/10° Section is adequate
= 939.5kN in shear
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Contract : Lattice Girder Job Ref. No. : Example 6.23
Part of Structure: Chord with Axial and Bending Load

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 3 of 6 Date :
References Calculations Output
Bending:
Clause 4.2.5.1 |M. < 15p,Z, for beams generally
= (1.5x275x788x 10°/10° = 325kNm
Use the low shear equations.
Clause 4.2.5.2 [ M= pyS; Critical value of
= (275x956 x 10°/10° = 262.9 kNm M, = 262.9 KkNm
Maximum applied moment= M, = 62.5 kNm
M. >> M,
Clause 4.3.6 Lateral torsional buckling:
Clause 4.3.6.1 Mg = M, provided that Lg/r, < Table 15 value
Table 15 D/B = (300/200) = 1.5
Limiting value of Lg/ry = [515X(275/py)] = 515
>> Ay and A,
Mg = p,Sy = 262.9kNm
Clause 4.8.3 Compression members with moments:
Clause 4.8.3.2 | Cross-section capacity
M
Fo My Dy < 10
Agpy My Mcy
Since there is no bending about the y—y axis Y = 0
cy
Agpy = (9490 x275)/10° = 2609 kN
F, M
c M| [1000 L 625 ] _ 06 <10
Agpy Moy 2609 2629

Clause 4.8.3.3.1

Buckling resistance:
Both relationships must be satisfied.

Fe  mMy myMy < 10
Pc pny pyZy
Fe  mgMyy  myM,
_c 4 < 1.0
Py, M, PyZ,
F. = 1000kN, M, = 625kNm, M;1r=62.5kNm
PyZe = (275%x788x10%/10° = 216.7kNm
P. = 2482KkN (Note: smaller of P, and P,y)
P = 2530kN

262.9 kNm
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Contract : Lattice Girder Job Ref. No. : Example 6.23
Part of Structure: Chord with Axial and Bending Load
Calc. Sheet No. : 4 of 6 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 4.8.3.3.4

Table 18

Clause 4.8.3.3.4

Table 26

myr is for lateral torsional buckling and relates to the restraints on
the y—y axis.

Consider the bending moment diagram due to the point load in the
top chord between A and B.

62.5 kNm 62.5 kNm

A \“/ B

62.5 kNm

J Unrestrained length J
‘ LLT =25m ‘

M=-625kNm, BM = +625kNm .~ f = —10
mpr = 0.44

my relates to major axis flexural buckling and can be determined
from Table 26 for the pattern of major axis moments over the
segment length L, governing P,,, i.e. the length between the
nodes A and B.

- T
A MM@ B

M;
M[ = M3 = M5= 62.5 kNm
M2 = M4 =0
. 0.2+|:0.1M2+0.6M3+0.1M4] L 08M,,
Mmax Mmax

where M, is the maximum moment in the central half of the
segment.

m = 02+ W = 0.8
62.5
(0.8x62.5)] _ 0.8

625
1000  (0.8x625)] _ 04+023) = 063 < 1.0
2482 2167
1000 , (0:44x625)] 04+01) = 05 < 10
2530 262.9

The section is
adequate with
respect to
combined axial
load and bending
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Contract : Lattice Girder Job Ref. No. : Example 6.23
Part of Structure: Chord with Axial and Bending Load

Calcs. by : W.McK.
Checked by :

Calc. Sheet No.: 5 of 6 Date :
References Calculations Output
Web Bearing Capacity:
254 x 146 x 31
Castellated UB
200 mm x 200 mm
flange plate welded

Clause 4.5.1.5

to RHS section

Refer to publication: Steelwork Design Guide to BS 5950-1 : 2000
Volume 1 Section Properties and Member Capacities 6" Edition
Published jointly by The Steel Construction Institute and The

British Constructuinal Steelwork Association Limited.

Note 9.3

Square and rectangular hollow sections: bearing, buckling and

shear capacities for unstiffened webs.

w
) b
b |

by = (w+5p
w = B (castellated beam flange width) = 146.1 mm
t = web thickness of RHS = 10 mm
by = [156.1 + (5% 10)] = 206.1 mm
Py, = (b] + }’lk)2 Zwa
where
n = 5 for continuity over bearing,
k = t forhollow sections,
wa_ (b1+nk)2tpyw

= {[206.1+(5x10)] x2x 10x 275}/ 10° =

Maximum concentrated load Fy, = 100 kN Py, >>

1409 kN Section is adequate
with respect to web
Fy bearing
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Contract : Lattice Girder Job Ref. No. : Example 6.23
Part of Structure: Chord with Axial and Bending Load

Calcs. by : W.McK.
Checked by :

Table 24(5)

Clause 2.5.2
Table 8

Appendix 3

Clause 3.1.3

n; is the length obtained by dispersion at 45° through half the
depth of the section,

¢t is the thickness of the web,

p. 1s the compressive strength based on:

[ D-2¢
| ¢
n; = (0.5%300) = 150 mm

A = 15 M]f = 727

A =15

:|\/§ using strut curve ¢

10
A = 727, p, = 275Nmm*, .. p,

175.6 N/mm?

P, = [(206.1 +150)x2x 10x 175.6}/ 10> = 1250kN

F, =100kN << Py

It is evident from the calculations that the web bearing and web
buckling resistances are considerably greater than the applied
concentrated load. In situations where a concentrated load is not
applied through a welded flange plate, the additional secondary
moments induced in the web must be taken into account as
indicated in the above publication.

Deflection:
Deflection due to characteristic imposed loads < span/200
S maximum S (5000/200) = 25 mm

125
O setual < which is the value for a simply supported
twal |: 43 EI} ply supp
span with a point load at the centre. If this deflection is less than
the Table 8 value then clearly the actual deflection will be
adequate.

EI = (205 % 11800 x 10% 24190 x 10° kNmm?

L = 5000 mm P = 50.0kN
3
b < |00
48%24190x10

5actual < 25mm

Calc. Sheet No.: 6 of 6 Date :
References Calculations Output
Web Buckling Capacity:
Px = (bl+nl)2tpc
where

Section is adequate
with respect to web
buckling

Section is adequate
with respect to
deflection
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6.3.5.7 Simple Construction

The design of members subject to axial loads combined with significant moments (e.g. due
to rigid-frame action or applied loads as in Example 6.23), is carried out as in the previous
section.

In ‘simple’ structures (i.e. structures in which an alternative structural form such as
bracing, shear walls etc. exists to resist lateral loads) the beam-to-column connections are
assumed to be pinned. A simplified interaction equation is included in the code to allow
for the nominal moments which develop due to the eccentricity of member end reactions.
This expression, which has not been justified by experimental evidence, has appeared in a
similar style in previous codes and experience in use over many years has demonstrated its
suitability.

The method demonstrated in the preceding section is nrot intended for use with
members subject to nominal moments only as in simple construction. In Clause 4.7.7
guidelines are given to evaluate the nominal moments as follows.

Condition 1:

When a beam is supported on a cap plate, as shown in Figure 6.58, the load should be
considered to be acting at the face of the column, or edge of packing if used, towards the
span of the beam.

]
Beam reaction Beqm reaction

| T"é"l"Fc' """""""" | S;q N2

Packing

Column cap
plate

Figure 6.58

Condition 2:

When a roof truss is supported using simple connections (see Figure 6.59) which cannot
develop significant moments, the eccentricity may be neglected and a concentric axial load
may be assumed at this point.

Bolted truss
support

Figure 6.59
Condition 3:
In all other cases, such as the beam connections shown in Figure 6.60, the eccentricity of
loading should be taken as 100 mm from the face of the column or at the centre of the
length of stiff bearing, whichever gives the greater eccentricity.



388 Design of Structural Elements

Note: The stiff length of bearing of a supporting element is defined in Clause 4.5.1.3 and
Figure 13 of the code. In most cases when designing a column the designer does not know
the precise details of, for example a seating angle, and the assumption of 100 mm
eccentricity will be adopted.

Uniaxial bending about  Uniaxial bending about Biaxial bending
the major x—x axis the minor y—y axis about both axes
Nominal Moments: M= [F, (D2 +100)]

M, = [F); (D/2 + 100)] My= [F> (t/2 + 100)] My= [F, ( 2 + 100)]

Figure 6.60

The interaction equation adopted for simplified structures as given in Clause 4.7.7 of the
code is:

where:

F.  is the axial compression

My is the buckling resistance moment for simple columns,
M, is the nominal moment about the major axis,

M, is the nominal moment about the minor axis,

P, is the compression resistance from Clause 4.7.4,

Dy is the design strength,

Z, is the elastic section modulus about the minor axis.

In general when using this equation the value of M, should be taken as My determined as
described in Clause 4.3.6.3 (except for circular, square and rectangular hollow sections)
using the equivalent slenderness of columns Ayr = 0.5L/ry, where L is the distance
between levels at which the column is laterally restrained in both directions.
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In the case of circular or square hollow sections and rectangular hollow sections within
the limiting values of Lg/ry, given in Table 15, the buckling resistance moment My should
be taken as equal to M, calculated as in Clause 4.2.5.

In the design of multi-storey columns in simple construction cost penalties are
normally incurred when purchasing and/or transporting sections longer than approximately
18.0 m. Many multi-storey columns are spliced during erection to avoid this or to produce
a more economic design by reducing the section sizes used in upper levels. It is normal to
consider such columns to be effectively continuous at their splice locations.

In simple construction the beams supported by a column are considered to be simply
supported with their end reactions assumed at an eccentricity as indicated in Figure 6.60.
The net nominal moments induced at any one level by the eccentricities of the beams
should be divided between the column lengths above and below that level in proportion to
the stiffness, I/L, of each length. When the ratio of the stiffnesses of each length is less
than or equal to 1.5 then the net moment may be divided equally. The effects of the
nominal moments can be assumed to be limited to the level at which they are applied and
not to affect any other level.

When considering loading it may be assumed that all beams supported by a column at
any one level are fully loaded. This alleviates the need to consider various load
combinations to determine the most critical axial load and moment effects.

Despite this guidance given in Clause 4.7.7 it may be prudent for a designer to consider
load cases which maximize the bending moment in cases where there can be a significant
difference in loading between two adjacent floors.

6.3.5.7.1. Example 6.24: Industrial Unit

An industrial unit comprises a series of braced rectangular frames as shown in Figure 6.61.
A travelling crane is supported on a runner beam attached to the underside, at the mid-span
point of the rafters.

Using the design data provided, check the suitability of a 203 x 133 x 25 UB S 275 for
the columns of a typical internal frame.

H Flexible end plate l H

connection
Crane load H

— 203 x133x25UB S 275

EI:I\ pinned base 16.0 m QF i

Figure 6.61
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Characteristic dead load due to the sheeting, purlins and services
Characteristic imposed load

Characteristic dead load due to side sheeting

Characteristic dead load due to crane

Characteristic imposed load

Ignore wind loading

6.3.5.7.2. Solution to Example 6.24

0.5 kN/m*
0.75 kN/m?
0.3 kKN/m?
5.0 kN
40.0 kN

Contract : Industrial Unit Job Ref. No. : Example 6.24
Part of Structure : Side Column
Calc. Sheet No.: 1 of 3 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Area of roof supported by typical internal frame:

= (5.0x16.0) = 80 m’

Design dead load due to roof sheeting etc.:

= 1.4x(0.5x80) = 56 kN

Design imposed load on roof:

= 1.6x(0.75 x 80) = 96 kN

Total distributed design load on rafter = (56 +96)
= 152 kN

Design load on rafter due to crane:

= (14x5.0)+ (1.6 x40) = 71kN

Area of side sheeting supported by one column:

= (5.0x5.0) = 25m’

Design dead load due to side sheeting = (1.4x25%0.3)
= 10.5kN

Design loads applied to typical internal frame.

ISZkNQ
I

:

,‘ 10.5 kN 71 kN 10.5 kN *

= 3
Fray Frry

Column Loads:

Load imposed on column from end of rafter
= 05x(152+71)

Total axial load on column = (111.5 + 10.5)

111.5 kN
122 kN
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Contract : Industrial Unit Job Ref. No. : Example 6.24
Part of Structure : Side Column

Calc. Sheet No.: 2 of 3 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Table 9

Table 11

Clause 4.7.7

Table 22

Clause 4.7.2

Check the suitability of a 203 x 133 x 25 UB S 275 section
Section Properties:

D = 2032mm d 172.4 mm B =133.2mm

T = 7.8mm t = 5.7 mm b/T =8.54

drn = 302 x = 256 u =0.877

r, =31.0mm r, = 85.6mm A =32.0x10°> mm’
S, =258 x10° mm’ Z, =46.2x 10’ mm’

Flange thickness 7< 16 mm .. p, = 275 N/mm?
1

2
Section Classification £= 2 =10
Py
Flange: Outstand element of compression flange rolled section
bIT =8.54 < 9.0¢

In this case the web should be checked for ‘web generally’,
since both bending and axial loads are present; if the section is
plastic or compact when considering web to be in compression
throughout, no precise calculation is required.

Web: Generally
dit = 30.2 < 40¢

An eccentricity equal to (D/2 + 100) should be assumed to
evaluate the bending moment since the precise details of the
seating angles are not known at this stage.

203.2

Eccentricity e = [ +100J= 201.6 mm

Design bending moment = (111.5 x0.2016) = 22.5 kNm

Interaction equation:
F. M M
e X 4 y
P Cc M bs p yZ y

M
Since there is no moment about the y—y axis )
Pysy

Effective length of column
Lg = 1.0L = 5000 mm

L
A = B = 2000 = 584

I 85.6
Lg, 5000
= — = — = 1613

& r, 31.0

y

Flange is compact

Web is plastic

Section is plastic
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Contract : Industrial Unit Job Ref. No. : Example 6.24 | Calcs. by : W.McK.

Part of Structure : Side Column Checked by :
Calc. Sheet No. : 3 of 3 Date :
References Calculations Output

Clause 4.7.4 P, = Agp.

Table 23 For a rolled I-section 7< 40 mm
Buckling about the x—x axis  Use strut curve a
Buckling about the y—y axis  Use strut curve b

Table 24 (1) | A, = 584; py=275N/mm’ .. p.=241.4N/mm’
Table 24 (4) | A, 161.3;  p,=275N/mm* .. p.=652N/mm’
The critical value of p. = 65.2 N/mm?>

P, (3200 x 65.2)/10° = 208.6 kN > F.

Bending:
Clause 4.3.6.4 | Mg = puSy

Clause 4.7.7 Mr=05L/ry, = (0.5x5000)/31.0 = 80.65
Note: L in this equation equals the actual length

Table 16 Az = 80.65 . pp=163.6 N/mm?
My = Mg= (163.6x258x10%/10° = 422kNm
F,. M, 122 225 The section is
Clause 4.7.7 ?C+M—bs = ﬁ"ﬂ‘m = 1.12 > 1.0 12% overstressed

6.3.5.7.3. Example 6.25: Multi-storey Column in Simple Construction

The floor plan and longitudinal cross-section of a two-storey, two-bay braced steelwork
frame is shown in Figures 6.62 (a) and (b). Beams on grid-line 1 at the roof and first floor
level are small tie members, while all others are substantial members which are fixed to
the column flanges by web and seating cleats.

Check the suitability of a 203 x 203 x 52 UC S 275 for the column B2 at section x—x
indicated.

Design Data:
Characteristic dead and imposed loads on the roof and floor level are as indicated in
Figure 6.62(a)
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@ | T B T - 3
| Roof: g, = 2.0 kN/m’ | Roof: g =4.0 kN/mi
] g = 0.75 kN/m’ ! G=15kNm* | o
i Sl 2
I ! ! O
| Floor: g =3.0 kN/m’ E | , |
; i = 2.0 KN/m? 2 || Floor: g = 6.0 kN/m"  §
] g gx=40kN/m* |
i Beam B, i Beam B, :
@ . e M E e
| Roof: g, = 2.0 KN/m® - '}l Roof: g =40 kN’ |
i ¢ = 0.75 kN/m? & i g =15kNm™ i o
E e -
| Floor: g, = 3.0 kN/m’ g | !
T ﬁ"z 50 KN/ 2 i Floor: g = 60KN/m® ||
: ke ; G = 4.0 KN/m?
(©) A r— — LR
120 m 5 6.0 m
' Figure 6.62(a) '
0 2 ©
; Main beam Main beam ;
e ————————————— [ e —————————— _;Ti - D
i i g
i ; =)
Main beam Main beam «©
w|————————————e E [ e ifpmremes =
Section x—x
Column B2 — 203 x 203 x 52 UC S 275 — g
v
7 Pinned b Pinned b Pinned b 4
1nne ase 1mnne ase 1mne ase
s i (R
12.0m | 6.0m |

Figure 6.62(b)

Column B2 supports four beams at each level. The slabs between grid-lines 1 and 2 are
one-way spanning and supported by beams A, B;, and C;,. The slabs between grid-lines
2 and 3 are two-way spanning and supported by beams A3, By3 C,3 and 2ap, 2sc, 3aB,
and 3gc. Beams B;,, B,3, 24 and 2 impose loads on column B2 at both the roof and
first floor levels.

Since the column is the same section throughout, the critical section for design will be
section x—Xx, as indicated in Figure 6.62(b). At this location all loading originating from the
roof beams is considered to be axial, while the first floor beams will induce nominal
moments due to the eccentricity of the connections in addition to their axial effects.
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6.3.5.7.4. Solution to Example 6.25

Contract : Simple Frame Job Ref. No. : Example 6.25
Part of Structure: Multi-storey Column
Calc. Sheet No.: 1 of 5

Calcs. by : W.McK.
Checked by :
Date :

References

Calculations

Output

The load distribution from the one-way and two-way spanning
slabs will be as follows:

b
-
! o~
i o
e
i S
i [Sg)
: | E
. i -
> i N
| : =
' : i e]
i i N
I m i o
; A
i 120 m 52.25m‘1.5 mJZ.ZSm i
! I |
Area of floor supported by beam B ,:
= (12.0x5.25) = 63.0m’
Area of floor supported by beam B, 3:
= (800 |+ (12550 hos o 174w
2.0 2.0
Area of floor supported by beam 2,4 p:
= (8030 = 9.0m’
2.0
Area of floor supported by beam 25 :
= £x2.25 = 5.1m?
2.0
Roof level:
Table 2 Design load = (14x20)+(1.6x0.75) = 4.0kN/m’
Table 2 Design load = (14x40)+(1.6x15) = 80kN/m’
Load onbeam B;, = (63.0 x4.0) = 252.0kN
End reaction on column B2 = 126.0 kN
Load onbeam B3 = (17.4 X 8) = 139.2kN
End reaction on column B2 = 69.6 kN
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Contract : Simple Frame Job Ref. No. : Example 6.25
Part of Structure: Multi-storey Column

Calcs. by : W.McK.
Checked by :

Calc. Sheet No.: 2 of 5 Date :
References Calculations Output

Load onbeam 2,5 = (9.0 % 8) = 72.0kN
End reaction on column B2 = 36.0 kN
Load on beam 25 = (5.1 X 8) = 40.8kN
End reaction on column B2 = 204 kN
Axial load transmitted from the roof to column B2:
= (126.0 + 69.6 + 36.0 + 20.4) = 252.0kN

Table 2

First Floor level:

Despite the indication in Clause 4.7.7 that pattern loading need not
be considered, there can be a significant difference between the
reactions from beams B, , and B, ;. In this example two load cases
will be considered for floor loadings;

Case (i): maximum loading on all beams,

Case (ii): maximum loading on beam B;, and 2,5 and
minimum loading on beam B, 3 and 25 .

Maximum design load = (1.4 x3.0)+ (1.6 x2.0) = 74 kN/m?

Minimum design load = (1.0 x 3.0) = 3.0 kN/m?

Maximum design load = (1.4 X 6.0) + (1.6 X 4.0) 14.8 kN/m>

Minimum design load = (1.0 X 6.0) 6.0 kN/m’

Check the suitability of a 203 x 203 x 52 UB S 275 section
Section Properties:
D = 2062mm d

160.8 mm B =204.3 mm

T = 12.5mm t = 7.9mm b/T =8.17

dnt = 204 x = 158 u =0.848

r, =518mm r, = 89.1mm A =663 x 10" mm’
S, =567 x10* mm’ Z, =174 x 10° mm’

Case (i):

Load on beam By, = (63.0x7.4) = 466.2 kN
End reaction on column B2 = 233.1kN
Load on beam B,; = (17.4 X 14.8) = 2575kN
End reaction on column B2 = 128.8 kN
Load onbeam 2,5 = (9.0 X 14.8) = 133.2kN
End reaction on column B2 = 66.6 kN
Load on beam 25 = (5.1 X 14.8) = 755kN
End reaction on column B2 = 37.8kN

Axial load transmitted from the first floor to column B2:

= (233.1 +128.8 + 66.6 + 37.8) = 466.3 kKN
Self-weight of 3.0 m length of column:

= (1.4x%x0.52x3.0) = 22KkN
Total axial load at section x—x:

= (252.0+466.3 +2.2) = 720.5kN
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Contract : Simple Frame Job Ref. No. : Example 6.25
Part of Structure: Multi-storey Column
Calc. Sheet No.: 3 of S5 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 4.7.7

Table 9

Table 11

(100 +1/2) N 532:—1:7%:@5- >
(100 + t/2)

(100+D2)|— | [ (100+D2)

Net nominal moment about the x—x axis:
= [(BI,Z — B2,3) X (100 + D/Z)]

Bi,= 233.1kN, B,5;=1288kN, D = 206.2mm
= [(233.1-128.8) x (100 +206.2/2)[/10° = 21.18 kNm
Net nominal moment about the y—y axis:

= [(2ap—28c) X (100 + #/2)]

2,5 = 66.6 kN, 2pc=37.8 kN, t = 7.9mm

= [(66.6 —37.8) x (100 + 7.9/2)] /10 = 3.0kNm

Since the column is continuous and the same section above and
below section X—X :

Iupper 2120.31; M:LZO.ZI
Lupper 3 lower
I,/L .
u/ u 203_3:].65 > 1.5
Iy /L, 02

The net nominal moments applied at the first floor level should be
divided in proportion to the stiffnesses of each length of column.

Lower length at section x—x:

M= 2018x] —22 | = 80KkNm
0.2+0.33

M= 30x—22 ] = LI3KNm
0.2+0.33

Flange thickness 7< 16 mm .. p, =275 N/mm?
1

2
Section Classification & = (EJ =10
Py
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Contract : Simple Frame Job Ref. No. : Example 6.25
Part of Structure: Multi-storey Column

Calc. Sheet No.: 4 of 5 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Table 22

Clause 4.7.2

Clause 4.7.4

Table 23

Table 24 (3)
Table 24 (5)

Clause 4.3.6.4

Clause 4.7.4

Flange: Outstand element of compression flange rolled section
bIT=8.17 < 9.0¢

In this case the web should be checked for ‘web generally’ since
both bending and axial loads are present, if the section is plastic
or compact when considering web to be in compression
throughout, no precise calculation is required.

Web: Generally
dit = 204 < 40¢

Interaction equation:

F, M M
ey X 4 y
Pc Mbs pyZy

Effective length of column
Assuming that the beams provide directional restraint to one end
of the column about both axes:

Lg = 0.85L = (0.85x5000) = 4250 mm
L
PR S
Ty 89.1
L
Ay = By _ @ = 820
ry 51.8
P, = Agpc

For a rolled H-section 77 <40 mm
Buckling about the x—x axis  Use strut curve b
Buckling about the y—y axis Use strut curve c

A = 477, py=275N/mm’* .. p.=239.5 N/mm’

Ay = 82.0; py=275N/mm* .. p.=157.0 N/mm’
The critical value of p, = 157.0 N/mm?>

P, = (6630x157.0)/10° = 1041 kN > F,

Bending:

Mg = py Sk

Ar=05L/r, = (0.5x5000)/51.8 = 483
Note: L in this equation equals the actual length

Flange is compact

Web is plastic

Section is plastic
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Contract : Simple Frame Job Ref. No. : Example 6.25
Part of Structure: Multi-storey Column

Calcs. by : W.McK.
Checked by :

P, My pyZ, 1041 1372 479

Calc. Sheet No.: 5 of 5 Date :
References Calculations Output
Table 16 A = 483, - pp=242.0 N/mm?
My = Mg= (242.0x567x10°/10° = 137.2kNm
pyZy = (275% 174 x 10%/10° = 47.9 kNm
F, M M . . :
Clause 4.7.7 Lo My Py 7205, 80 LIS _ 09 < 0
P, My pyZ, 1041 1372 479
Case (ii):
Load on beam By, = (63.0x7.4) = 466.2 kN
End reaction on column B2 = 233.1kN
Load on beam B,; = (17.4 X 6.0) = 1044 kN
End reaction on column B2 = 52.2kN
Load onbeam 25,5 = (9.0 X 14.8) = 133.2kN
End reaction on column B2 = 66.6 kN
Load on beam 25 = (5.1 X 6.0) = 30.6kN
End reaction on column B2 = 153 kN
Axial load transmitted from the first floor to column B2:
= (233.1+52.2+66.6+15.3) = 367.2kN
Self-weight of 3.0 m length of column:
= (1.4x%x0.52x%3.0) = 2.2kN
Total axial load at section x—x:
= (252.0+367.2+2.2) = 6214KkN
Clause 4.7.7 Net nominal moment about the x—x axis:
= [(B1_2 - B2’3) X (100 + D/Z)]
Bi,= 233.1kN, B,3=522kN, D = 206.2 mm
= [(233.1 -52.2) x (100 + 206.2/2)}/10° = 36.7 kNm
Net nominal moment about the y—y axis:
= [(2A,B — 2B.c) X (100 + t/2)]
2, = 66.6 kN, 2pc =153 kN, t = 7.9 mm
= [(66.6 —15.3) x (100 + 7.9/2)]/10° = 53kNm
The net nominal moments applied at the first floor level should be
divided in proportion to the stiffnesses of each length of column.
Lower length at section x—x:
M, = 36.7% _02 = 13.85 kNm
0.2+0.33
M, = 53x 0.2 - 2.0kNm The section.is
0.2+0.33 adequate with
respect to combined
F, M M . . . . .
Clause 4.7.7 AT ST y _ 6214 + 13.85 + 2.0 0.74 < 1.0 |axial loading and

bending
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6.3.6 Connections

6.3.6.1 Introduction

Traditionally, the consulting engineer has been responsible for the design and detailing of
structural frames and individual members, while in many instances the fabricator has been
responsible for the design of connections and consideration of local effects. Codes of
Practice tend to give detailed specific advice relating to members and relatively little
guidance on connection design. This has resulted in a wide variety of acceptable methods
of design and details to transfer shear, axial and bending forces from one structural
member to another.

Current techniques include the use of black bolts, high-strength friction-grip (H.S.F.G.)
bolts, fillet welds, butt welds and, more recently, the use of flow-drill techniques for rolled
hollow sections. In addition there are numerous proprietary types of fastener available.

Since fabrication and erection costs are a significant proportion of the overall cost of a
steel framework, the specification and detailing of connections is also an important
element in the design process.

The basis of the design of connections must reflect the identified load paths throughout
a framework, assuming a realistic distribution of internal forces, and must have regard to
local effects on flanges and webs. If necessary, localised stiffening must be provided to
assist load transfer.

All buildings behave as complex three-dimensional systems exhibiting interaction
between principal elements such as beams, columns, roof and wall cladding, floors and
connections. BS 5950-1:2000 Clause 2.1.2 specifies four methods of design which may be
used in the design of steel frames:

(i) Simple Design (Clause 2.1.2.2)

In simple design it is assumed that lateral stability of the framework is provided
by separate identified elements such as shear walls, portal action, or bracing.
The beams are designed assuming them to be pinned at the ends, and any
moments due to eccentricities of connections are considered as nominal
moments when designing the columns.

It is important that sufficient flexibility exists in the connection detail (i.e. the
flexible end-plates, fin-plates, web cleats etc.,) to permit rotation at the joint as
assumed in the design.

(ii)) Continuous Design (Clause 2.1.2.3)
In continuous design, full continuity is assumed at connections transferring
shear, axial and moment forces between members. In addition it is assumed
that adequate stiffness exists at the joints to ensure minimum relative
deformation of members and hence maintaining the integrity of the angles
between them.

(iii)) Semi-Continuous Design (Clause 2.1.2.4)
In this technique partial continuity is assumed between members. The moment
-rotation characteristics of the connection details are used both in the analysis
of the framework and the design of the connections. The complexity and lack
of readily available data renders this method impractical at the present time.
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(iv) Experimental Verification (Clause 2.1.2.5)
Loading tests may be carried out to determine the suitability of a structure with
respect to strength, stability and stiffness if any of the methods (i) to (iii) are
deemed inappropriate.

The uses of bolts and welds as used in simple and rigid connections are illustrated in

Figure 6.63.
@
Continuous
Simple design design

Fillet welds

Black bolts Fillet welds H.S.F.G. bolts

Butt welds

H.S.F.G. bolts

Angle web cleats

Flexible end plates
Fin plates
Gusset plates Moment in the Moment perpendicular to
plane of the the plane of the connection
connection

Figure 6.63

The design of connections requires analysis to determine the magnitude and nature of the
forces which are to be transmitted between members. In both bolted and welded
connections this generally requires the evaluation of a resultant shear force and, in the case
of moment connections, may include combined tension and shear forces.

6.3.6.2 Simple Connections

These are most frequently used in pin-jointed frames and braced structures in which lateral
stability is provided by diagonal bracing or other alternative structural elements. Typical
examples of the use of simple connections, such as in single or multi-storey braced frames,
or the flange cover plates in beam splices, are shown in Figure 6.64.

In each case, the shear force to be transmitted is shared by the number of bolts or area
of weld used and details such as end/edge distances and fastener spacings are specified to
satisfy the code requirements.
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Beam to column connection in braced multi-storey frame
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Roof truss to column connection in single-storey braced frame

6.3.6.3 Moment Connections

Simple bolted | [
7 / connection
]

Figure 6.64

These are used in locations where, in addition to shear and axial forces, moment forces
must be transferred between members to ensure continuity of the structure. Typical
examples of this occur in web cover plates in beam splices, unbraced single or multi-
storey continuous frames, support brackets with the moment either in the plane of or
perpendicular to the plane of the connection, and as shown in Figures 6.65 and 6.66.
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Figure 6.65
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(a)
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(b)
Bolted and welded brackets with moment perpendicular to the plane of the connection
Figure 6.66

A rigorous approach to the design of moment connections is given in the publication
Joints in Steel Construction:Moment connections produced by The Steel Construction
Institute (ref. 67).

A simplified, more traditional approach is indicated in this text. The following analysis
techniques are frequently adopted when evaluating the maximum bolt/weld forces in both
types of moment connection.

6.3.6.3.1. Applied Moment in the Plane of the Connection

(1) Bolted connection

The bolts with the maximum force induced in them are those most distant from the centre

of rotation of the bolt group and with the greatest resultant shear force when combined

with the vertical shear force, i.e. the bolts in the top and bottom right-hand corners.
Consider a group of six bolts which are subjected to an eccentric axial load as

illustrated in Figure 6.67.
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eccentricity = e

Q Q Fl6
---------- @ GG
Q Ve Fl6 @) &f%

i centre of rotation
Direct shear component Rotational shear component

Figure 6.67

Each of the bolts has the same vertical shear due to the force F. The bolts with the
maximum rotational shear force due to the moment induced by the eccentric force (i.e. F' X
e) are numbers 1, 3, 4 and 6 which are most distant from the centre-of-rotation.

In general terms, considering n number of bolts, the resultant maximum shear force on
a bolt is given by the vector summation of the direct shear component and the rotational
shear component. Bolts F; and F3 have the maximum resultant as follows:

. F Fexz
Total vertical component = Fy = —+ W xCos6
n 2
n=l
) Fexz .
Total horizontal component = Fy Wx Sin6
)
n=l

Resultant maximum shear force = Fr= 4 (F\g +F} ) < Bolt shear strength

where

F is the applied vertical force,

e 1is the eccentricity of the applied force about the centre-of-rotation,

Z is the perpendicular distance from the centre-of-rotation to the line of action of the
rotational shear force in a bolt,

Z; 1s the maximum value of Z,

0 is the angle between the horizontal axis and Z,,

n is the number of bolts.

(i1) Welded connection

In a welded connection the extreme fibres of the weld most distant from the centre-of-
gravity of the fillet weld group are subjected to the maximum stress as indicated in
Figure 6.68.

The resultant maximum shear force/mm length of fillet weld is found in a similar manner
as for bolts.
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eccentricity = e H F
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i centre of rotation y y
Direct shear component Rotational shear component
Figure 6.68
. F (FexZ
Total vertical component/mm = F, = —+ u xCos0
A 1
P

. FexZ .

Total horizontal component/mm = Iy = g xSin6
p

Fr Fl+F} < weld strength

v

Resultant maximum shear force/mm

where

F, e, Z, and 0 are as before,

A 1is the area of the weld group,

I, is the polar moment of area of the weld = (I« + Iyy)

6.3.6.3.2. Applied Moment Perpendicular to the Plane of the Connection

(1) Bolted connection
In this type of connection it is often assumed that the bracket will rotate about the bottom
row of bolts. While this assumption is not necessarily true, it is adequate for design
purposes. In this case the bolts will be subjected to combined tension and shear forces, as
shown in Figure 6.69.

1]

H

/

Assumed
centre-line
of rotation

S A

Direct shear Tension due to rotation

Figure 6.69
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In general terms, considering »n the number of bolts and m the number of vertical columns
of bolts, the maximum tensile force on a bolt is found by the consideration of the assumed
rotation of the bracket about the bottom line of bolts, as indicated in Figure 6.69. Bolts
which are furthest from the line of rotation, i.e. distance y;, have the maximum tension
force, which can be determined from:

. F
Maximum shear force = F, = —
n

(Fe X ymaximum )

mz“y2

The bolts must be designed for the combined effects of the vertical shear and horizontal
tension.

Maximum tensile force = Foaimum =

(i1)) Welded connection
In welded connections the maximum stress in the weld is determined by vectorial
summation of the shear and bending forces/mm, as shown in Figure 6.70.

! Fxe)Z
LARAA FN ( ':67)' N
i 'y
i -
N :
N 5 I S S .
Q'Q /
Y i
i !
Pl —
y

Direct shear Bending force
Figure 6.70
. F
Maximum shear force/mm = F, = —
A
. . FXxe
Maximum bending force/mm = Fpepging = (Z )
XX
where

A is the area of the weld group,
Z« s the elastic section modulus of the weld group.

Resultant maximum shear force/mm = Fr= L/(F’+ szending < weld strength



Design of Structural Steelwork Elements 407

6.3.6.4 Bolted Connections

The dimensions and strength characteristics of bolts commonly used in the U.K. are
specified in BS 4190 (black hexagon bolts) and BS 4395 (High-Strength-Friction-Grip
bolts). Washer details are specified in BS 4320. BS 5950 mentions several strength grades:
e.g. Grade 4.6 which is mild steel, Grade 8.8 and Grade 10.9 which are high-strength-
steel.

The most commonly used bolt diameters are 16, 20, 24 and 30 mm; 22 mm and 27 mm
diameter are also available, but are not preferred. Combinations of bolts, washers and nuts
should match those specified in Table 2 of BS 5950-2:2001.

The usual method of forming site connections is to use bolts in clearance holes which
are 2 mm larger than the bolt diameter for bolts less than or equal to 24 mm dia., and 3 mm
larger for bolts of greater diameter. Such bolts are untensioned and called non-preloaded
bolts; referred to in this text as black bolts. In circumstances where slip is not permissible,
such as when full continuity is assumed (e.g. rigid-design), vibration, impact or fatigue is
likely, or connections are subject to stress reversal (other than that due to wind loading),
preloaded bolts, referred to in this text as high strength friction grip bolts, should be used.

Traditionally bolts in which only a short length of the shank has been threaded have
been used in connections. The current trend is to specify fully threaded bolts (i.e. the full
length of the shank) in some instances longer than is required, resulting in considerably
fewer bolt lengths being required for any particular construction.

6.3.6.4.1. Black Bolts

Black bolts transfer shear at the connection by bolt shear at the interface and bearing on
the bolts and plates as shown in Figure 6.71.

ﬁ ﬁﬁ Bearing surface

|
% M
Bolt shear
End ) _
distance Spacing ‘ Edge distance
l
Figure 6.71

6.3.6.4.2. Bolt Spacing and Edge Distances

In Clauses 6.2.1, 6.2.2 and Table 29, BS 5950-1:2000 specifies minimum and maximum
distances for the spacing of bolts, in addition to end and edge distances from the centre-
line of the holes to the plate edges. The requirement for minimum spacing is to ensure that
local crushing in the wake of a bolt does not affect any adjacent bolts. The maximum
spacing requirement is to ensure that the section of plate between bolts does not buckle
when it is in compression.
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The requirement for minimum end and edge distances is to ensure that no end or edge
splitting or tearing occurs and that a smooth flow of stresses is possible. Lifting of the
edges between the bolts is prevented by specifying a maximum edge distance. The values
specified are illustrated in Figure 6.72.

=

R |

End distance — same as for edge distance

2.5D

J

161 the lesser of these values where
} the connection is exposed to

1
1 i ! Spacing
200 mm .
corrosive influences

2
L

Edge distance

1 : !
Spacing ‘ \
25D 1.25D Rolled, machine flame cut or plane edge

>
i > 1.40D Sheared, hand flame cut or any end
= d 141 < 1lee Normal exposure
in 14 the lesser of these values where < 40 mm + ¢ When exposed to corrosive influences
= ! the connection is exposed to
200 mm .
corrosive influences
where
¢t is the thickness of the thinner part,
D is the hole diameter,
€ 1is as before.
Figure 6.72

6.3.6.4.3. Bolt Shear Capacity
The shear capacity of a black bolt is given in Clause 6.3.2.1 by:

Py=p A

where:

A; s the cross-section resisting shear: normally this is based on the root of the thread
(tensile area A,); if the shear surface coincides with the full bolt shank then the
shank area (A) based on the nominal bolt diameter can be used”

Ds is given in Table 30 as 160 N/mm” for Grade 4.6 bolts and 375 N/mm® for Grade
8.8 bolts.

* The adoption of fully threaded bolts will result in A being equal to the tensile area.
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The shear capacity P; is reduced in the following circumstances:

when using steel packing (note: total thickness of packing < 4d/3),
when requiring large grip lengths (i.e. > 5d),

when using long joints such as in splices (with > 2 rows of bolts),
when using kidney-shaped holes,

* & o o

to allow for effects such as possible bolt bending and/or an unequal distribution of force
within the bolts. In each case P, is equal to the minimum value determined from the
following equations as appropriate:

P, < ps A L When the thickness of steel packing #,, > d/3
8d +3t,,
< poAs 8d When the total thickness of plies T, > 5d
3d+1T,
—L.
< poAs SSOO—J] The lap length of splice or connection L; > 500 mm
5000

In the case of connections which have two bolts, one in a standard clearance hole and the
other in a kidney-shaped slot, the shear capacity is reduced by 20% such that:

P, =0.8p, A as indicated in Clause 6.3.2.4.

6.3.6.4.4. Plate Shear Capacity
The effect of bolt holes on the shear capacity of a plate may be ignored provided that:

Avaer = 0.85A, /K,

where:
Ay et 18 the net shear area after deducting bolt holes,
K., A, are the effective net area coefficient and the shear area as defined in Clause 3.4.3.

6.3.6.4.5. Block Shear Capacity

The possibility of failure by block shear as shown in Figure 6.73 (i.e. by combined
shearing of the plate through the bolt holes parallel to the applied load and tensile failure
in a plane perpendicular to the applied load) is considered by ensuring that the applied
force F is less than the block shear capacity given by:

P, = 0.6 pyi[L, + K(Li— kD))]

where
D, is the hole size for the tension face — generally the hole diameter, but for slotted
holes the dimension perpendicular to the direction of the load transfer should be
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used,
k is a coefficient with values as follows:
0.5 for a single line of bolts
2.5 for two lines of bolts,

Ly is the length of the tension face,
L, is the length of the shear face,
t is the thickness,
K.  isas before.
L
N [ 7
tension
sl T 1
” f 4 ) £ L,
AN - o 4
' tensio

; L. -

r ‘4— LV—>

Effective shear areas

tensionm E for block shear failure
—>

s s
shear F;

Figure 6.73

6.3.6.4.6. Bolt Bearing Capacity
The bearing capacity of a black bolt is given in Clause 6.3.3.2 as:

Py, = dtppy
where:
t is the thickness of the plate, or if the bolts are countersunk, the thickness of the part
minus half the depth of the countersinking,
d is the nominal bolt diameter, and

poo  is given in Table 31 as 460 N/mm’ for Grade 4.6 bolts and 1000 N/mm? for Grade
8.8 bolts. In the case of H.S.F.G. bolts:

General grade to BS 4395-1  Bolt diameter <24 mm = 1000 N/mm®
>27mm = 900 N/mm’
Higher grade to BS 4395-2 = 1300 N/mm*

6.3.6.4.7. Plate Bearing Capacity

In Clause 6.3.3.3 the bearing capacity of a connected plate is:
Py = kbsdtppbs

< O.Skbsetppbs

where:
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d is the nominal diameter of the bolt,
ty is the thickness of the plate,
e is the end distance,

Pvs  1s given in Table 32 as:
460 N/mm” for S 275 steel
550 N/mm? for S 355 steel
670 N/mm” for S 460 steel.
kes is a coefficient for black bolts which satisfy the standard dimensions given in
Table 33 for a range of bolt sizes and hole types as follows:

ks 1.0 for bolts in standard clearance holes

0 } for bolts in oversized holes,

O
@)
for bolts in short slotted holes Q
>

for bolts in long slotted holes,
for bolts in kidney-shaped holes. Cb

In most cases plate bearing will be more critical than bolt bearing: compare the value of
Pov and (kys X pps). Generally in structural connections Grade 8.8 bolts are used for main
connections, Grade 4.6 frequently being adopted for holding down bolts.

6.3.6.4.8. Bolt Tension Capacity

Connections in which the bolts are subjected to tension as shown in Figure 6.74 induce
secondary tensile forces in the bolts due to prying action as indicated. The magnitude of
the additional force is dependent on the stiffness and the details of the parts being
connected.

Provided that the flanges are relatively thick,

that the spacing of the bolts is not excessive and

that the edge distance is sufficiently large, the (Fi+0) (Fi+0)

prying force Q will be small in relation to F; and

can be neglected. This is the situation in most 0| * * |0

cases, however further information about

evaluating prying forces can be found in the Q is the prying force

Steel Designers Manual (ref. 70).

If the prying forces are accounted for in the
total applied axial load (Fy), then as indicated in
Clause 6.3.4.3 of the code using °...the more haanoo oceaa)
exact method...’, the tension capacity of the bolt 1 2F
can be determined from: !

Pi=p A [ Fo=(F +0)] Figure 6.74

where:

p: s the tension strength of bolts as given in Table 34,

A, 1is the tensile area of the bolt (normally based on the root thread diameter),
F, is the applied axial load in the bolt.
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It is necessary in this case to ensure that both of the connected parts satisfy one or more
of the conditions specified in Clause 6.3.4.3.

A simplified method is given in Clause 6.3.4.2 in which the prying force is allowed for
by ensuring that the applied tension force, F; not including the prying force, does not
exceed the ‘nominal’ tension capacity given by:

Pnom = ngt At [2 Ft]
where p, A, and F, are as before.

It is necessary in this case to ensure that the connected parts satisfy both of the
Jfollowing conditions:

¢ the cross-centre spacing of the bolt lines should not exceed 55% of the flange
width or end-plate width as shown in Figure 24 of the code,

¢ if a connected part is designed assuming double curvature bending (as in
Figure 25b of the code) its moment capacity per unit width should be taken as
Py, )6, where t,is the thickness of the connected part.

6.3.6.4.9. Bolts Subject to Combined Shear and Tension

When black bolts are subject to both shear and tension simultaneously, then in addition to
satisfying the individual requirements for shear and tension as discussed previously they
should also satisfy the following relationship:

F N [ 14 in cases where the simplified method has been
P P, ’ used to allow for prying action under tension
F " Figi < 14 1ncases where the more exact method has been
P P used to allow for prying action under tension

where:

F,  is the applied shear force,

F.  is the applied tensile force,

F« is the applied tensile force including Q for prying action,
P, s the shear capacity,

P.om 1s the nominal tension capacity 0.8p,As,

P, is the bolt tension capacity = pA.

6.3.6.4.10. High Strength Friction Grip Bolts (H.S.F.G.)

H.S.F.G. bolts are manufactured from high strength steel so that they can be tightened to
give a high shank tension. The shear force at the connection is considered to be transmitted
by friction between two plates as shown in Figure 6.75.

The bolts must be used with hardened steel washers to prevent damage to the
connected parts. The surfaces in contact must be free of mill scale, rust, paint grease etc.,
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since these would reduce the coefficient of friction (slip factor) between the surfaces.

It is essential to ensure that bolts are tightened up to the required tension, otherwise slip
will occur at service loads and the joint will behave as an ordinary bolted joint. There are
several techniques which are used to achieve the correct shank tension:

¢ Torque Wrench
A power or hand-operated tool which is used to induce a specified torque to the
nut.

¢ Load-indicating Washers and Bolts
These have projections which squash down as the bolt is tightened. A feeler
gauge is used to measure when the gap has reached the required size.

¢ Part-turning
The nut is tightened up and then forced a further half to three-quarters of a turn,
depending on the bolt length and diameter.

washer

Parallel shank High Strength Friction Grip bolt

shank tension

% |
i | = shear force

shank tension

shear force <—%

friction at the interface

-

o)

Figure 6.75

H.S.F.G. bolts are generally used in clearance holes. The clearances are the same as for
ordinary bolts. The design of H.S.F.G. bolts when used in shear, tension, and combined
shear and tension is set out in Clause 6.4 of BS 5950-1:2000 and must be undertaken
assuming one of three following conditions:

(1) neglecting pretensioning of the bolts, i.e as for black bolts in Clause 6.3. —
note: it is not necessary to impose the restrictions relating to packing, large grip
lengths or long joints when using H.S.F.G. bolts as black bolts,

(ii) non-slip under service loads — note: additional checks for shear and bearing
after slip has occurred and before the factored loads have been reached must be

carried out as indicated in Clause 6.4.4,

(iii) non-slip under factored loads.
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6.3.6.4.11. H.S.F.G. Bolt Shear Capacity

The shear capacity, known as the slip resistance, is given in Clauses 6.4.2 and 6.4.4 as
follows:

Py = 11K UP,
< P as given in Clause 6.3.2,
< Py where: For cqnnections des.igned to be
Pog= 1.5d1,ps non-slip under service loading
< 0.5etypus
e, 1, and p, are as before.
For connections designed to be
= 09KsuPp, non-slip under factored loading
where:
K

s 1s a coefficient allowing for the type of hole as follows:

= 1.0 for bolts in standard clearance holes ©
} for bolts in oversized holes, short slotted holes and

long slotted holes loaded perpendicular to the slot @ O ?

0.7 } long slotted holes loaded parallel to the slot * D

P, is the minimum shank tension specified in BS 4604,
U 1is the slip factor given in Table 35 of the code and is dependent on the preparation of
the surfaces to be connected, classified as follows;
Class A Blasted with shot or grit:
loose rust removed, no pitting,
spray metallized with aluminium, 05
spray metallized with a zinc based coating that has been
demonstrated to provide a slip factor of at least 0.5
Class B Blasted with shot or grit:

spray metallized with zinc u=04
Class C Wire brushed or flame cleaned:

loose rust removed tight mill scale u=03
Class D Untreated or galvanised:

untreated. u=0.2

*Note: Connections with H.S.F.G. bolts in long slotted holes, loaded parallel to the
slot and connections with waisted shank H.S.F.G. bolts, should always be
designed such that P4, = 0.9 Ks u P,

6.3.6.4.12. H.S.F.G. Combined Shear and Tension

When H.S.F.G. bolts are subjected to an external tensile force, the clamping action, and
hence the friction force available to resist shear, is reduced. The interaction equation
given in Clause 6.4.5 for this situation is:
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F, F
s + ;Ot S ] .0 and FlO[ S Alpt . .
P, 1.1P, For connections designed to be

with Py = 1.1 K, (L P non-slip under service loading.
sL— & S o

F§ Ftnt

—+—-< 1.0 . )

P; 09P For connections designed to be
with Py = 0.9 K U P, non-slip under factored loading.

where F, F, K, 1t and P, are as before.

Holes for H.S.F.G. bolts should satisfy the standard dimensions given in Table 36
(which is similar to those given for black bolts in Table 33) as indicated in Clause 6.4.6.

6.3.6.5 Example 6.26: Single Lap Joint

A lap joint is shown in Figure 6.76 in which a single Grade 8.8, 16 mm diameter black
bolt connects two 10 mm thick S 275 plates. There is one shear interface and it is assumed
that the bolt is fully threaded.

(a)  Check the minimum and maximum edge and end distances
(b)  Check the load capacity of the connection with respect to:
(i)  bolt shear,
(i)  bolt bearing,
(iii) plate bearing,
(iv)  block shear, and
(v)  plate tension capacity.

1 No. 16 mm diameter black bolt

40KN i - 10 mm
10 mm RS el 40kN

% shear interface

25 mm| 25 mm

[

—=2

: : 25 mm

-G —

: i 25 mm

, i

* It is desirable to adopt the minimum edge distance +5 mm to
accommodate any enlargement which may be necessary on site.

Figure 6.76
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Solution to Example 6.26

Contract : Connections
Part of Structure : Bolted Single Lap Joint
Calc. Sheet No.: 1 of 2

Job Ref. No. : Example 6.26

Date :

Calcs. by :
Checked by :

W.McK.

t=10mm, D;=18mm, L,=25mm, L =25mm, k=05

25 mm

25 mm

(0.6 X 275 x 10) x {25.0 + 1.2[25.0— (0.5 x 18)]}/10°
73 kN = 40kN

]
1l

References Calculations Output
Assuming that all edges are either rolled or machine flame cut.
Clause 6.2.2.4 | (a)
Table 29 Since 16 mm diameter bolts are being used:
Clearance holes are: (16 +2) = 18 mm diameter
Minimum edge/end distance > 1.25D = (1.25 x 18) = 22.5 mm | Minimum and
Clause 6.2.2.5 | Maximum edge/end distance < 11ze = (11x10) = 110 mm | maximum end and
Actual edge/end distance = 25mm > 125D |edge distances are
< llre acceptable
(b)
@)
Clause 6.3.2.1 | Bolt shear capacity Py = pA;
Table 30 Grade 8.8 bolts Ds 375 N/mm?
Appendix 7 | Tensile area of 16 mm dia. bolt A, = 157 mm?’ Bolts are adequate
P, = (375 x157)/10° = 589kN > 40kN |inshear
(i)
Clause 6.3.3.2 | Bolt bearing capacity Py, = dt,pub
Table 31 d=16 mm, t=10 mm X Pop = 1000 N/mm? Bolts are adequate
Py, = (16 x10 % 1000)/10 = 160kN = 40kN [, bearing
(iii)
Clause 6.3.3.3 | Plate bearing capacity Py = Kkpsd1,Pos
Table 32 < 0.5 kipsety Pos
e=25mm, r=10mm, ky=1.0 and py, =460 N/mm?>
In this case e <2d and 0.5 ke t, pys will govern.
3 Plate is adequate
Pps= (0.5x1.0x25x10x460)/10° = 575kN > 40kN in bearing
(iv)
Clause 6.2.4 Block shear capacity P, = 0.6 py f[L, + K(L,— kD))]

Plate is adequate
with respect to
block shear
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Contract : Connections
Part of Structure : Bolted Single Lap Joint

Job Ref. No. : Example 6.26

Checked by :

Calcs. by : W.McK.

Calc. Sheet No.: 2 of 2 Date :
References Calculations Output
v)
Clause 4.6.1 Plate tension capacity P, = py A
Clause 3.4.3 A, = Ya.
a. = K.a,< aq
Table 9 Py = 275 N/mm’
Clause 3.4.3 K. = 1.2,
a, = [50-18)x10] = 320 mm’
a = (50x10 = 500 mm’
Ag _ 21 - 32)0) = 384 mm? Plate is adequate
P, = (QI5x384/10° = 1056kN > 40kN | “ithrespectto
tension
From (i) to (v) the capacity of the connection is governed by the .
plate bearing strength, i.e. T;l tehload cap i‘,c‘ty,
Maximum force which can be transmitted = 57.5 kN o . € connection Is
> 40 kN suitable

6.3.6.5.2. Example 6.27: Double Lap Point

A lap joint similar to Example 6.26 is shown in Figure 6.77; in this case there are two
shear interfaces and four 20 mm diameter Grade 8.8 black bolts. The outer plates are
8 mm thick, whilst the inner plate is 12 mm thick; all are S 275 steel. Determine (a) and
(b) as in the previous example.

150 kN*%

two shear interfaces/bolt

R

7S kN |

e 75kN ]

b — = — = = ]

40 mm
50 mm

40 mm

50 mm |40 mm

Figure 6.77

4 No. 20 mm diameter black bolts

8 mm
12 mm

8 mm
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6.3.6.5.3. Solution to Example 6.27

Contract : Connections Job Ref. No. : Example 6.27 | Calcs. by : W.McK.

Part of Structure : Bolted Double Lap Joint Checked by :
Calc. Sheet No. : 1 of 2 Date :
References Calculations Output

Assuming that all edges are either rolled or machine flame cut.

(a)
Clause 6.2.2.1 | Minimum bolt spacing = 2.5d = (2.5%20) = 50mm
< 50 mm
Clause 6.2.1.2 | Maximum bolt spacing= 14¢ = (14 x8) = 112mm
> 50 mm
Clause 6.2.2.4 | 20 mm diameter bolts are being used.
Table 29 Clearance holes are: (20+2) =22 mm diameter

Minimum edge/end distance > 1.25D = (1.25 x22) =27.5 mm

Clause 6.2.2.5 | Maximum edge/end distance < 11z& =(11x8) =88 mm Mini.mum and
Actual edge/end distance =40 mm >1.25D maximum end and
<1lte edge distances are
(b) acceptable
@
Clause 6.3.2.1 | Bolt shear capacity P, = pA;
Table 30 Grade 8.8 bolts pe = 375 N/mm?
Appendix 7 | Tensile area of 20 mm dia. bolt A, = 245 mm’
P, = (375x245)/10° = 91.9kN

Since the bolts have two shear planes, i.e. double shear:
Maximum shear force/bolt = (2x91.9) = 183.8 kN/bolt

. . Bolts are adequate
Maximum applied shear force /bolt 37.5kN

in shear
(i)
Clause 6.3.3.2 | Bolt bearing capacity Py, = dt,pu
Table 31 d =20 mm, t=12 mm Pop = 1000 N/mm?
Note: The aggregate thickness of the outer plates Zoyer > finner
Py = (20 % 12 x 1000)/10° = 240kN
> 375KN Folts are adequate
in bearing
(iii)
Clause 6.3.3.3 | Plate bearing capacity Pus = Kkpsd 1, Pos
Table 32 < 0.5 kyset, pos
e =40 mm, t=12 mm, kys=1.0 and p,, =460 N/mm?
Since e =2d  kysdt,pps = 0.5 kpset, pus
Py = (1.0Xx20x 12 % 4-60)/10x = 1104 kN Plate is adequate in
> 375kN bearing

(iv)
Clause 6.2.4 Block shear capacity P, = 0.6 py {[L, + K(L,— kD]
t=12mm, D;=22mm, L,=90mm, L =90mm, k=25
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Contract : Connections Job Ref. No. : Example 6.27 |Calcs. by : W.McK.
Part of Structure : Bolted Double Lap Joint Checked by :
Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
40 mm
50 mm
40 mm| 50 mm
3 Plate is adequate
P, = (0.6%x275x%x12)x {90.0 + 1.2[90.0— (2.5 x 22)]}/10 with respect to
261.3 kN > 150kN block shear
)
Clause 4.6.1 Plate tension capacity P, = pyA.
Clause 3.4.3 A, = Ya. a. = Ka,< a,
Table 9 Py = 275 N/mm’
Clause 3.4.3 K. = 1.2
a, = [(130-44)x12] = 1032 mm’
ag = (130x12) = 1560 mm? Plate is adequate
Ae = (1.2x1032) = 12384 mm’ with respect to
P, = (275%1238.4)/10° = 340.6 kN tension
> 150 kN
From (i) to (v) the capacity of the connection is governed by the .
block shear capacity, i.e. T:l tehload capatl.CIty.
Maximum force which can be transmitted = 261.3kN o . € connection 1
> 150 kKN suitable

6.3.6.6 Welded Connections

The most common processes of welding used in connections are methods of fusion (arc)
welding. There are several techniques of fusion welding which are adopted, both manual
and automatic/semi-automatic, such as manual metal arc (MMA) and metal inert gas
(MIG). The MMA process is usually used for short runs in workshops or on site and the
MIG process for short runs or long runs in the workshop. The two most widely used types
of weld are fillet and butt welds.

6.3.6.6.1. Fillet Welds

Fillet welds, as illustrated in Figure 6.78, transmit forces by shear through the throat
thickness.

The design strength (py,) is given in BS 5950:Part 1, Table 37, and the effective throat
thickness as defined in Figure 29 is normally taken as 0.7 times the leg length for equal leg
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welds. It is assumed when using this value that the angle between the fusion faces lies
between 60° and 90°. When the fusion faces are inclined at an angle between 91° and 120°
then the 0.7 coefficient should be modified, for example as indicated in Figure 6.79.

4 6 Vs

leg length s
A N
= -/ \|zK

throat thickness a
Single fillet Double

weld fillet weld Lap splice Fillet weld detail
Figure 6.78
Angle of fusion faces Coefficient
60° <o < 90° 0.70
91° < a < 100° 0.65
o 101° < ¢ < 106° 0.60
107° < a £ 113° 0.55
— | 114 < < 120° 0.50
Figure 6.79

In situations when 120° < « < 60° poor access to the acute fillet weld and a small
throat thickness on the obtuse fillet weld can create problems. In these situations a
different type of weld, e.g. a single-sided butt weld, may be more appropriate. BS 5950
indicates in Clause 6.8.1 that the strength of such acute and obtuse fillet welds should be
demonstrated by testing in accordance with Section 7 of the code.

Where possible a run of fillet weld should be returned around corners for a distance of
not less than twice the leg length. If this is not possible, then the length of weld considered
effective for strength purposes should be taken as the overall length less one leg length for
each length which does not continue round a corner (Clause 6.8.2). The effective length L
of a fillet weld should be: > (4x s) and 2= 40 mm

In many connections welds are subject to a complex stress condition induced by multi-
directional loading. The strengths of transverse fillet welds and longitudinal fillet welds
differ, transverse fillet welds being the stronger. In addition, in side fillet welds, large
longitudinal forces are concentrated locally on the member cross-section.

A significant variation in tensile stress occurs across the width of the tensile members
when the lateral spacing between weld runs is considerably larger than the length. These
effects are limited in BS 5950 by ensuring that the length of weld L is at least equal to T,
as indicated in Clause 6.7.2.4 and shown in Figure 6.80. In addition in lap joints the
minimum lap should not be less than (4 X ¢ — the thickness of the thinner part joined), as
indicated in Clause 6.7.2.3.
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(2 x leg length)
\ weld length = (L + )

= (2 x leg length) 2(Ty+5s) effective length
> (41 + )
Side or longitudinal fillet weld End or transverse fillet weld
Figure 6.80

The code permits two methods of calculating the capacity of fillet welds, the Simple
Method (Clause 6.8.7.2) and the Directional Method (Clause 6.8.7.3). The Simple Method
involves the vectorial summation of stresses to determine the stress for which fillet welds
should be designed; this is illustrated in this text. The Directional Method recognises the
different strengths of longitudinal and transverse welds by satisfying an interaction
equation.

6.3.6.6.2. Butt Welds

A butt—weld is formed when the cross-section of a member is fully or partially joined by
preparation of one or both faces of the connection to provide a suitable angle for welding.
A selection of typical end preparations of butt welds is illustrated in Figure 6.81.

q./q

Single V butt weld
qq - f
Double V butt weld Tbutt weld

Figure 6.81

The strength of a full penetration butt weld is defined in Clause 6.9.1 and is generally
taken as the capacity of the weaker element joined, provided that appropriate electrodes
and consumables are used. In most situations when designing structural frames, full
penetration welds are unnecessary and the additional cost involved in preparing such
connections is rarely justified unless dynamic or fatigue loadings are being considered.
Butt welds are used extensively in the fabrication of marine structures such as ships,
submarines, and offshore oil installations, and in pipe-work.
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6.3.6.6.3. Example 6.28: Fillet Weld Lap Joint

A flat-plate tie is connected to another structural member as indicated in Figure 6.82.
Design a suitable 6 mm side fillet weld to transmit a 75 kN axial force. Assume the
electrode classification to be 35.

75 kN

/

40 mm

8 mm thick plate S 275

S Throat a = (0.7 X 6)
J =4.2 mm

Figure 6.82
Solution:
Clause 6.8.5
Table 37 Design strength of fillet weld pw = 220 N/mm’

Clause 6.8.7.2 Simple Method:
Clause 6.8.7.1 Strength of fillet weld/mm length Ppw X throat area
throat size a 0.7 x leg length s
a = (0.7x6.0) = 4.2mm

Strength = (220 x 4.2 x 1.0)/10°
= 0.924 kN/mm length
Figure 27 Ty = 40 mm
4s = (4x6) = 24 mm
Clause 6.8.2  Effective length of weld required, L = 37.5/0.924 = 41 mm/side
> T, and 4s
Overall length of weld = (41+6) = 47 mm/side

Clause 6.7.2.2 Weld should be returned round each corner at least equal to 2 s = 12 mm

6.3.6.6.4. Example 6.29: Fillet Weld Eccentric Joint

A 65 x50 x 8 angle tie is welded by the long leg to a gusset plate and is required to
transmit characteristic loads as indicated in Figure 6.83. Design suitable 6 mm fillet welds
X and Y as shown.

Gusset plate — :

43.9 mm

65 mm -l —_— P
21.1 mm

e e T T T T T T T T T

;
48 . Y J

P: Characteristic dead load Gy= 50 kN
Characteristic imposed load Q= 60 kN

65 % 50 % 8 angle section

Figure 6.83
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The force is assumed to be transmitted through the centroid of the section. Since the
force is applied nearer to weld Y than weld X, weld Y will transmit a proportionately larger
share of the total force.

Solution:

Table 2 Design load = [(1.4x50)+ 1.6 x60)] = 166 kN

Clause 6.8.5

Table 37 Design strength of fillet weld pw = 220 N/mm’

Clause 6.8.7.1 Strength of fillet weld/mm length = py X throat area
throat sizea = 0.7 xleg length s

a = (0.7x6.0) = 42mm
- Strength = (220 x 4.2 X 1.0)/10°

= 0.924 kN/mm length
Clause 6.8.2  Effective length of weld required, L = 166/0.924 = 180 mm
Weld X = |:180><%:| = 584mm = 4s5s=24 mm
> 40 mm
> T,=65mm
WeldY = 180-65 = 115mm > 45s=24mm
> 40 mm
> T, =65mm
Overall lengthof weld X = (L+2s) = (65+12) = 77 mm
Overall lengthof weld Y = (L+2s) = (115+12) = 127 mm

6.3.6.7 Beam End Connections

There are three types of beam end connections which are commonly used in the
fabrication of steelwork:

¢ double angle web cleats,
¢ flexible end plates, and
¢ fin-plates.

The method adopted by any particular fabricator will depend on a number of factors such
as the joint geometry and the equipment available. Generally the following characteristics
are found:

¢ All three types of connection are capable of transmitting at least 75% of the
shear capacity of the beam being connected, depending upon the depth of the
plates and/or the number of vertical rows of bolts used.

¢ Fin plates are the most suitable for the connection of beams which are eccentric
to columns or connections which are skewed.
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¢ End plates are the most suitable when connecting to column webs.
¢ Fabrication and treatment do not present any significant problems for any of the
three types of connection.

It is important in simple design to detail beam end connections which will permit end
rotation of the connecting beam, thus allowing it to displace in a simply supported profile
whilst still maintaining the integrity of the shear capacity. This rotational capacity is
provided by the slip of the bolts and the deformation of the connection component parts.

6.3.6.7.1. Double-Angle Web Cleats

Typical angle web cleats comprise 2 / 90 x 90 x 10 angle sections bolted or welded to the
web of the beam to be supported, as shown in Figure 6.84.

o
H
H g
T
g ¥ o
it Lt
: O O
5513 i ot §
R /’ x«,\iﬂ
10 mm projection
Beam-to-column flange connection Beam-to-beam web connection

Figure 6.84

The 10 mm projection of the web cleats beyond the end of the beam is to ensure that when
the beam rotates, the bottom flange does not bear on the supporting member. The
positioning of the cleats near the top of the beam provides directional restraint to the
compression flange. When this positioning is used in addition to a length of cleat equal to
approximately 60% of the beam depth, the end of the beam can be assumed to have
torsional restraint.

This detail enables an effective length of compression flange of 1.0L to be used when
designing a beam which is not fully restrained.

6.3.6.7.2. Flexible End Plates

m"‘-}"-c

O OO
O 0O

““%‘:xx;.

Flexible end plate — beam-to-column or beam-to-beam web connections

Figure 6.85
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Connections using flexible end plates are generally fabricated from an 8 mm or 10 mm
thick plate which is fillet welded to the web of the beam as shown in Figure 6.85.

As with double angle web cleats, the end plates should be welded near the top flange
and be of sufficient length to provide torsional restraint. If full depth plates are used which
are relatively thick and which may be welded to both flanges in addition to the web, then
the basic assumption of a simple connection in which end rotation occurs will be invalid, —
which could lead to overstressing of the other elements.

6.3.6.7.3. Fin Plates

A fin-plate connection comprises a length of plate which is welded to the supporting
member, such as a column or other beam web, to enable the supported beam to be bolted
on-site as in Figure 6.86. As with angle cleats and flexible end plates, appropriate detailing
should ensure that there is sufficient rotational capability to assume a simple connection.

e
> O
. N
e
S

999

'R"‘:?‘:ﬂk

i Fin plate connection

Figure 6.86

Experimental data has indicated that torsions induced by the plate being connected on only
one side of the web of a beam are negligible and may be ignored.

Recommendations for the detailing of fin plates as given in Joints in Simple
Construction (ref. 67) are:

¢ the thickness of the fin plate or beam web should be:

(1) 0.42d for grade 50 (S 275) steel, or

(i1) 0.5d for grade 43 (S 355) steel (where d = bolt diameter)
grade 8.8 bolts are used, un-torqued and in clearance holes,
all end and edge distances on the plate and the beam web are at least 2d,
the fillet weld leg length is at least 0.8 times the fin plate thickness,
the fin plate is positioned reasonably close to the top flange of the beam,
the fin plate depth is at least 0.6 times the beam depth.

* & & o o

6.3.6.7.4. Example 6.30: Web Cleat, End Plate and Fin Plate Connections

A braced rectangular frame in which simple connections are assumed between the
columns and rafter beam is shown in Figure 6.87. Using the data provided, design a
suitable connection considering;

(i)  double angle web cleats,
(i1)) aflexible end plate,
(iii) afin plate.
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Factored design load = 50 kN/m —

[N L L N L L L N L L l/[
\
457 x 191 x 98 UB S 275 i

=i

(i) double angle web cleats,
(i) a flexible end plate,

(iii) a fin plate

s
EF IR

7.0 m span

|

6.3.6.7.5. Solution to Example 6.30

Figure 6.87

|

Contract : Braced Frame Job Ref. No. : Example 6.30

Part of Structure : Beam—Column Connection

Calc. Sheet No.: 1 of 8

Checked by :
Date :

Calcs. by : W.McK.

References

Calculations

Output

in each connection:

Minimum length

Assume end distances
Spacing of bolts
Length of angle required

50 mm
—

Assume simple supports at the ends of the beam:
Total design load on the beam = (50x17.
Design shear force at the connection

The use of the following components is assumed where appropriate

(a) M20 grade 8.8 bolts in 22 mm dia. holes,
(b) 6 mm or 8 mm fillet welds with electrode classification 35,
(c) grade S 275 steel adopted throughout.

(i) Double Angle Web Cleats:
Use 2 /90 x 90 x 10 angle sections

= 60% of beam depth
= 0.6 x 467

=40 mm

=70 mm
=(2x40)+ (3 x70)

2/90x90x 10
angle cleats

0) =350kN
=175kN

280 mm

= 290 mm
> 280 o.k.

50 mm

40 mm
70 mm
70 mm
70 mm
40 mm
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Contract : Braced Frame Job Ref. No. : Example 6.30
Part of Structure : Beam—Column Connection
Calc. Sheet No.: 2 of 8

Calcs. by : W.McK.
Checked by :
Date :

References Calculations Output

Consider the bolt group connecting the beam to the web cleats:
The equivalent loading on the bolt group results in a ‘vertical’
shear force acting through the centroid of the group in addition to
a ‘rotational’ shear force induced by the eccentricity of the load.

50 mm

¢
F

@ . = S
; ' ; 105 mm
@ 175 kN é} ! )
e = —-—%—FV + -._g'}._. 4F N
@ : <:€|> 35 mm
| & i
: i F rolalionaf, maximum
Total vertical shear force F = 175kN
Vertical shear force/bolt F, = (175/4)
(Double shear) = 43.75 kN/bolt

Maximum rotational shear force Fj,

Resultant maximum shear force F;

(i) Web cleats - the following checks should be carried out:

1 bolts: F, < 2P shear

2 cleats: Fr2 < P, shear the web cleat
3 cleats: Fl2 < Py bearing to beam web
4  beam web: F, < P block shear connection

5 beam web: F; < Py bearing

6 Dbolts: F < YP, shear the web cleat to
7 cleats: F/2 < P shear } column flange
8 cleats: F < Py bearing connection

If the column flange thickness is less than the cleat thickness, it
will be necessary to check the flange for bearing.

! I rotational, maximum

(F X e)>< <maximum
number of bolts

2
Z

n=1
(175x0.05)x0.105

2(0.0352 +0.1052 D
37.5kN

= 1/iFVZ +F? )
1/i43.752 +37.52 )

= 57.6 kN/bolt
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Contract : Braced Frame Job Ref. No. : Example 6.30
Part of Structure : Beam—Column Connection
Calc. Sheet No.: 3 of 8 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 6.3.2.1
Table 30
Appendix 7

Clause 4.2.3

Clause 6.2.3
Clause 3.4.3

Clause 6.3.3.3
Table 32

Clause 6.2.4

1. Bolt shear capacity

PS = pSAS
Grade 8.8 bolts ps = 375 N/mm?
Tensile area of 20 mm dia. bolt A = 245mm’
P, = (375 x 245)/10° = 91.9kN

Since the bolts have two shear planes, i.e. double shear:
Maximum shear force/bolt = (2x91.9) = 183.8 kN/bolt
> 57.6kN

2. Cleat shear capacity:

P, = 0.6p,A,

where A, =0.94, = (0.9 x290 x 10) = 2610 mm?
Bolt holes need not be allowed for if A ;e > 0.85A,/K.
K. = 1.2 for S 275 steel

Ay net = [2610— (4 x22x10)] = 1730 mm?
0.85A/K. = (0.85x%x2610)/1.2 = 1849 mm’

> A v,net

(0.7 x 275% 1.2 x1730)/10° =400 kN
Applied shear force/cleat = 87.5 kN

P, = 07py K. A v.net

v

3. Cleat bearing capacity:
Py = kbsdtppbs < 05 kbsetp Pos

e = 40mm, ¢=10mm, kps = 1.0, py = 460 N/mm?
Since e =2d  kydt,pps = 0.5 kpset, pus

Py = (1.0%20 x 10 x 460)/10° = 92.0 kN/cleat
> Applied bearing force/cleat=28.8 kN

4. Beam web — Block shear capacity:

40 mm

70 mm
70 mm
70 mm

)

P, = 0.6 py t[L, + K(L— kD,)]
t=114mm, D,=22mm, L, =210 mm, L =40mm, k=0.5

(0.6 X 275 x 11.4) x {210 + 1.2[40 — (0.5 x 22)]}/10°
460.5 kN > 175kN

Py

Beam bolts are
adequate in shear

Cleats are adequate
in shear

Cleats are adequate
in bearing

Beam is adequate
with respect to
block shear
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Contract : Braced Frame Job Ref. No. : Example 6.30 | Calcs. by : W.McK.

Part of Structure : Beam—Column Connection Checked by :
Calc. Sheet No. : 4 of 8 Date :
References Calculations Output

5. Beam web bearing capacity:
Clause 6.3.3.3 | Pos = kps d tyep Pos
Table 32 < 05 kbs € Lyeb Pos
e=40mm, r=114mm, ky=1.0 and py =460 N/mm?>

Since e =2d  kysdt,pys = 0.5 kpset, pus Beam web is

adequate with

Py = (1.0 x 20 x 11.4 x 460)/10° = 1049 kN respect to bearing
> 57.6kN
o 1fH The bolts are subjected to
2 He a concentric shear load,
CRISS i.e. there is no rotational
component, and they are
175 kKN in single shear.

6. Bolt shear capacity:
As before P, = 91.9 kN single shear Column bolts

For eight bolts P, = (8x91.9) = 7352kN are adequate in
> 175kN shear

7. Cleat shear capacity:

As before P, = 400 kN > 175/2 = 87.5kN Column cleats

are adequate in

8. Cleat bearing capacity: shear

As before Py = 92.0 kN/bolt Column cleats

For eight bolts XP,, = (8x92.0) = 736 kN are adequate in
> 175kN

bearing

(ii) Flexible end plate- the following checks should be carried out:

290 mm x 8 mm thick flexible end plate I 50 mm

[ 40 mm

70 mm

70 mm

70 mm

I 40 mm

:
175 kN

bolts: F >P, shear
end plate: F P shear

Y P, bearing
P, block shear
Pyeq shear

end plate: F/2
beam web: F
fillet weld: F

n W=
ININ N IN A

If the column flange thickness is less than the cleat thickness, it
will be necessary to check the flange for bearing.
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Contract : Braced Frame Job Ref. No. : Example 6.30 | Calcs. by : W.McK.

Part of Structure : Beam—Column Connection Checked by :
Calc. Sheet No.: 5 of 8 Date :
References Calculations Output

1. Bolt shear capacity:

As before P, = O919kN single shear Column bolts
For eight bolts >P; = (8x91.9) = 7352kN are adequate in
> 175kN shear
2. End plate shear capacity:
Clause 4.2.3 P, = 0.6p,A,
where A,=094 = (0.9x290x8) = 2088 mm’
Clause 6.2.3 Bolt holes need not be allowed for if Ay, =2 0.85A,/K,
Clause 3.4.3 K. = 1.2 for S 275 steel
Ay et = [2088 — (4 x22x38)] = 1384 mm®
0.85A,/K. = (0.85x2610)/1.2 = 1849 mm’
> Av,nel
Py = 0.7py Ko Ay = (0.7 x275x 1.2 x1384)/10° =319 kN End plate is
> Applied shear force/cleat =87.5kN altliequate n
shear

3. End plate bearing capacity:
Clause 6.3.3.3 Pbs = kbs dtppbs < 05 kbsetp Dos

Table 32 e = 40 mm, t=8 mm, kps = 1.0,  pps =460 N/mm?
Since e = 2d kbs dtppbs = 05 kbs e tp Pos

Py = (1.0 X 20 x 8 x 460)/10° = 73.6 kN/bolt End plate is
For eight bolts XP,, = (8% 73.6) = 588.8 kN adequate in
> 175kN bearing
4. Beam web shear capacity:
Clause 4.2.3 P, = 0.6p,A,
where A,=0.9A = (0.9x290x11.4) = 2975 mm’ Beam web is
P, = (0.6x275%2975)/10° = 490kN adequate in
> 175kN shear
5. End plate/beam weld fillet weld:
Clause 6.8.7.2 | Py = (py Xeffective length of weld X throat thickness)
Table 37 Assume Electrode classification 35 and 6 mm fillet welds:

Pw = 220 N/mm’
Clause 6.8.2 Effective length

[total length — (2 X leg length)]

= [290-(2 x6)] = 278 mm/side
Total effective length = (2 % 278) = 556 mm
Clause 6.8.3 Throat size a = (0.7xs)= (0.7x6) = 42mm
6 mm fillet
Puad = (220 x 556 x 4.2)/10° 513.7kN weld both sides

175 kKN is adequate

vVl
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Contract : Braced Frame Job Ref. No. : Example 6.30 | Calcs. by : W.McK.

Part of Structure : Beam—Column Connection Checked by :
Calc. Sheet No.: 6 of 8 Date :
References Calculations Output

(iii) Fin plate — the following checks should be carried out:

175 kN | e = 60 mm
6 mm fillet welds ]

40 mm
70 mm
70 mm
70 mm
40 mm

290 mm X 100 mm X 10 mm thick fin plate

60 mm 40 mm

bolts: F.
beam web: F,
beam web: F
fin plate: F p, shear

fin plate: F; Py bearing

finplate: (Fxe)< p,S;, bending

fillet weld: Fopmpines < Puwea (bending + shear)

P shear
Py bearing
P, block shear

~N NN R W=
ININ N IN A

As in the case of web cleats, the bolt group is subjected to the
combined effects of direct shear and rotational shear. In this

case:
Total vertical shear force F = 175kN
Vertical shear force/bolt F, = (175/4)
(Single shear) = 43.75 kN/bolt
FXxe)x :
Maximum rotational shear force F), = (e)w
number of bolts
2
z

n=1

(175x0.06)x0.105

" 20,0352 +0.1052)

= 45.0kN

Resultant maximum shear force F; = ,lisz + Fh2 )
63757 +45.0?)

62.8 kN/bolt

1. Bolt shear capacity: Bolts are adequate
As before Py 91.9kN with respect to

(single shear) 62.8 kN shear

v
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Contract : Braced Frame Job Ref. No. : Example 6.30
Part of Structure : Beam—Column Connection

Calcs. by : W.McK.
Checked by :

Clause 6.3.3.3
Table 32

Clause 4.3.6.2

Appendix B

Clause 4.3.6.9

Table 12

P, = 0.7pyK Ay =(0.7%x275x1.2 x1730)/10° =400 kN

5. Fin plate bearing capacity:
Py = kbsdtppbs < 05 kbsetp Pos

e = 40 mm, t=10 mm, kys = 1.0,
Since e =2d  kydt,pps = 0.5 kpset, pus

Py = (1.0 x 20 x 10 x 460)/10°

6. Fin plate bending capacity:
Mx < Mb/mLT
M, =(175%0.06) =10.5 kNm
M, = Sy
2 2
S, _ M7 _10X2907 _51025%10% mm?
4 4
1
Lgd )2
A’LT = ZSX[‘BW—ZE]
t

myr = 1.0, assume f=1.0, Lg=60mm

1
Ap = 2.8><[60X§90 )2 =369

10
py =275 N/mm’
Py =263 N/mm?
M, =(210.25 x 10° x 263) / 10°

A’LT =36.9

[\l

vV

A,L(): 343 < A’LT

55.3 kNm
10.5 kNm

Calc. Sheet No. : 7 of 8 Date :
References Calculations Output
2. Beam web bearing capacity: Beam web is
Clause 6.3.3.3 | As before Py, = 104.9kN adequate with
2 628kN respect to bearing
3. Beam web — Block shear capacity:
As before P, = 460.5kN Beam web is
> 175kN adequate with
respect to block
4. Fin plate shear capacity: shear
Clause 4.2.3 P, = 0.6p,A,
where A, =094 = (0.9%x290x 10) = 2610 mm*
Clause 6.2.3 Bolt holes need not be allowed for if Ay, = 0.85A,/K,
Clause 3.4.3 K. = 1.2 for S 275 steel
Ay net = [2610-(4%x22x10)] = 1730 mm*
0.85A,/K. = (0.85x2610)/1.2 = 1849 mm’
> Av.nel
Fin plate is

adequate with

> 175kN respect to shear

Dos = 460 N/mm?

Fin plate is
adequate with
respect to bearing

92.0 kN/bolt
62.8 kN

Fin plate is
adequate with
respect to bending
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Contract : Braced Frame Job Ref. No. : Example 6.30 | Calcs. by : W.McK.

Part of Structure : Beam—Column Connection Checked by :
Calc. Sheet No. : 8 of 8 Date :
References Calculations Output

7. Weld between fin plate and column

Y

bl

290 mm

¢
I
.-".-".-".-".-".-".-".-"r".-".-".-".-".-".-".-"

LA

V

Consider a pair of welds each of unit throat width X 290 mm long

Applied moment = 10.5 kNm
Applied shear force = 175 kN
Total length of weld = (2 x290) = 580 mm

Direct vertical shear force/mm = 175/580 = 0.3 kN/mm

3
I, = 2x(le§0 = 4.06 x 10 mm*

Distance to the extreme fibre = 145 mm

(105x 103) x 145
Maximum bending force/mm = — = 0.38 kN/mm
406%10
Resultant Force/mm = x/0.32 +0.3752 = 048 kN
Reference (67) Leg length s > (0.8 x plate thickness) = (0.8 x 10)= 8 mm | Adopt 8 mm fillet
welds between
Table 37 Strength of 8 mm fillet weld = (0.7 x 8 X 220)/10° the fin plate and

= 1.23 kN/mm the column flange
> 0.48 kN/mm

6.3.6.8 Design of Moment Connections

The principal difference between ‘simple design’ and ‘rigid design’ of structural frames
occurs in the design of the connections between the elements. In the former the
connections are assumed to transmit direct and shear forces, in the latter it is necessary to
transmit moments in addition to these forces. The moments can be considered to be either:

(i)  inthe plane of the connection as shown in Figure 6.66(a) or
(i)  perpendicular to the plane of the connection as shown in Figure 6.66(b).

In both cases the connections are generally designed using either H.S.F.G. bolts or
welding. There are a number of approaches to designing connections in moment-resisting
frames. In most connections the problem is to identify the distribution of forces, moments
and stresses in the component parts. Other factors which must be considered are the
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overall stiffness of the connection, and the practical aspects of fabrication, erection and
inspection.

In rigid frame design each component of the frame can be designed individually to
sustain the bending moments, shear forces and axial loads; the connections must then be
designed to transfer these forces. In many instances the connections occur where members
change direction, such as at the eaves and ridge of pitched roof portal frames. Such frames
are usually transported ‘piece-small’ from the fabrication shop to the site and provision
must be made for site-joints; High Strength Friction Grip bolts are ideally suited for this
purpose.

In welded connections, such as the knee joint shown in Figure 6.88, because the
compressive forces X and Y are not collinear, an induced compressive force Z exists to
maintain the equilibrium of the forces. This force Z acts across the web plate at the corner,
and in order to obviate the likelihood of the web plate buckling, corner stiffeners are
required as shown, to carry the force Z.

] ' The bending stress lines flowing between column
and beam are not able to follow a sudden change of
direction exactly and become more concentrated
towards the inside corner. This leads to an appreciable
shift of the neutral axis towards the inside corner and a
redistributed stress diagram, as shown. As the total
compression must equal the total tension, an enhanced
value of the maximum compressive stress results. This
distribution is further modified by the direct
compressive stresses in the beam and column.

Tension

Compression

Figure 6.88

6.3.6.9 Typical Site Connection using H.S.F.G. Bolts

Typical site connections using H.S.F.G. bolts are shown in Figure 6.89. The cap plate
transmits the force in the tension flange by means of the H.S.F.G bolts whilst the force in
the compression flange is transmitted in direct bearing. Where the depth of the connection
in Figure 6.89(a) leads to forces of too large a magnitude to be transmitted reasonably, the
depth of the connection can be increased by the introduction of a haunch such as is shown
in Figure 6.89(b) for a pitched roof portal frame.

cap plate
| BB
L, PFF
i
stiffener plate each | end plate
side of the web
(a) (b)

Figure 6.89
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Similar details occur at the ridge connection of pitched portal frames, as shown in
Figure 6.90.

Pinned Connection Moment Connection

Figure 6.90

6.3.6.9.1. Example 6.31: Moment Connection in Rectangular Portal Frame

The uniform rectangular portal frame shown in Figure 6.91(a) and (b) is subjected to
loading which induces moments and shear forces at the knee joint as given in the data
below. Using this data, determine a suitable size of H.S.F.G. bolt for the connection
between the column and the roof beam. Assume non-slip in service conditions.

T~

\
]

/
]
\
\

vﬂlv v v"v‘

AﬂIAAA 4

)
S~ . ) L Roof beam — 610 x 305 x 149 UB S 275
see joint detail

Column — 610 x 305 x 149 UB S 275

Figure 6.91 (a)

fillet weld Four flange bolts
Eé F assumed to transmit
------- : —_— tensile force due to
30 mm g tensile force c the moment
HS.F.Gy I Four web bolts
i bolts - Q d -
stiftener - compressine it E ) assumed to transmit
plate shear force
I € F. Compression force
fillet due to the moment
weld

is transmitted in
bearing

Column-to-beam joint detail

Figure 6.91 (b)
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Design Data:

Column / Beam Section 610 x 305 x 149 UB
Ultimate Design Moment at the knee joint 520 kNm
Ultimate Design Shear Force at the knee joint 350 kN
Section Data: 610 x 305 x 149 UB

D = 609.6 mm d =5372mm Ly= 1247x10°cm’

B = 304.8 mm bIT =17.74 I, = 9.308 x 10° cm*

t = 11.9mm dit =451 rw= 25.6 cm x = 325

T = 19.7mm ry =6.99cm u = 0.886 A =190 cm’

6.3.6.9.2. Solution to Example 6.31

Contract : Portal Frame Job Ref. No. : Example 6.31 | Calcs. by : W.McK.
Part of Structure : Beam—Column Moment Connection| Checked by :

Clause 6.4.5

Clause 6.4.2

Table 6.4.3

Calc. Sheet No. : 1 of 2 Date :
References Calculations Output
— M, = 520 kNm
Ak ©°
4 o || ¢4 F, = 350kN
2 oo
ik
o o
b |t "5 0| |Bolts to accommodate
stress reversal

Assume that the moment is transferred by the flange bolts whilst
the shear is transferred by the web bolts.

Flange force induced by the moment = F; = _Moment
lever —arm
3
¢ = _220x10° = 881.5kN
(609.6-19.7)
Moment (4 flange bolts):
Tension capacity P, =1.1P, > % = 2204 kN
Minimum. Porequied = 2224 = 2004 kN 24 mm diameter
1.1 H.S.F.G. bolts
For 24 mm H.S.F.G Bolts P, = 207 kN adequate for
tension
Shear (4 web bolts):
Slip resistance Psp = 4 X (1.1 X KuP,) > 380 kN

where K; =1.0 and u = 04
(assuming Class B as the condition of the faying surfaces)

PSLprovided = (4 X 1] X 04 X 207) = 3643 kN > 350 kN
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Contract : Portal Frame Job Ref. No. : Example 6.31 | Calcs. by : W.McK.
Part of Structure : Beam—Column Moment Connection | Checked by :

Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
Clause 6.4.4 For friction grip connection designed to be non-slip in service:
Sllllp re.s1stance P £ Py, Adopt 24 mm
where: H.S.F.G. bolts.
Pog = L5diypys < 0.5etypus The minimum end-
Assume:

distances should be
=72 mm and
ensure that at least
category B
preparation of the
faying surfaces is
specified.

the end distances for the bolt holes >34  and
end plate thickness = 10 mm

Table 32 Pog= (4x1.5x24x10x460) < 662 kN

The welds, end-plates and stiffeners must also be designed to
transfer the appropriate loads and in addition the column flange
and web should be checked.

If necessary additional strengthening such as stiffeners may be
required to enhance the buckling or bearing capacity of the
column web.

The detailed design required for this is beyond the scope of this
publication. A rigorous, detailed analysis and design procedure for
connections and their component parts can be found in Joints In
Steel Construction: Moment connections, published by The Steel
Construction Institute (ref. 67).

6.3.6.9.3. Example 6.32: Crane Bracket Moment Connection

An industrial frame building supports a light electric overhead travelling crane on brackets
bolted to the main columns, as shown in Figures 6.92(a) and (b) below. Using the design
data given, determine a suitable size of H.S.F.G. bolt to connect the brackets to the
columns. Assume non-slip in service conditions, end distances and surface conditions and
end plate thickness as before.

L L L L L L L L L L L

l crane gantry girder /6 L

see joint detail ~ ~—

/j_\\
5 %

/\_,’

g

== =
== gl
e A

Figure 6.92 (a)
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60 kN
85 kN

Characteristic dead load Gy

=200
¢ m Characteristic imposed load QO

L

Four rows of
bolts at 90 mm
vertical spacing

hdd b

....... ™~ Assumed centre of rotation

Figure 6.92 (b)

6.3.6.9.4. Solution to Example 6.31
Design Load = (60 x 1.4) + (85 x 1.6) = 220 kN

Assuming the bracket rotates at the level of the bottom bolts (this is conservative) then the
maximum forces induced in the bolts are:

Maximum shear force/bolt = F, = E = % = 27.5kN
n
F .
Maximum tensile force = Froaimum = M
mz y
where:
n = number of bolts
m = number of vertical columns of bolts
e = eccentricity of applied loads
F = applied load
Ymaimum = distance from the centre of rotation of the bracket to the most distant bolt
Yy = (90* +180° +270%) = 113.4 x 10’ mm*
Design Bending Moment = (220 x 200) = (44 x 10’ ) kNmm
3
Foooo #1720 ) e N

2x113.4x10°

Assuming 20 mm dia. General Grade H.S.F.G. bolts: Py, = 144 kN; A, = 245 mm’

F, F
Clause 6.4.5 —+ — < | but
P, 1P,
Table 35 Foo < Ape = (245x590)/10° = 145 kN
Clause 6.4.2  Slip resistance Psp = (1.1 X KuP,) = (1.1 x1.0x 0.4 x 144) = 63.4 kN
< Py = (1.5 %20 x 10 x 460)/10 = 138 kN
F, F .
Fs , Fa 275 24 | _ 076 < 1
Py, 1P, 634 ' (L1x144)

M20 H.S.F.G. bolts are adequate



7. Design of Structural Timber Elements (BS 5268)

Objective: to introduce the inherent botanical and structural characteristics of
timber and to illustrate the process of design for structural timber elements.

7.1 Introduction

The inherent variability of a material such as timber, which is unique in its structure and
mode of growth, results in characteristics and properties which are distinct and more
complex than those of other common structural materials such as concrete, steel and
brickwork. Some of the characteristics which influence design and are specific to timber
are:

¢ the moisture content,

¢ the difference in strength when loads are applied parallel and perpendicular to the

grain direction,

¢ the duration of the application of the load,

¢ the method adopted for strength grading of the timber.

As a live growing material, every identified tree has a name based on botanical
distinction, for example Pinus sylvestris is commonly known as Scots pine. The botanical
names have a Latin origin, the first part indicating the genus, e.g. Pinus, and the second
part indicating the species, e.g. sylvestris.

A classification such as this is of little value to a structural designer and consequently
design codes adopt a classification based on stress grading. Stress grading is discussed in
Section 7.2. The growth of a tree depends on the ability of the cells to perform a number of
functions, primarily conduction, storage and mechanical support. The stem (or trunk)
conducts essential mineral salts and moisture from the roots to the leaves, stores food
materials and provides rigidity to enable the tree to compete with surrounding vegetation
for air and sunlight. Chemical processes, which are essential for growth, occur in the
branches, twigs and leaves in the crown of the tree.

7.1.1 Moisture Content

Unlike most structural materials, the behaviour of timber is significantly influenced by the
existence and variation of its moisture content. The moisture content, as determined by
oven drying of a test piece, is defined in Annex H of BS 5268 as:

w= 100("’!1 - I’I’lz)/l’l’lz
where:
m; is the mass of the test piece before drying (in g)
m; is the mass of the test piece after drying (in g)

Moisture contained in ‘green’ timber is held both within the cells (free water) and within




440 Design of Structural Elements

the cell walls (bound water). The condition in which all free water has been removed but
the cell walls are still saturated is known as the fibre saturation point (FSP). At levels of
moisture above the FSP, most physical and mechanical properties remain constant.
Variations in moisture content below the FSP cause considerable changes to properties
such as weight, strength, elasticity, shrinkage and durability. The controlled drying of
timber is known as seasoning. There are two methods generally used:

¢ Air seasoning, in which the timber is stacked and layered with air-space in open-
sided sheds to promote natural drying. This method is relatively inexpensive with
very little loss in the quality of timber if carried out correctly. It has the
disadvantage that the timber and the space which it occupies are unavailable for
long periods. In addition, only a limited control is possible by varying the spaces
between the layers and/or by using mobile slatted sides to the sheds.

¢ Kiln drying, in which timber is dried out in a heated, ventilated and humidified
oven. This requires specialist equipment and is more expensive in terms of energy
input. The technique does offer a more controlled environment in which to achieve
the required reduction in moisture content and is much quicker.

The anisotropic nature of timber and differential drying out caused by uneven exposure to
drying agents such as wind, sun or applied heat can result in a number of defects such as
twisting, cupping, bowing and cracking, as shown in Figure 7.1.

M twisting

cupping

bowing

cracking

edge crack —p
£ surface check

Figure 7.1 Distortions due to differential directional shrinkage
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7.1.2 Defects in Timber

In addition to the defects indicated in Figure 7.1 there are a number of naturally occurring
defects in timber. The most common and familiar of such defects is a knot (see
Figure 7.2). Normal branch growth originates near the pith of a tree and consequently its
base develops new layers of wood each season which develop with the trunk. The cells of
the new wood grow into the lower parts of the branches, maintaining a flow of moisture to
the leaves. The portion of a branch which is enclosed within the main trunk constitutes a
live or intergrown knot and has a firm connection with surrounding wood.

When lower branches in forest trees die and drop off as a result of being deprived of
sunlight, the dead stubs become overgrown with new wood but have no connection to it.
This results in dead or enclosed knots which are often loose and, when cut, fall out.

The presence of knots is often accompanied by a decrease in the physical properties of
timber such as the tensile and compressive strength. The reduction in strength is primarily
due to the distortion of the grain passing around the knots and the large angle between the
grain of the knot and the piece of timber in which it is present. During the seasoning of
timber, checks often develop around the location of knots.

knot cluster

live or
intergrown knot

dead knot —

Figure 7.2 Defects due to knots

In a mill when timber is converted from a trunk into suitable commercial sizes (see
Figure 7.3) a wane can occur when part of the bark or rounded periphery of the trunk is
present in a cut length, as shown in Figure 7.4. The effect of a wane is to reduce the cross-
sectional area with a resultant reduction in strength.

|'r|:[____]:LI'|
C %

Normal quarter sawing True radial sawing  True quarter sawing

Figure 7.3 Typical sawing patterns
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Commercial quarter sawing Plain sawing Billet sawing

Figure 7.3 (continued) Typical sawing patterns

A shake is produced when fibres separate along the grain: this normally occurs between
the growth rings, as shown in Figure 7.4. The effect of a shake in the cross-section is to
reduce the shear strength of beams; it does not significantly affect the strength of axially
loaded members.

wane

shake
Figure 7.4

7.2 Classification of Timber

The efficient and economic use of any structural material requires a knowledge of its
physical characteristics and properties such that a representative mathematical model can
be adopted to predict behaviour in qualitative terms. Manufactured materials such as steel
and concrete, in which quality can be tightly controlled and monitored during production,
readily satisfy this. As a natural product, timber is subject to a wide range of variation in
quality which cannot be controlled.

Uniformity and reliability in the quality of timber as a structural material is achieved by
a process of selection based on established grading systems, i.e. appearance grading and
strength grading:

¢ Appearance grading is frequently used by architects to reflect the warm, attractive
features of the material such as the surface grain pattern, the presence of knots,
colour, etc. In such circumstances the timber is left exposed and remains visible
after completion; it may be either structural or non-structural.

¢ All structural (load-bearing) timber must be strength-graded according to criteria
which reflect its strength and stiffness. In some cases timber may be graded
according to both appearance and strength. Strength grading is normally carried out
either visually or mechanically, using purpose-built grading machines.
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Every piece of strength-graded timber should be marked clearly and indelibly with the
following information:

grade/strength class (e.g. GS, SS, C16, C24),

species or specific combination (e.g. ER — redwood, B/D — Douglas fir (British)),
number of the British Standard used (e.g. BS 4978),

company and grader/machine used,

company logo/mark of the certification body,

timber condition (e.g. KD — kiln dried, WET).

* & 6 6 0o o

A typical grading mark/stamp is illustrated in Figure 7.5.

Certification Grader/machine  Species or
body logo and/or company  species
or mark reference group
abc 1234 B/DF
GS
BS 4978 KD C16
British . Strength
Standard Tlmb.e.r class and/or
condition
reference Grade
Figure 7.5

7.2.1 Visual Strength Grading

As implied by the name, this method of grading is based on the physical observation of
strength-reducing defects such as knots, rate of growth, cracks, wane, bowing, etc. Since
the technique is based on the experience and judgement of the grader it is inherently
subjective. In addition, important properties such as density, which has a significant
influence on stiffness, and strength are not considered.

Numerous grading rules and specifications have been developed throughout Europe,
Canada and the USA during the last fifty years. In the UK, visual grading is governed by
the requirements of BS 4978:1996 Specification for softwood grades for structural use
and the Eurocode BS EN 518:1995 Structural timber — Grading — Requirements for visual
grading standards.

Visual defects considered when assessing timber strength include: location and extent
of knots, slope of grain, rate of growth, fissures, wane, distortions such as bowing,
springing, twisting, cupping, resin and bark pockets, and insect damage. Two strength
grades are specified: General Structural (GS) and Special Structural (SS), the latter
being the higher quality material. Timber which contains abnormal defects such as
compression wood, insect damage such as worm holes, or fungal decay (not sapstain), or
which is likely to impair the serviceability of the pieces, is excluded from the grades.
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7.2.2 Machine Strength Grading

The requirements for machine strength grading are specified in BS EN 519:1995
Structural Timber — Grading — Requirements for machine strength graded timber and
grading machines. Timber is classified into:

¢ nine classes of poplar and coniferous species ranging from the weakest grade C14 to
the highest grade C40,

¢ six classes for deciduous species ranging from the weakest grade D30 to the highest
grade D70.

In each case the number following either the ‘C’ or the ‘D’ represents the characteristic
bending strength of the timber. In BS 5268-2:2002 two additional strength classes, TR20
and TR26, are also given,; this is intended for use in the design of trussed rafters.

The inherently subjective nature of visual strength grading results in a lower yield of
higher strength classes than would otherwise be achieved. Machine strength grading is
generally carried out by conducting bending tests on planks of timber which are fed
continuously through a grading machine. The results of such tests produce a value for the
modulus of elasticity. The correlation between the modulus of elasticity and strength
properties such as bending, tensile and compressive strength can be used to define a
particular grade/class of timber.

Visual grading enables a rapid check on a piece of timber to confirm, or otherwise, an
assigned grade; this is not possible with machine grading. The control and reliability of
machine grading is carried out either by destructive testing of output samples (output
controlled systems), or regular and strict control/adjustments of the grading machine
settings. In Europe the latter technique is adopted since this is more economic than the
former when using a wide variety of species and relatively low volumes of production.

7.3 Material Properties

The strength of timber is due to certain types of cells (called tracheids in softwoods and
fibres in hardwoods) which make up the many minute hollow cells of which timber is
composed. These cells are roughly polygonal in cross-section and the dimension along the
grain is many times larger than across it.

The principal constituents of the cells are cellulose and lignin. Individual cell walls
comprise four layers, one of which is more significant with respect to strength than the
others. This layer contains chains of cellulose which run nearly parallel to the main axis of
the cell. The structure of the cell enhances the strength of the timber in the grain direction.

Density, which is expressed as mass per unit volume, is one of the principal properties
affecting strength. The heaviest species, i.e. those with most wood substance, have thick
cell walls and small cell cavities. They also have the highest densities and consequently
are the strongest species. Numerous properties in addition to strength, e.g. shrinkage,
stiffness and hardness, increase with increasing density.

When timber is seasoned, the cell contents dry out leaving only cell walls. Shrinkage
occurs during the drying process as absorbed moisture begins to leave the cell walls. The
cell walls become thinner as they draw closer together. However the length of the cell
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layers is only marginally affected. A consequence of this is that as shrinkage occurs the
width and thickness change but the length remains the same. The degree to which
shrinkage occurs is dependent upon its initial moisture content value and the value at
which it stabilises in service. A number of defects such as bowing, cupping, twisting and
surface checks are a direct result of shrinkage.

Since timber is hygroscopic, and can absorb moisture whilst in service, it can also swell
until it reaches an equilibrium moisture content.

Anisotropy is a characteristic of timber because of the long fibrous nature of the cells
and their common orientation, the variation from early to late wood, and the differences
between sapwood and hardwood. The elastic modulus of a fibre in a direction along its
axis is considerably greater than that across it, resulting in the strength and elasticity of
timber parallel to the grain being much higher than in the radial and tangential directions.

The slope of the grain can have an important effect on the strength of a timber member.
Typically a reduction of 4% in strength can result from a slope of 1 in 25, increasing to an
11% loss for slopes of 1 in 15.

The strength of timber is also affected by the rate of growth as indicated by the width
of the annual growth rings. For most timbers the number of growth rings to produce the
optimum strength is approximately in the range of 6—-15 per 25 mm measured radially.
Timber which has grown either much more quickly or much more slowly than that
required for the optimum growth rate is likely to be weaker.

In timber from a tree which has grown with a pronounced lean, wood from the
compression side (compression wood) is characterised by much greater shrinkage than
normal. In softwood planks containing compression wood, bowing is likely to develop in
the course of seasoning and the bending strength will be low. In hardwoods, the tension
wood has abnormally high longitudinal shrinkage and although stronger in tension is much
weaker in longitudinal compression than normal wood.

Like many materials, e.g. concrete, the stress—strain relationship demonstrated by
timber under load is linear for low stress values. For all species the strains for a given load
increase with moisture content. A consequence of this is that the strain in a beam under
constant load will increase in a damp environment and decrease as it dries out again.

Timber demonstrates viscoelastic behaviour (creep) as high stress levels induce
increasing strains with increasing time. The magnitude of long-term strains increases with
higher moisture content. In structures where deflection is important, the duration of the
loading must be considered. This is reflected in BS 5268-2:2002 by the use of modifying
factors applied to admissible stresses depending on the type of loading, e.g. long-term,
medium-term, short-term and very short-term.

The cellular structure of timber results in a material which is a poor conductor of heat.
The air trapped within its cells greatly improves its insulating properties. Heavier timbers
having smaller cell cavities are better conductors of heat than lighter timbers. Timber does
expand when heated, but this effect is more than compensated for by the shrinkage caused
by loss of moisture.

The fire resistance of timber generally compares favourably with other structural
materials and is often better than most. Steel is subject to loss of strength, distortion,
expansion and collapse, whilst concrete may spall and crack.

Whilst small timber sections may ignite easily and support combustion until reduced to
ash, this is not the case with large structural sections. At temperatures above 250°C
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material at the exposed surface decomposes, producing flammable gases and charcoal.
These gases, when ignited, heat the timber to a greater depth and the fire continues. The
charcoal produced during the fire is a poor conductor and will eventually provide an
insulating layer between the flame and the unburned timber.

If there is sufficient heat, charcoal will continue to char and smoulder at a very slow
rate, particularly in large timber sections with a low surface:mass ratio. Fire authorities
usually consider that a normal timber door will prevent the spread of fire to an adjoining
room for about 30 minutes. The spread of fire is then often due to flames and hot gases
permeating between the door and its frame or through cracks between door panels and
styles produced by shrinkage (see BS 5268:Part 4 — Fire resistance of timber structures).

The durability of timbers in resisting the effects of weathering, chemical or fungal
attack varies considerably from one species to another. In general the heartwood is more
durable to fungal decay than the sapwood. This is due to the presence of organic
compounds within the cell walls and cavities which are toxic to fungi and insects.

Provided timber is kept dry, or is continuously immersed in fresh water, decay will
generally not be a problem. Where timber is used in seawater, particularly in harbours,
there is always a risk of severe damage due to attack by molluscs. The pressure
impregnation of timber with suitable preservatives will normally be sufficient to prevent
damage due to fungal, insect or mollusc attack.

7.3.1 Permissible Stress Design

When using permissible stress design, the margin of safety is introduced by considering
structural behaviour under working/service load conditions and comparing the stresses
thereby induced with permissible values. The permissible values are obtained by dividing
the failure stresses by an appropriate factor of safety. The applied stresses are determined
using elastic analysis techniques, i.e.

failure stress
factor of safety

Stress induced by working loads <

This is the philosophy adopted in the current timber design code BS 5268-2:2002 as used
in this text. Since BS 5268 is a permissible stress design code, mathematical modelling of
the behaviour of timber elements and structures is based on assumed elastic behaviour.

The laws of structural mechanics referred to are those well established in recognised
‘elastic theory’, as follows.

¢ The material is homogeneous, which implies that its constituent parts have the
same physical properties throughout its entire volume. This assumption is clearly
violated in the case of timber. The constituent fibres are large in relation to the
mass of which they form a part when compared with a material such as steel in
which there are millions of very small crystals per square centimetre, randomly
distributed and of similar quality creating an amorphous mass. In addition, the
presence of defects such as knots, shakes etc. as described in Sections 7.1.1 and
7.1.2 represent the inclusion of elements with differing physical properties.
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The material is isotropic, which implies that the elastic properties are the same in
all directions. The main constituent of timber is cellulose, which occurs as long
chain molecules. The chemical/electrical forces binding the molecules together in
these chains are much stronger than those which hold the chains to each other. A
consequence of this is that considerable differences in elastic properties occur
according to the grain orientation. Timber exhibits a marked degree of anisotropic
behaviour. The design of timber is generally based on an assumption of
orthotropic behaviour with three principal axes of symmetry: the longitudinal axis
(parallel to the grain), the radial axis and the tangential axis, as shown in Figure
7.6. The properties relating to the tangential and radial directions are often treated
together and regarded as properties perpendicular to the grain.

The material obeys Hooke’s Law, i.e. when subjected to an external force system
the deformations induced will be directly proportional to the magnitude of the
applied force. A typical stress—strain curve for a small wood specimen (with as
few variations or defects as possible and loaded for a short-term duration) exhibits
linearity prior to failure when loaded in tension or compression, as indicated in
Figures 7.7(a) and (b).

longitudinal axis

tangential axis

radial axis

Figure 7.6
Stress (0) Stress (0)
' )
/
Tension Tension
- -
x/’ Strain (€) Strain (&)
. Compression
Compression
(a) load parallel to the grain (b) load perpendicular to the grain

Figure 7.7
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In Figure 7.7(a) the value of tensile strength is greater than that of the compressive
strength. In both compression and tension linear behaviour occurs. In the case of
compression ductility is present before failure occurs, whilst in tension a brittle,
sudden failure occurs. These characteristics are reflected in the interaction
behaviour of timber elements designed to resist combined bending and axial
stresses.

¢ The material is elastic, which implies that it will recover completely from any
deformation after the removal of load. Elastic behaviour is generally observed in
timber subject to compression up to the limit of proportionality. The elastic
properties of timber in tension are more sensitive to the level of moisture content.
Permanent strain occurs at very low stress levels in timber which contains a high
percentage of moisture.

¢ The modulus of elasticity is the same in tension and compression. This assumption
is reasonable for both compression and tension. The value is much lower when the
load is applied perpendicular to the grain than when it is applied parallel to the
grain, as shown in Figure 7.7. Two values of modulus of elasticity are given in the
code for each timber grade; Einimum and Enean. The value to be used in any given
circumstance is given in the code in the pertinent clauses.

¢ Plane sections remain plane during deformation. During bending this assumption
is violated and is reflected in a non-linear bending stress diagram throughout
cross-sections subject to a moment.

The behaviour and properties of timber do not satisfy the basic assumptions used in
simple elastic theory. These deficiencies are accommodated in the design processes by the
introduction of numerous modification factors and a factor of safety, which are applied to
produce an admissible stress which is then compared with the applied stress induced by
the applied load system calculated using elastic theory. Extensive research and
development during the latter half of the twentieth century has resulted in more
representative mathematical models of timber behaviour and is reflected in Eurocode 5,
which adopts a limit state approach to design. This code will eventually be utilised for
timber design in the UK.

7.4 Modification Factors

The inherently variable nature of timber and its effects on structural material properties
such as stress—strain characteristics, elasticity and creep has resulted in more than eighty
different modification factors which are used in converting grade stresses (see Section 7.2)
to permissible stresses for design purposes. In general, when designing to satisfy strength
requirements (e.g. axial, bending or shear strength) the following relationship must be
satisfied:

applied stress < permissible stress
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The applied stresses are calculated using elastic theory, and the permissible stresses are
determined from the code using the appropriate values relating to the strength
classification multiplied by the modification factors which are relevant to the stress
condition being considered. Symbols are defined relating to stresses and other variables in
Clause 1.4 of BS 5268-2:2002 as follows:

distance;

area;

breadth of beam, thickness of web, or lesser transverse dimension of a
tension or compression member;

diameter;

modulus of elasticity;

force or load;

depth of member, greater transverse dimension of a tension or compression
member;

radius of gyration;

modification factor (always with a subscript);

length; span;

mass;

bending moment;

number;

radius of curvature;

thickness; thickness of laminations;

fastener slip;

angle between the direction of the load and the direction of the grain;
eccentricity factor;

angle between the longitudinal axis of a member and a connector axis;
slenderness ratio;

stress;

shear stress;

moisture content.

S

Smma

SNA> IR ITIIETIORT

In many instances subscripts are also used to identify various types of force, stress or
geometry; these are as follows:

a) type of force, stress etc.:

c compression;
m bending;
t tension;

b) significance:
a applied;
adm permissible;
e effective;

mean arithmetic mean;
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c) geometry:
apex apex;
r radial;
tang tangential;
N parallel (to the grain);
L perpendicular (to the grain);
a angle.

The following examples illustrate the use of these symbols and subscripts:

Omal = applied bending stress perpendicular to the grain
Omadm. = permissible bending stress perpendicular to the grain
Ocall = applied compressive stress parallel to the grain

permissible compressive stress parallel to the grain
applied shear stress.

Oc,adm, | |
Ta

Whilst not given in this Clause the subscript ‘g’ is often used to identify grade stresses.
As mentioned previously, the permissible stress is evaluated by multiplying the grade
stress for a particular strength class by the appropriate modification factors, e.g.

Omadm,|| = Omgll XKy X K3 X KgX K7 X Ky
where:
K relates to the moisture content of the timber;
K; relates to the duration of the load on the timber;
Ks  relates to the shape of the cross-section of the element being considered;
K; relates to the depth of the section being considered;
Ks  relates to the existence of structural elements enabling load sharing.

In each case a definition and the method of evaluating a coefficient is given in the code. In
this text a table is given in each section which identifies each coefficient and reference
clause numbers for the coefficients which are pertinent to the structural elements being
considered.

Three of the most frequently used coefficients are K,, K3 and Kj:

K,: The value of K, is governed by the average moisture content likely to be
attained in service conditions. This is allowed for in the code by identifying a
service class for the particular element being designed, as given in
Clause 1.6.4. The service classes are:

Service Class 1:  This is characterized by a moisture content in the materials
corresponding to a temperature of 20°C and the relative humidity of the surrounding
air only exceeding 65% for a few weeks per year. In such moisture conditions most
timber will attain an average moisture content not exceeding 12%.

Service Class 2: This is characterized by a moisture content in the materials
corresponding to a temperature of 20°C and the relative humidity of the surrounding
air only exceeding 85% for a few weeks per year. In such moisture conditions most
timber will attain an average moisture content not exceeding 20%.
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Service Class 3: This is characterized, due to climatic conditions, by moisture
contents higher than service class 2.

In Table 16 of the code values of K, are given varying from 0.6 in the case of compression
parallel and perpendicular to the grain to 0.9 for shear parallel to the grain. These values
reflect the non-uniform influence of moisture content on the mechanical properties of

timber.

K;:  The grade stresses given in the code relate to the strength of timber subject to
long-term permanent loads. Extensive research and testing has established
that the short-term strength of timber is considerably higher than can be
expected in the long-term. The value of K; used is therefore dependent on the
duration of loading being considered, i.e. long-term, medium-term, short-term
or very short-term as defined in Table 17 of the code, e.g.

Long-term: dead + permanent imposed

Medium-term:  dead + snow, dead + temporary imposed

Short-term: dead + imposed + wind, dead + imposed + snow + wind

Very short-term: dead + imposed + wind

Each of these examples is qualified in the notes relating to Table 17 in the code.

Ks:

7.5

When designing structures in which four or more members, which are no
greater than 610 mm apart, are connected by structural elements which
provide lateral distribution of load (i.e. load-sharing) the grade stresses can be
enhanced by multiplying by Ky as indicated in Clause 2.9. Typical elements,
which provide lateral distribution of load, are purlins, binders, boarding,
battens, etc.

In addition, the mean modulus of elasticity” can be used to calculate the
displacements induced by both dead and imposed loads. This does not apply
to flooring systems which support mechanical plant and equipment or storage
of systems which are subject to vibrations.

Provisions for built-up beams, trimmer joists, lintels and laminated beams
are given separately in Clause 2.10.10, 2.10.11 and Section 3 of the code.
“The use of Ks does not extend to the calculation of factor K5 in which the E
value is used when designing load-sharing columns.

Flexural Members

Beams are the most commonly used structural elements, for example as floor joists, and as
trimmer joists around openings, rafters, etc. The cross-section of a timber beam may be
one of a number of frequently used sections such as those indicated in Figure 7.8.
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I-beam box-beam beam

Figure 7.8

The principal considerations in the design of all beams are:

¢ shear,

¢ bending,

¢ deflection,

¢ bearing, and
¢ lateral stability.

In the case of ply-web beams such as the composite I and box beams shown in
Figures 7.8(b) and (c), the additional phenomenon of rolling shear, which is specific to
plywood, must also be considered.

The size of timber beams may be governed by the requirements of:

¢ the elastic section modulus (Z), to limit the bending stresses and ensure that
neither lateral torsional buckling of the compression flange nor fracture of the
tension flange induces failure,

¢ the cross-section, to ensure that the vertical and/or horizontal shear stresses do
not induce failure,

¢ the second moment of area, to limit the deflection induced by bending and/or
shear action to acceptable limits.

Generally, the bearing area actually provided at the ends of a beam is much larger than is
necessary to satisfy the permissible bearing stress requirement. Whilst lateral stability
should be checked, it is frequently provided to the compression flange of a beam by
nailing of floor boards, roof decking etc. (see Section 7.7.5). Similarly the proportions of
solid timber beams are usually such that lateral instability is unlikely.

The detailed design of solid, ply-web and glued laminated beams is explained and
illustrated in the examples given in Sections 7.7, 7.8 and 7.9 respectively. In each case the
relevant modification factors (K wvalues), their application and value/location are
summarised.
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7.6 Effective Span

Most timber beams are designed as simply supported and the effective span which should
be used is defined in Clause 2.10.3 of BS 5268-2:2002, as illustrated in Figure 7.9.

i i
X 1
| clear distance between supports ——————] I
:';4 L = centre to centre of required length of bearing _ = ':'
l'I - or H

L = centre to centre of actual bearings '

Figure 7.9

Since the required bearing length on most beams is relatively small when compared with
the actual span it is common practice to assume an effective span equal to:

¢ the clear distance between the supports + 50 mm for solid beams, and
¢ the clear distance between the supports + 100 mm for ply-web beams.

In the case of long span beams (e.g. in excess of 10.0 m), or heavily loaded beams with
consequently larger end reactions, the validity of this assumption should be checked.

7.7 Solid Rectangular Beams

The modification factors, which are pertinent when designing solid timber beams, are
summarized in Table 7.1.

7.7.1 Shear (Clause 2.10.4)

The grade and hence permissible stresses given in the BS relate to the maximum shear
stress parallel to the grain for a particular species or strength class. In solid beams of
rectangular cross-section the maximum horizontal shear stress occurs at the level of the
neutral axis, and is equal to 1.5 X the average value:

1.5V

Tall = ——

A
where:
T, ~maximum applied horizontal shear stress,
14 maximum applied vertical shear force,

A cross-sectional area.
The magnitude of 7, must not exceed Tym || given by:

Tadm,|| = Tg |l X Ko X K3 X K5 X Ky
where:

T,11  grade stress parallel to the grain
K>, K;, Ks and Kg  are modification factors used when appropriate (see Section 7.7.6 for
notched beams).

Toll < Tadm,||
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Factors Application Clause Value/Location
Number
K, Service class 3 sections (wet exposure): 2.6.2 Table 16
all stresses
K; Load duration: all stresses 2.8 Table 17
(does not apply to E or G)
K Bearing stress 2.10.2 Table 18
Ks Shear at notched ends: shear stress 2.104 Equations given
Ks Cross-section shape: bending stress 2.10.5 1.18 for O
1.41 for @
K7 Depth of section: bending stress 2.10.6 Equations given
€ Load-sharing: all stresses 2.9 1.1
Load-sharing: modulus of elasticity of
Ko trimmer joists and lintels 2.10.11 Table 20

Table 7.1 Modification Factors — solid beams

7.7.2  Bending (Clause 2.10)

As indicated in Section 1.9 of Chapter 1, the applied bending stress is determined using
simple elastic bending theory:

Mﬁ
Gm,a,l | = —
z
where:
Om.a,|| maximum applied bending stress parallel to the grain,
M, maximum applied bending moment,
Z elastic section modulus about the axis of bending (usually the x—x axis).
The permissible bending stress is given by:
Omadm,|| = Omgll X K> X K3 X K¢ X K7 X Kg
where:
Omyg,l| grade bending stress parallel to the grain,

K> , K5, K¢ , K7 and Kg are modification factors used when appropriate (see Table 7.1 and
Section 7.4). Note: K = 1.0 for rectangular cross-sections.

Om.a,| | < Om,adm, ||

7.7.3  Deflection (Clause 2.10.7)

In the absence of any special requirements for deflection in buildings, it is customary to
adopt an arbitrary limiting value based on experience and good practice. The
recommended value adopted in BS 5268 : Part 2 is (0.003 x span) when fully loaded. In
the case of domestic floor joists there is an additional recommendation of limiting
deflection to less than or equal to 14 mm.



Design of Structural Timber Elements 455

These limitations are intended to minimize the risk of cracking/damage to brittle
finishes (e.g. plastered ceilings), unsightly sagging or undesirable vibration under dynamic
loading. The magnitude of the actual deflection induced by the applied loading can be
estimated using the coefficients given in Appendix 1 or the equivalent uniform load
technique described in Section 1.7 of Chapter 1.

The calculated deflection for solid beams is usually based on the bending action of the
beam ignoring the effects of shear deflection (this is considered when designing ply-web
beams in Section 7.8).

Oucial < 0.003 x span  and
< 14 mm for domestic floor joists

7.7.4  Bearing (Clause 2.10.2)

The behaviour of timber under the action of concentrated loads, e.g. at positions of
support, is complex and influenced by both the length and location of the bearing, as
shown in Figures 7.10 (a) and (b). The grade stress for compression perpendicular to the
grain is used to determine the permissible bearing stress.

! —

LI I
<] Dbearing any length

bearing length = 150 mm \v\i

Ocadml = Ocg1 X Ky X K3X Ky
(a)

— ———\
—— |

Ocadml = Ocg1 XKy X K3 X Ky X Ky

-

275 mm bearing length < 150 mm

(b)
Figure 7.10

Note: In case (b), an additional modification factor K, for bearing stress has been
included.
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The actual bearing stress is determined from:

P
Ocal = A_

b
where:
P applied concentrated load,
A,  actual bearing area provided.

Gc,a,J_ < Gc,adm,J_

The actual bearing area is the net area of the contact surface and allowance must be
made for any reduction in the width of bearing due to wane, as shown in Figure 7.11. In
timber engineering, pieces of wood with wane are frequently not used and consequently
this can often be ignored.

wane ——p

L—’—"» contact bearing width
Figure 7.11

7.7.5 Lateral Stability (Clause 2.10.8)

A beam in which the depth and length are large in comparison to the width (i.e. a slender
cross-section) may fail at a lower bending stress value due to lateral torsional buckling, as
shown in Figure 7.12.

lateral movement
combined with twisting

Figure 7.12

The critical value of bending moment which induces this type of failure is dependent
on several parameters, such as: the relative cross-section dimensions (i.e. aspect ratio),
shape, modulus of elasticity (E), shear modulus (G), span, degree of lateral restraint to the
compression flange, and the type of loading.
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This problem is accommodated in BS 5628-Part 2:2001 by using a simplified approach
based on practical experience, in which limiting ratios of maximum depth to maximum
breadth are given relating to differing restraint conditions. In “Table 19° of BS 5268,
values of limiting ratios are given varying from ‘2°, when no restraint is provided to a
beam, to a maximum of ‘7’, for beams in which the top and bottom edges are fully
laterally restrained.

Provision is made in the BS for designers to undertake a rigorous analysis, if desired, to
determine the critical moment which will induce lateral torsional buckling of a beam. The
vast majority of beams which are designed are of such proportions and have such restraint
conditions that this analysis is unnecessary. The calculations relating to the critical
moment are outwith the scope of this text: further information can be found in the Timber
Designers’ Manual (ref. 71), or Step 2: Structural Timber Education Programme
(ref. 75).

7.7.6 Notched Beams (Clause 2.10.9)

It is often necessary to create notches or holes in beams to accommodate fixing details
such as gutters, reduced fascias and connections with other members. In such
circumstances high stress concentrations occur at the locations of the notches or holes.
Whilst notches and holes should be kept to a minimum, when they are necessary cuts with
square re-entrant corners should be avoided. This can be achieved by providing a fillet or
taper or cutting the notch to a pre-drilled hole, typically of 8 mm diameter.

7.7.6.1 Effect on Shear Strength (Clause 2.10.4)

The projection of a notch beyond the inside edge of the bearing line at the point of support
reduces the shear capacity of a beam. There are two situations to consider, as shown in
Figure 7.13.

-A net area
" I: |:;;:i 7\1 h IS j he K. he
f s 5=
e \TJ h
/ Section A—A

‘ net area
_— Foras< he
Bale—= (LY

he>0.5h ‘ )

5 2
. . I
b
For a > h,

Section B-B Ks = 1.0

Figure 7.13
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The reduction in shear capacity is reflected in the use of the net area and a reduction factor
K, as indicated.

shear capacity = Tum, || X he X b
where:
Tadm, || permissible shear stress  (see Section 7.7.1),
he effective depth of the beam,
b breadth of the beam.

7.7.6.2 Effect on Bending Strength (Clause 2.10.9)

The calculated bending strength of notched beams is based on the net cross-section, as
shown in Figure 7.14.

~— A net area

— D e s

- A
]
b
net area = (b X he)
2
net modulus = °
~—B
> R = Section B-B
( [
diameter of hole = d B L_.‘
b
net area = bx(h-d
net modulus = 6£h(h3 —-d’ - 12dy2)
Figure 7.14

When considering simply supported floor and roof joists which are not more than 250
mm deep and which satisfy the restrictions indicated in Figures 7.15(a) and (b), the effects
of notches and holes can be neglected.

—A

1:7 77 ‘I h <250 mm ‘ A /
.
—=— - A
ﬁ T <0.125h

I >0.07 X span
! P
1 <0.25 X span

Section A—A

Figure 7.15 (a)
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—&--7 h<250mm  -fe=a

z Section B-B
|:| <0.25 X span ‘1 centre to centre of holes > 3d
] diameter of the holes < 0.25h
; < 0.4 x span ‘
-

Figure 7.15 (b)

7.7.7 Example 7.1: Suspended Timber Floor System

Consider the design of a suspended timber floor system in a domestic building in which
the joists at 500 mm centres are simply supported by timber beams on load-bearing
brickwork, as shown in Figure 7.16 (a). The support beams are notched at the location of
the wall, as shown in Figure 7.16(b).

¢ Determine a suitable section size for the tongue and groove floor boards.
¢ Determine a suitable section size for the joists.
¢ Check the suitability of the main support beams.

Design data:

Centre of timber joists 500 mm
Distance between the centre-lines of the brickwork wall 45m
Strength class of timber for joists and tongue and groove boarding and beams C22
Imposed loading (long-term) 3.0 kN/m’
Exposure condition Service Class 1

Beam span
=45m

Figure 7.16 (a)
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100 mm wide x 475 mm deep beam

ﬁ—

N

End bearing length = 100 mm

7.7.7.1 Solution to Example 7.1

— Support wall Figure 7.16 (b)

Contract : Solid Beams Job Ref. No. : Example 7.1

Calcs. by : W.McK.

Part of Structure : Suspended floor system Checked by :
Calc. Sheet No.: 1 of 8 Date :
References Calculations Output
Clause 2.6 Bending parallel to grain Omg|| = 6.8 N/mm?
Table 8 Compression perpendicular to grain
(assume wane is permitted) Ocgl = 17 N/mm?
Shear parallel to grain Tme || = 0.71 N/mm?®
Modulus of elasticity Emean = 9700 N/mm?
Modulus of elasticity Emin = 6500 N/mm?
Average density o = 410 kg/m®
Note: A value of characteristic density is also given for use
when designing joints.
Tongue and groove floor boarding:
Consider 1.0 m width of flooring and 19 mm thick boarding:
SRR, T, SRR, S RN, A . P - TR
‘4— 1000 mm width
Self-weight = —(0'019X4130)X9'81 = 0.08 kKN/m?
10
Imposed loading = 3.0 kN/m’
Total load = (3.0 +0.08) = 3.08 kN/m’
Clause 2.10 Bending:
Permissible stress
Omadm,|| = Omg, || X K2 X K3 X K¢ X K7 X Kg
Clause 2.6.2 K> — wet exposure does not apply in this case
Clause 2.8 K3 —load duration for uniformly distributed imposed
Table 17 (note a) floor loads K3;=1.0
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Contract : Solid Beams Job Ref. No. : Example 7.1 | Calcs. by : W.McK.
Part of Structure : Suspended floor system Checked by :
Calc. Sheet No.: 2 of 8 Date :
References Calculations Output

Clause 2.10.5 Kd
Clause 2.10.6 K1
Clause 2.9

Clause 2.10.7
Clause 2.9

— shape factor does not apply in this case
— depth of section <72 mm

Kg — load sharing stresses tongue and groove boarding has
adequate provision for lateral load

distribution

Omadm.|| = (6.8 X1.0X 1.17 X 1.1)= 8.75 N/mm?
span of boards = joist spacing = 500 mm

Allowing for the continuity of the boards over the supports
reduces the bending moment

wl?  3.08x0.52

st maximum = ——— = 0.077 kNm
10 10
Minimum section modulus required:
maximum bending moment 0.077x10°
Zrnin = . . = T oA
permissible stress 8.75
~ 8.8 x 10° mm*/metre width
2 3
Z = —bh soh 2 J6—Z soh o2 ‘/—6X8'8X10
6 b 1000
h = 7.3 mm; assume an additional 3 mm for wear
h =z 73+3= 103 mm Try 16 mm thick
Deflection:

Since load-sharing exists use Eyea, to calculate deflection.

Since the boards are continuous, assume the end span deflection
(i.e. a propped cantilever) is approximately equal to 50% of a
simply supported span:

1( 5W,. .2
C osxs = 1 WL
Omax ( simply supported span) 2( 384EI
3 3
o = 0.5 x 2X3:08x0.5x10 ><502 = 0.38 mm
384x9700x[w00><16]

Spermissib]e < 0.003x500= 1.5 mm
6max << 5permissible

K7=1.17

Kg=1.1

Adopt a minimum
thickness of 16 mm
for the tongue and
groove boarding
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Part of Structure :

Contract : Solid Beams Job Ref. No. : Example 7.1
Suspended floor system

Calcs. by : W.McK.
Checked by :

Clause 2.10.7

Clause 2.9

Omadm.|| = (6.8 x1.0x1.0x1.1) =

Span of joists:
L = 36m

M X> maximum —

wL?  1.64x3.6

8 8
Zo > 2.66x10° _
7.48
Deflection:
5permissible < 0.003 xspan =
< 14.0 mm

=2.66 kNm

0.36 x 10® mm®

assume centre-to-centre of bearings

7.48 N/mm?>

(0.003 x 3600) = 10.8 mm

Since load-sharing exists and assuming floor is not intended for
mechanical plant and equipment, storage or subject to vibration

(e.g. a gymnasium), use Epyean to calculate the deflection.

Calc. Sheet No.: 3 of 8 Date :
References Calculations Output
Joists at 500 centres:
Dead load due to self-weight of joist: assume = 0.1 kN/m
Dead load due to t & g boarding = (0.08 X 0.5) = 0.04 kN/m
Imposed loading =(3.0x05) = 15kN/m
Total load = (0.1 +0.04 +1.5) = 1.64kN/m
Clause 2.10 Bending:
Permissible stress
Omadm,|| = Omg,|| X K2 X K3 X K¢ X K7 X Kg
Clause 2.6.2 K> — wet exposure does not apply in this case
Clause 2.8 K3 —load duration for uniformly distributed imposed
Table 17 (note a) | (long-term) floor loads K3;=1.0
Clause 2.10.5 K¢ — shape factor; does not apply in this case
Clause 2.10.6 K7 — depth of section; assume £ <300 mm K7;=1.0
This assumption should be checked at a later stage and
modified if necessary.
Clause 2.9 Kg — load sharing stresses;this applies since tongue and groove
boarding provides adequate lateral distribution of loading
and the spacing of the joists < 610 mm Kg=1.1
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Contract : Solid Beams Job Ref. No. : Example 7.1 | Calcs. by : W.McK.
Part of Structure : Suspended floor system Checked by :
Calc. Sheet No.: 4 of 8 Date :
References Calculations Output
Smaxi - Mowl’ g - 9700 N
aximmum - 384Emean1 > mean -
_ 5x(3.6x1.64x103)><36003 _369.8x10°
- 384x9700% 1 - I
6
since  Opaximum < 10.8, 3698107 o8
6
Ly > S0O8XI0T s 10° mm?

10.8

Try a 75 mm x 200 mm joist:

Cross-sectional area A = (75%200) = 15.0 x 10° mm®
2
Section modulus  Zyx= w = 0.5x10°mm’
> 0.36 x 10° mm’
3
Second moment of area Iy = %: 50 x 10® mm*
> 34.2x10° mm*
Clause 2.10.8 h = 22 =30 < 50 Lateral support is
b 75 adequate
Table 19
Clause 2.10.2 Bearing:
——
o 3 B 1
N ﬂ% 75.mm
, End reaction [ — ! A
I '
100 mm
End reaction = (1.64x3.6)/2.0 = 295kN

Bearing area = (100 x 75)
2.95x10°
Oca,l = —— 3 =
7.5%10
Oc,adm, L = OcglX Ky X K3 X K4 X Kg

7.5 % 10* mm®

0.39 N/mm?>
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Contract : Solid Beams Job Ref. No. : Example 7.1| Calcs. by : W.McK.

Part of Structure : Suspended floor system Checked by :
Calc. Sheet No.: 5 of 8 Date :
References Calculations Output

Clause 2.6.2 As before K, does not apply
Clause 2.8
Table 17 (note a) | K3 =1.0
Clause 2.10.2 | bearing length = 100 mm
For any length at the end of a member K4 does not apply.

Clause 2.9 Since load-sharing applies Kg = 1.1
Ceadmt = (L7x1.0x1.1) = 1.87 N/mm’ Joist is adequate with
2
2 0.39 N/'mm respect to bearing
Shear:
. . . 15V
Section 7.6.1 of | Maximum shear stress on rectangular section T = 4
this text where V. = design value of shear force = 2.95 kN
3
1.5%2.95x10
T = 2XEPXD 0205 N/mm?
15x10°
Tadm,|| = Tg,l\ X Ky X K3 X K5 X Kg

As before K, does not apply and K3= 1.0

Since the end of the beam is not notched, K5 does not apply Joist is adequate with

respect to shear

Clause 2.9 Load-sharing applies Kg = 1.1
Taam,|| = (071x1.1) = 0.78 N/mm’ Adopt 75 x 200
> 0.39 N/mm’ Grade C22 Timber
Joists at 500 mm
Main beams: 100 mm x 475 mm deep centres
| I
[

i Joists at 500 mm centres —: i I

G |
L— Span L=4.5m '

Cross-sectional area A = (100x 475) = 47.5x 10° mm’
2
Section modulus  Zyx = % = 3.76 x 10° mm>
3
Second moment of area Iy = M = 893 x 10° mm*

12
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Contract : Solid Beams Job Ref. No. : Example 7.1

Calcs. by : W.McK.

Part of Structure : Suspended floor system Checked by :
Calc. Sheet No.: 6 of 8 Date :
References Calculations Output
Self-weight = (0.0475 X431 0981 _ 19 kn/m
10
Point loads at 500 mm centres = 295kN
Vertical reaction at the supports = (9 % 2.95) /2 + (0.19 x 2.25)
= 13.70kN
Shear force at the supports = (8%2.95)/2+(0.19x2.25)
= 12.23kN
Clause 2.10 Bending:
Permissible stress
Omadm,|| = Omg,|| X Ky X K3 X Kg X K7 X K3
Clause 2.6.2 K> — wet exposure does not apply in this case
Clause 2.8 K3 —load duration loading can be assumed to be
Table 17 (long-term) uniformly distributed K3;=1.0
Clause 2.10.5 K¢ — shape factor does not apply in this case
Clause 2.10.6 K7 — depth of section; A >300 mm
2 2
K = 0s1f B0 g g TS 29BN K;=091
h“ +56800 475 +56800

Clause 2.9

Clause 2.10.7

Kg —load sharing does not apply in this case
Omadm|| = (6.8x1.0x0.91) = 6.19 N/mm?

wL?  0.19x4.57

8 8
= 0.48 kNm

Self-weight bending moment

My, maximem = {(12.23 X 2.25) = [2.95 x (0.25 + 0.75 + 1.25 + 1.75)]}
+0.48
=16.2kNm

6
Zin 2 16.2x107 2.62 x 10° mm®
6.19

< 3.76 x10° mm®

Deflection:

Opermissible < 0.003 X span (0.003 x 4500) = 13.5 mm
14.0 mm

Since load-sharing does not exist use Epinimum tO calculate the

deflection.

IAN I

Section is adequate]
with respect to
bending
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Contract : Solid Beams Job Ref. No. : Example 7.1
Part of Structure :
Calc. Sheet No.: 7 of 8

Suspended floor system

Calcs. by : W.McK.
Checked by :
Date :

References

Calculations

Output

(See Chapter 1
Section 1.7)

Clause 2.10.8

Table 19
Clause 2.10.2

Clause 2.6.2
Clause 2.8

Table 17 (note a)
Clause 2.10.2

Clause 2.9

Use the equivalent uniform distributed load method to estimate

the deflection.

0.104M maximum L2

Smaximum = —————mMmMUMZ_ gL = 6500 N/mm®
Eminimuml
Section is adequate
6 2 with respect to
_ 0.104x16.2x10” x4500 = 59mm deflection
6500x893x10°
< 13.5mm
h 475 475 < 50 Lateral support is
b~ 100 ' adequate
Bearing:
100 mm wide X 475 mm deep beam
f"t % 100 mm
50 mm 1
L_  Support wall
I
T
End reaction = 13.7kN
Bearingarea = (100x100) = 10.0x 10° mm?
3
Cecal = w = 1.37 N/mm’
10.0x10°
O c,adm, L = Ocgl XKy X K3 X K4 X Kg

As before K, does not apply

K3 =10

bearing length = 100 mm

For any length at the end of a member
Load-sharing does not apply

(i.e. Ignore K3g)

K4 does not apply.
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Contract : Solid Beams Job Ref. No. : Example 7.1 | Calcs. by : W.McK.

Part of Structure : Suspended floor system Checked by :

Calc. Sheet No.: 8 of 8 Date :

References Calculations Output
Ceadmt = 17x10 = 1.7 N/mm’ Adopt bearing

> 1.37 N/mm? length > 100 mm
Shear:
. . . 15V
Section 7.6.1 of | Maximum shear stress on rectangular section T = 4
this text where V. = design value of shear force = 12.23 kN
Clause 2.10.4 Effective depth h, = (475-50) = 425 mm
3
all = 1.5%12.23x10 = 043 N/mm>
(425%100)
Tadm,|| = To|| XKy X K3 X KsXKg
As before K, does not apply and K3 = 1.0 .
Since the end of the beam is notched, K5 does apply Beam is adequate
h 425 with respect to shear
KS = < = —_— = 089
h 475
_ _ 2 Adopt 100 x 475

T = (071 X0.89) = 0.63 N Grade C22 Timber

Beams with = 100 mm
length of bearing on
the brick-wall support.
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7.8 Ply-web Beams
In situations where heavy loads and/or long spans require beams of strength and stiffness

which are not available as solid sections, ply-web construction of I or Box-sections are
frequently used (see Figure 7.8). The increased size of ply-web beams (e.g. 500 mm deep)
and consequent strength/weight characteristics permit larger spacings (typically 1.2 m to
4.0 m) than solid beams, but can still be sufficiently close to enable the use of standard
cladding and ceiling systems. In addition, they are frequently able to accommodate
services, and insulation materials. The expansion of timber-framed housing in the U.K. has
resulted in the use of smaller ply-web beams, typically 200 mm to 400 mm deep for floor
joists and roof framing. A considerable saving in weight can be achieved over solid timber
joists, and problems often associated with warping, cupping, bowing, twisting and splitting
of sawn timber joists can be significantly reduced.

In most cases, since ply-web beams are hidden, the surface finishes including features
such as nail heads, holes and glue marks need not be disguised. If desired, surface
treatment can be carried out to enhance the appearance, but this will incur additional cost.

The construction of ply-web beams comprises four principal components:

¢ web,

¢ stiffeners,
¢ flanges,

¢ joints between flanges and the web.

The manufacture should comply with the requirements of BS 6446:1984 Manufacture of
glued structural components of timber and wood based panel products.
The modification factors appropriate to plywood beams are given in Table 7.2.

Factors Application Clause Value/Location
Number

K, Service class 3 sections (wet exposure): 2.6.2 Table 16
all stresses. Does not apply to plywood

K; Load duration: all stresses. Does not apply 2.8 Table 17
to plywood

K, Bearing stress 2.10.2 Table 18

Ks Shear at notched ends: shear stress 2.104 Equations given

Ks Load-sharing: all stresses 2.9 1.1

K Load-duration and service classes for 4.5 Table 39
plywood

K37 Stress concentration factor — rolling shear 4.7 0.5

Table 7.2  Modification factors for ply-web beams
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7.8.1 Web

The primary purpose of the web is to resist stresses induced by shear forces. In the
majority of cases the material used for the web is plywood; other wood-based panel
materials such as particle board and fibreboard are also suitable. The most commonly used
material is Finnish birch-faced plywood (also known as Combi), in which the outer
veneers are always birch whilst the inner plies alternate between birch and softwood. This
type of plywood is more readily available than, for example, Finnish all-birch plywood
which may be more appropriate when the web is highly stressed. There are a number of
alternative timbers such as Canadian Douglas fir, Swedish softwood, and American
construction and industrial plywoods which can also be used. The appropriate grade
stresses for the materials are given in Tables 40 to 56 of BS 5268-Part 2:2002.

The construction of the webs is normally carried out such that butt end joints do not
occur at the mid-span location and full 2440 mm panels are used where possible. In
Finnish birch-faced plywood the face grain is normally perpendicular to the span, whilst in
cases where Douglas fir is used the face grain is normally parallel to the span.

There are two types of shear stress which must be resisted by the web of a ply-web
beam:

¢ panel shear, and
¢ rolling shear.

7.8.1.1 Panel Shear

The maximum horizontal shear stress induced in a beam subjected to bending and vertical
shear forces occurs at the level of the neutral axis, as shown in Figure 7.17, and can be
determined as shown in Chapter 1, Section 1.8, using the following equation:

VAY

Tall =
bIN.A.

where:

T, ~maximum applied horizontal shear stress,

Vv maximum applied vertical shear force,

Ay first moment of area of the material above the neutral axis,

Iya.  second moment of area of the cross-section,
b thickness of the web at the position of the section being considered.

7
NA. 2 V¢| /5\ LY Na.

Figure 7.17
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Note: If a section is designed on the basis of a transformed section in terms of the flange
material as discussed in Chapter 1, Section 1.10, then 7, must be modified using the
modular ratio to obtain equivalent plywood stresses, i.e.

Tl plywood = Ta,|| transformed X O

where:

. E
o the modular ratio equal to ——
f

This is illustrated in Example 7.2.
The magnitude of 7, | piywooa Must not exceed Tudm, |1 plywoods giVeN by:

Tadm,|| = Tg|| X KX K36
where:
7,11 grade stress of plywood given in Tables 34 to 37 of the code
K; modification factor to allow for load sharing,
Ksemodification factor to allow for differing load-duration and/or different service classes.

7.8.1.2 Rolling Shear

The physical construction of plywood, in which alternate veneers have grain directions
which are mutually perpendicular, enables a mode of failure called rolling shear to occur
(see Figure 7.18); there is a tendency for the material fibres to roll across each other
creating a horizontal shear failure plane. This phenomenon can occur at locations where
plywood is joined to other members/materials, either at the interface with the plywood or
between adjacent veneers of the plywood. In ply-web beams the rolling shear must be
checked at the connection of the web to the flanges and sufficient thickness (7) of flange
must be available to transfer the horizontal shear force at this location.

see detail A — horizontal shear force

flange
r j: < *— — <« failure plane —»
vertical ———— web
shear force —|
> > failure plane —»
— = | flange

Detail A — Plan View
Figure 7.18

The magnitude of the rolling shear stress can be determined using the same equation as
for panel shear with the critical section considered being section x—x at the interface
between the web and the flange, as shown in Figure 7.19:
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Tall = bl . LFT

X X

<
<

N.A. N.A.

Figure 7.19

where V, Ay and Iy . are as before. The value of b is equal to (flange thickness X no. of

interfaces between the flange and the web). In the beam shown above b = 2T.
As for panel shear, when using a transformed section the calculated value of T should
be modified using the modular ratio to obtain equivalent plywood stresses.

Tarolling = Tarolling,transformed X O
Tadmrolling = Tg X K3 X K36 X K37

As before the actual stress must be less than or equal to the permissible value:

Ta,rolling < 7v-adm,rolling

where: o, Kg and K¢ are as previously defined, and K3; is a stress concentration factor
given in Clause 4.7 and is equal to 0.5.

7.8.1.3 Web Stiffeners

Where webs are slender and at locations such as supports and points of application of
concentrated load, there is the possibility of failure caused by buckling of the web.
BS 5268-2:2002 does not give any guidance on the design of either non-loadbearing
(intermediate) or loadbearing web stiffeners other than to indicate that they are required
where appropriate. Most proprietary suppliers of ply-web beams advise web stiffener
details based on the results of full scale tests of their product. Design methods are
illustrated in various publications, notably by the Council of Forest Industries of British
Columbia (COFI) publication Fir Plywood Web Beam Design (ref. 73) and Timber
Designers’ Manual (ref. 71). Reference should be made to these publications for further
information regarding stiffeners.

7.8.2 Flanges

The primary purpose of the flanges is to resist tensile and compressive stresses induced by
bending effects and/or axial loads. Their construction is normally carried out using
continuous or finger-jointed structural timber such as European whitewood, Douglas fir,
larch or redwoods, the first of these being the most commonly used. Alternatively
plywood or glued-laminated components can be used.

7.8.2.1 Bending

There are a number of techniques which can be used to determine the bending moment
capacity of a ply-web beam. The method adopted in this text assumes that the full cross-
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section, i.e. the web and the flanges, contribute to the bending resistance. Analysis to
determine bending stresses is carried out assuming a transformed section, as indicated in
Chapter 1, Section 1.10, where:

o _ bending moment M
m,a - N . - I
transformed elastic section modulus z

When using this method it is necessary to ensure that:

¢ the calculated stresses in the extreme fibres of the flanges do not exceed the
permissible bending stress parallel to the grain as indicated in Section 7.7.2 for solid
beams:
Om,a < Om,adm, | |
where:
Omadm,|| = Omg,ll X KZX K3 X KS

¢ the tension and compressive stresses induced by the bending moment in the
plywood web do not exceed the appropriate values for the face grain orientation as
indicated in Tables 40 to 56 and Clause 4.7 of the Code:

X
S
IA

ie. Cia = Otadm and

X
R
IA

Oc,a = Oc,adm

N|E N|Z

where:

Obadm = Opg X Kg X K3,

Ocadm = Ogg X Ky X K3,

Z 1is the value of section modulus for the transformed section,
a is the modular ratio of the web and flange materials.

The above equations relating to the plywood apply to face grain in either the parallel or the
perpendicular directions.

In many cases load-sharing will not occur and the Kg value of 1.1 will not apply. This is
a conservative interpretation of Clause 2.9 relating to load-sharing systems. Some
designers interpret this Clause more widely and include the Ks value when lateral load
distribution does exist and the number of individual pieces of timber within a cross-section
is greater than four.

Note: The bending stresses given in Tables 40 to 56 apply to stresses induced when
bending is about either axis in the plane of the board, as indicated in Figure 7.20.
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axis of bending

Figure 7.20  In-plane axes of bending

In the case of ply-web beams, the axis of bending is perpendicular to the plane of the
board as shown in Figure 7.21, and consequently the tensile and compressive stresses are
used.

axis of bending

Figure 7.21 Out-of-plane axis of bending
In most cases the governing criteria will relate to the flange material.

7.8.2.2  Deflection (Clauses 2.10.7 and 4.7)

Traditionally when calculating the deflection of beams, only the component due to the
bending action is considered. This is due to the fact that in other materials, for example
steel, the shear modulus is considerably higher as a percentage of the true elastic modulus
than is the case in timber. A consequence of this is that when considering the deflection of
timber beams the effect of shearing deformation may be significant. In Clause 4.7 the code
indicates that shear deflection should be taken into account when designing ply-web
beams such that:
53.0[[121] = (6bending + ashear) < 0.003 x Span

7.8.2.2.1 Bending deflection (bending)

The calculation of the bending component of the overall deflection is based on elastic
deformation using the standard deflection formulae given in Appendix 3, or the equivalent
UDL technique discussed in Section 1.7 of Chapter 1. The bending rigidity (EI) of the
section must be determined using the modular ratio to account for the different elastic
moduli of the flange and web materials. This can be achieved using the following
expression:

ElI = (El)ﬂange + (El)webtransformed
EI Eﬂange(l flange + Odweb)

7.8.2.2.2 Shear deflection (Ognear)
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A number of factors, such as the cross-sectional dimensions, the shear modulus of the web
(Gyen), and the position and intensity of the loads, influence the shear deflection of a beam.
A number of complex analytical expressions have been developed to determine the
magnitude of the shear deflection — see Roark (ref. 45), COFI (ref. 73) — but a simplified
equation may be used to give an acceptable, approximate value:

M

G, A

web “ tw

ashear =

where:

M  bending moment at mid-span,

A,,  area of the web,

Gy modulus of rigidity of the web given in Tables 40 to 56 of the Code.

7.8.3  Lateral stability (Clauses 2.10.8 and 2.10.10)

The lateral stability of a built-up beam can be assessed by calculation assuming the
compression flange to be a column subject to sideways buckling between points of lateral
restraint. An alternative is also given in the Code in which differing lateral restraint
conditions are required, depending on the ratio of the second moment of area in the x—x
direction to that in the y—y direction. These requirements are given in paragraphs a) to f) of
Clause 2.10.10 of the Code and are summarised here in Table 7.3. This is similar to those
given in Table 19 for solid and laminated beams which are dependent on the depth/breadth
ratio.

Clause in BS 5268 Ratio Requirement
I, no lateral support required
2.10.10 (a) 7 <5
yy
I, ends of beam to be held in
2.10.10 (b) 5< I < 10 position at the bottom
i flange at supports
. beam to be held in line at
2.10.10 (c) 10 < <20 the ends
Ly
I one edge to be held in line
2.10.10 (d) 20 < 7 < 30
yy
I, beam to be restrained by
2.10.10 (e) 30 < I < 40 bridging or other bracing at
A intervals of not more than
2.4 m
I, compression flange should
2.10.10 (f) 40 < 7 be fully restrained
yy

Table 7.3  Lateral Restraint Requirements
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7.8.4 Example 7.2: Ply-web Beam Design
A proposed temporary platform is to be constructed using decking supported by the timber

ply-web I-beam sections indicated in Figure 7.22. Using the design data given, check the
suitability of the proposed beam section with respect to:

¢ bending,

¢ panel shear,

¢ rolling shear and
¢ deflection.

Design data:
Characteristic dead load (including self-weight) 0.3 kN/m
Characteristic imposed load (medium term) 3.0 kN/m
Span of beam 54m
Exposure condition Service Class 2
Flanges: 69 mm wide X 44 mm deep
“ British grown Douglas fir Grade SS
Web: 400 mm deep X 21 mm thick
Finnish combi-plywood: thick veneer, with 13 plies
Figure 7.22

7.8.4.1 Solution to Example 7.2

Contract : Ply-web Beam Job Ref. No : Example 7.2 | Calcs. by : W.McK.

Part of Structure : Temporary Platform Checked by :
Calc. Sheet No.: 1 of 4 Date :
References Calculations Output
Medium-term design load = (0.3 +3.0) = 3.3 kN/m
Design shear force = (33x54)/2 = 891kN
2 2
Design bending moment = % = % =12.02 kNm
Table 17 Load duration factor K3 =1.25 for medium-term
Table 2 Grade stresses:
British grown Douglas fir Grade SS — Strength Class C18
Table 8 Omg,|| = 5.8 N/mm’ Oie,|| = 3.5N/mm’
Oeell =71 N/mm? Ocgl = 2.2 N/mm? (no wane)
7|l = 0.67 N/mm’
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Contract : Ply-web Beam Job Ref. No : Example 7.2
Part of Structure : Temporary Platform

Calcs. by : W.McK.
Checked by :

Table 8
Table 53

Clause 2.10.10

Eftange = 9,100 N/mm” Eweb= 3200 N/mm?

Using a transformed section, the equivalent thickness of the
transformed web is given by

firansfromed =  factual X modular ratio ()
E
= oix w1 x 3290 g5
flange 9100

Transformed section properties:

69 mm 69 mm

A% = (400 x 145.38) — (138x 312)
44 mm | ‘ ‘ = 15.1 % 10° mm?
145.38x400°  138x312°
7.38 mm IFyx = -
RULS 12 12
312 mm = 426.1 x 10° mm*
2x44x145.38°  312x7.383
Fyy = +
12 12
44 mm ‘ ‘ 6 4
= 2254%10°mm
6
Zt. = 426.1x10
200
= 2.13x10° mm’
Lo _ 4261 _ o
I 2254

yy

The beams should be held in line at the ends. The decking which
is attached to the beams should achieve this.
Bending:

12.02x10°
2.13x10°
Omadm,|| = Omg|| X K> X K3 X Kg

=5.64 N/mm>

O-m,a,l | =

Calc. Sheet No.: 2 of 4 Date :

References Calculations Output
Emean = 9,100 N/mm Emin = 6000 N/mm

Table 53 Finnish combi-plywood (21 mm thick, 13 plies)

Oigt = 14.82 N/mm® Oegt = 7.73 N/mm®
Obg =3.0N/mm’ T, = 443 N/mm’
Tollg = 0.79 N/mm’ Eb1 = 3200 N/mm’
Eci = Eij1=23800N/mm’ G, = 285N/mm’
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Contract : Ply-web Beam Job Ref. No : Example 7.2
Part of Structure : Temporary Platform
Calc. Sheet No.: 3 of 4

Calcs. by : W.McK.
Checked by :
Date :

References

Calculations

Output

Clause 4.7

Clause 4.5
Table 39

Clause 4.7

See
Section 7.8.1.1

Assume no load-sharing s Kg =1.0
Medium term loading s Ky =1.25
Omadm,|| =5.8x 1.25=7.25N/mm > 5.64 N/mm’

Compression flange of plywood:

Cea= Ota= M o =564x 320 198 Nimm?
z 9100

Ocadm,L = Ocg.1 X Kg X K3g as before Kg = 1.0

K36=133 . Ocadml=7.73%1.33 =10.28 N/mm’
>> 1.98 N/mm®

Tension flange of plywood:
Oia= 1.98 N/mm? Otadm,L = Otgl X K§ X K36

Gtadm,l = 14.82x 1.33 = 19.71 N/mm®
>> 1.98 N/mm?®

Panel shear:

The panel shear stress is given by:

VAY

T bl NA
V = maximum shear force = 8.91 kN

Tp.a

Ay = 1 moment of area above the neutral axis

= (138 x 44 x 178) + (200 x 7.38 x 100)
= 1.228 x 10° mm®

8.91x103 x1.228x10°

Tp,a transf = = 3.48 N/mm’

7.38%426.1x10°
3200

Tpaplywood = Tpatranst X0 = 3.48%

Tpadmplywood = Tpo X K36=4.43 x 133 =5.89 N/mm’

> 1.22 N/mm?

| | @ T
Rolling shear: T X

N.A.

=<l

=1.22 N/mm?

Flanges are
adequate in bending

Plywood is adequate
in bending

Plywood is adequate
in panel shear
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Contract : Ply-web Beam Job Ref. No : Example 7.2
Part of Structure : Temporary Platform
Calc. Sheet No. : 4 of 4 Date :

Calcs. by :
Checked by :

W.McK.

References

Calculations

Output

Clause 4.7
Table 39

Clause 2.10.7
Clause 4.7

Section 7.8.2.2.1

Section 7.8.2.2.2

Table 43

The rolling shear stress is given by 7, = YAy
Ps
bInaA
V' =maximum shear force = 8.91 kN
Ay = 1" moment of area of the flanges above the neutral axis
=(2x69x%x44x178)
=1.081 x 10° mm’

_ 8.91x10% x1.081x10°

T p.a,transf 3 =0.26 N/mm2
2x44x426.1x10
3200
T roll,a,plywood = T roll,atransf X &0 = 0.26 x 9100 =0.09 N/mm2

T rolladm,plywood = Trollg X K36 X K37 =(0.79 X 1.33 X 0.5)
(Note the 0.5 factor in Clause 4.7) =0.53 N/mm’

>> 0.09 N/mm®
(Note: The Kj load duration factor does not apply to plywood.)

Deflection:

0 adm = 0.003 x 5400 = 16.2 mm
6aclual = 5bending +6 shear

swr?

384EI

El = Efilange(Iflange + 0Uweb)

) bending =

3
Inange =4 {%+ (poxaax178? )} =386.73 x 10° mm"*

3
gy = 1220, 21x4007 =39.38 x 10® mm*
9100 12
El =9100 (386.73 + 39.38) x 10° = 3877 x 10° Nmm>
5%(3.3%5.4)x10° x5400°
Ovending = ( ) 5 = 9.42 mm
384x3877x10
M 2
(Sshear = G =285 N/mm
GyebAw
12.02x10°
0. =————— ~ = 5.02mm
ST 85%(21x400)

Spctual = (942 +5.02)=1444mm < 192 mm

Note: The shear deflection makes a significant contribution to
the total deflection of the beam.

Plywood is adequate
in rolling shear

Ply-web beam is
adequate in
deflection
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7.9 Glued Laminated Beams (Glulam)

One of the fastest growing and most successful structural material industries in the UK is
that related to the use of glulam. Traditionally until the 1970’s and with the exception of
specialist uses such as in aircraft and marine components, glulam was purpose-made for a
limited number of types of structure such as swimming pools, churches or footbridges.
The availability of standard glulam components such as straight, curved or cambered
members has been made possible by the introduction of improved, modern high-volume
production plants. This has resulted in an ever-expanding range of uses, e.g. timber lintel
beams in domestic housing, large portal frames in conference and leisure centres, and even
structures such as the 162 m diameter dome of the Tacoma Sports and Convention Centre
in Washington State, USA. Glulam has many advantages, such as:

¢ members can be straight or curved in profile and uniform or variable in cross-
section,

¢ the strength:weight ratio is high, enabling the dead load due to the superstructure
to be kept to a minimum with a consequent saving in foundation construction,

¢ factory production allows a high standard of material quality to be achieved,

¢ timbers of large cross-section have a superior performance in fire than
alternatives such as concrete and steel,

¢ when treated with appropriate preservatives, softwood laminated timber is very
durable in wet exposure situations; in addition it also has a high resistance to
chemical attack and aggressive/polluted environments,

¢ there is no need for expansion joints because of the low coefficient of thermal
expansion,

¢ defects such as knots are restricted to the thickness of one lamination and their
effects on overall structural behaviour are significantly reduced,

¢ large spans are possible within the constraints of transportation to site.

An indication of the range of structures for which glulam is suitable is given in
Figures 7.23 (a) and (b).

Y——

simply supported beam monopitch beam duopitch beam
— (a)
pitched cambered beam arch fixed to foundation three-pinned portal frame
(b)

Figure 7.23
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7.9.1 Manufacture of Glulam

Glulam members are fabricated by gluing together accurately prepared timber laminations
in which the grain is in the longitudinal direction. BS 5628:Part 2, Clause 3.2 states that
‘Members may be horizontally laminated from two strength classes, provided that the
strength classes are not more than three classes apart in table 7 (i.e. C24 and C16 may be
horizontally laminated, but C24 and C14 may not), and the members are fabricated so that
not less than 25% of the depth of both the top and the bottom of the members is of the
superior strength class.’
This is illustrated in the examples shown in Figure 7.24:

C24 25 % higher strength
class material

C24 100% C16 50 %
higher strength
C24 25 % class material
Single Grade Mixed Grade Strain Diagram
Figure 7.24

When using mixed grade laminations it is evident that the higher strength laminations
are used to resist the larger bending stresses in the outer fibres of the cross-section.

7.9.1.1 Finger-Joints

The length of glulam members frequently exceeds the length of commercially available
solid timber, resulting in the need to finger-joint together individual planks to make
laminations of the required length.

A typical finger-joint is shown in Figure 7.25:

int \

Finger jo

Figure 7.25

The finger-joint is cut into the end-grain of each plank and the planks are pressed together
after applying adhesive.

In Clause 6.10.2 of the BS it is stated that Finger joints should be manufactured in
accordance with BS EN 385 1995.

7.9.1.2 Adhesives

The most widely used adhesives are the phenol-resorcinol-formaldehyde (PRF) type. The
adhesive, which is a liquid, is used with a ‘hardener’ containing formaldehyde and various
inert fillers. Pure resorcinal, which is expensive, is usually replaced with alternative,
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cheaper chemicals (phenols), which also react with formaldehyde. The chemical bond
formed during this reaction is a carbon-to-carbon type which is very strong and durable.

The resulting adhesives are fully water-, boil- and weather-resistant. In addition, PRF
adhesives do not decompose or ignite in a fire, and delamination will not occur under
normal circumstances. The chemical ‘pH’ value is approximately 7 (i.e. neutral), and
hence alkaline or acidic damage/corrosion will not occur in either the timber or any metal
components.

7.9.1.3 Surface finishes

Finished glulam beams are normally planed on their sides to remove any residual adhesive
which has been squeezed out of their joints during manufacture. Modern planing
machinery usually provides a finish of sufficient quality that subsequent sanding is
unnecessary.

7.9.1.4 Preservation treatment

The preservative treatment to glulam members tends to be applied to the finished product
rather than individual laminations prior to gluing. The preservatives discussed in
Chapter 1, Section 1.5 apply to glulam members and should comply with the requirements
of BS 5268-5 as indicated in Clause 7.7.1 of BS 5268-2.

7.9.2 Vertically Laminated Beams

Vertically laminated beams in which the applied load is parallel to the laminate joints
usually occur in elements such as laminated columns subjected to both axial and flexural
loads.

7.9.3  Horizontally Laminated Beams

Horizontally laminated beams are beams in which the laminations are parallel to the
neutral plane. The loading is applied in a direction perpendicular to the plane of the
laminations. The admissible stresses are determined by modifying the grade stresses.
There are two possibilities to consider:

¢ where the strength class is specified, and
¢ where a specific grade and species are specified.

Strength Class specified

The grade stresses are determined from Table 10 and modified using factors K5 to Ky
given in Table 24 for individual strength classes and number of laminations. This is in
addition to the requirements of Clauses 2.6.2, 2.8, 2.9 and 2.10.

Grade and Species specified

The grade stresses are determined from Tables 11 to 15 for the appropriate grade and
species. These values are modified using the factors Ki5 to Ky in Table 24 assuming a
strength class appropriate to the grade and species as given in Tables 2 to 7. This is in
addition to the requirements of Clauses 2.62, 2.8, 2.9 and 2.10.
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In addition to the modification factors indicated in Table 7.3, where members are
laminated from two strength classes the grade stresses for the superior lamination are used,
and those relating to bending, tension and compression parallel to the grain should be
multiplied by 0.95 as indicated in Clause 3.2.

The design of glulam beams follows the same pattern as solid rectangular beams,
where shear, bending, bearing and deflection are the main criteria to be considered. The
following stress criteria should be satisfied:

Shear stress:
Tol| STyl | X Ko X K3 X K5 X Kg X K9

where:
T, || = maximum applied horizontal shear stress
T, | | = grade stress parallel to the grain
K>, K3, Ks, Kg, K19 are modification factors used where appropriate

Bending stress:
Om,a,| | < Omg,|| X K> X K3 X Ko X K7 XKg X Ki5 X K33

where:
Om..|| = maximum applied bending stress
Om,g || = grade stress parallel to the grain
K>, K;, K, K7, Ks, K5, K33 are modification factors used where appropriate
Note: In the case of curved glulam members, equations are given to determine the
maximum radial and bending stresses.

Radial stress:
Or.a < Opg1 X K> X K5 X Kg

where:

O.. = maximum radial stress, calculated as given in Clauses 3.5.3.3 and 3.5.4.2
grade tension stress perpendicular to the grain, calculated in accordance
with Clause 2.7, i.e. equal to 0.33 X 7, | |
K>, K3, Ky, are modification factors used where appropriate

Org.1

Bearing stress:
Ocal S Ocgi XKy X K3 XKy X K3
where:
Oca. = maximum applied bearing stress
O.p.1 = grade stress perpendicular to the grain
K>, K;, Ks, K5, are modification factors used where appropriate.

In addition to satisfying stress criteria, the deflection due to bending and shear should
be considered, i.e.

0 acuat < 0.003 X span
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The manufacture of glulam beams lends itself to introducing an initial pre-camber to
offset the deflection due to dead and permanent loads. Where advantage is taken of this,
the calculated deflection due to live or intermittent imposed load only should not exceed
0.003 x span.

7.9.3.1 Modification factors

The modification factors which apply to glued laminated beams are summarised in
Table 7.4.

Factors Application Clause Value/Location
Number
K service class 3 sections (wet exposure): all 2.6.2 Table 16
stresses. — does not apply to plywood
K load duration: all stresses 2.8 Table 17
K, bearing stress 2.10.2 Table 18
Ks shear at notched ends: shear stress 2.10.4 Equations given
Ks bending stresses: form factor 2.10.5 Equations given
K5 bending stresses: depth factor 2.10.6 Equations given
Ky load-sharing all stresses 2.9 1.1
Kis bending parallel to grain 3.2 Table 24
Kis tension parallel to grain 3.2 Table 24
K7 compression parallel to grain 3.2 Table 24
Kis compression perpendicular to grain 3.2 Table 24
K9 shear parallel to grain 3.2 Table 24
K modulus of elasticity 3.2 Table 24
Ky, bending, tension, & shear parallel to grain 3.3 Table 25
Ky modulus of elasticity & compression 33 Table 25
parallel to grain
Ky compression perpendicular to grain 3.3 Table 25
K3 end joints in horizontal glulam 3.4 Table 26
K; end joints in horizontal glulam 34 Table 26
K3 end joints in horizontal glulam 34 Table 26
Ks3 curved glulam members: bending, tension 3,532 Equations given
& compression all parallel to grain
Ks4 curved glulam members: calculated 3532 Equations given
bending stresses
Kss calculated radial stresses in pitched 3542 Equations given
cambered glulam beams
Note: K;sto Ky apply to horizontally laminated beams
K57 to Ky apply to vertically laminated beams
K30 to K3, apply to individually designed glued end joints in horizontally
glued laminated members

Table 7.4  Modification factors for glulam beams
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7.9.4 Example 7.3: Glulam Roof Beam Design

The glulam timber beam shown in Figure 7.26 comprises 8/45 mm finished laminations
(machined from 50 mm thick timber) each of which is imported redwood, visually
classified as SS grade. It is intended to use the beam internally in a building which is
continually heated. Assuming an 8.0 m simply supported span, determine the maximum
long-term uniformly distributed load (including self-weight) which can be carried
considering:

¢ bending, /()]
¢ shear and \
¢ deflection. V()]

360 mm

v Figure 7.26

7.9.4.1 Solution to Example 7.3

Contract : Glulam Beam Job Ref. No : Example 7.3 Calcs. by : W.McK.
Part of Structure : Simply Supported Span Checked by :

Calc. Sheet No.: 1 of 3 Date :

References Calculations Output

The beam is to be manufactured from imported redwood of
SS grade with 8 horizontal laminations each 45 mm thick.
(Assume that wane is not permitted)

Table 2 Imported redwood of grade SS is classified as strength class C24
Table 8 Grade stresses:

Ome|| = 75N/mm’ o6 (| = 45Nmm’

Oeg|l = 7T9Nmm*> o, = 24N/mm’

T|l = 07IN/mm’* Epen = 10,800 N/mm®

Eoin 7200 N/'mm*  Poean = 420 kg/m®

Section properties:

Area = 135x360 = 48.6x 10° mm?
3
L, = B0 0% 108 mm?
12
2
7., = B30T 60100 mm?

6
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Contract : Glulam Beam Job Ref. No : Example 7.3| Calcs. by : W.McK.
Part of Structure : Simply Supported Span Checked by :
Calc. Sheet No.: 2 of 3 Date :
References Calculations Output
D/B = 360 _ 2.7 The ends should be
135 held in position to
Table 19 2 < D/B < 3 satisfy the lateral
torsional stability
Consider Bending: requirements.
2
Maximum applied bending moment = w>;8
= 8.0wkNm
where w is the total distributed load including self-weight
6
Omal] = 2210 24 Nimm®
2.92x10°
Om.adm, | | = Ongl|| XKy X K3 X Ko X K7 X Kg X K5
Clause 1.6.4 Moisture content < 12°C Service class 1
Table 16 K, does not apply (i.e. =1.0)
Table 17 Long-term loading K3 = 1.0
Clause 2.10.5 Form factor K¢ = 1.0
2
Clause 2.10.6 | Depth factor Ky = 0.81x" _ +92,300
h” +56,800

2
K, = 08Ix 3602+92’300 = 0964
3602 +56,.800

! 1.40

Clause 2.9 Assume no load-sharing, so Ky does not apply
Table 24 Strength class C24, number of laminations = 8§
Kis = 139+ (1.43—1.39)><§ =
Note: Interpolation is permitted for an intermediate number of
laminations
Omadm,|| = 7.5%1.0xx1.0x0.964 % 1.40
10.12 N/mm®

Clause 3.2 Note:

Maximum applied stress =

Maximum value of w

If more than one strength class is used within a beam
cross-section then o, || Oig ||, Ocg || Value should be
multiplied by 0.95.

274w 10.12 N/mm?

IN

(10.12/2.74) = 3.69 kN/m
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Contract : Glulam Beam Job Ref. No : Example 7.3| Calcs. by : W.McK.
Part of Structure : Simply Supported Span Checked by :
Calc. Sheet No.: 3of 3 Date :
References Calculations Output

Table 24

Table 24

Clause 2.10.7

Clause 3.5.2

Consider Shear:
Maximum applied shear force = (wx8.0)/2 = 4.0wkN
T,|| = L5Xaverage,||

1.5x4.0wx103

0.123w N/mm?

48.6x10°
Tadm,|| = Tg|| XKy X K3 X K5 X Kg X Ki9
Asbefore K, = 1.0, K; = 1.0

Assume K5 for notched ends and Kg do not apply in this case.
K]g = 234
Tam|| = 071x1.0x234 = 1.66N/mm* 7,[|

Maximum applied stress = 0.123w < 1.66 N/mm’

Maximum value of w (1.66/1.23) = 13.5 kN/m

Consider Deflection:
6aclual = 5bending + 6shear

The mean modulus should be multiplied by K,y = 1.07

E = EpenmxKy = 10800x 1.07 = 11556 N/mm>

4
6aclua] = Swl +£ where M = 8.0w kNm
384E1 AG

The value of the shear modulus is normally assumed to be equal
to E/16

G = U556 _ 9 Nimm?
16
5 ~ 5xwx(8000)* .\ 8.0wx10°
actual -
t 384x11556x524.9x10° 48.6x103 %722
= 879w + 023w = 9.02w mm

Oum = 0.003xspan = 0.003x8000 = 24.0mm
Maximum actual deflection=9.02w < 24.0 N/mm?
Maximum value of w = (24.0/9.02) = 2.66 kN/m

A camber can be provided to offset the dead load and/or
permanent load deflection. This would permit an increased load
to be carried since in this case w is limited by deflection.

The maximum udl
which can be carried
is governed by the
deflection criteria,
i.e. 2.66 KN/m
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7.10 Axially Loaded Members

7.10.1 Introduction

The design of axially loaded members considers any member where the applied loading
induces either axial tension or axial compression. Members subject to axial forces
frequently occur in bracing systems, roof trusses or lattice girders.

Frequently, in structural frames sections are subjected to combined axial and bending
effects, which may be caused by eccentric connections, wind loading or rigid-frame action.
The design of such members is discussed and illustrated in Section 7.11. In BS 5266-
2:2002, the design of compression members is considered in Clause 2.11 and the design of
tension members in Clause 2.12. In both cases the service class, duration of loading and
load sharing modification factors apply. In addition, for compression members allowance
must be made for the slenderness of the section (see section 7.10.4.1), and in the case of
tension members a width factor is also considered. The relevant modification factors
which apply to axially loaded members are summarized in Table 7.5.

Factors Application Clause Number | Value/Location
K service class 3 sections 2.6.2 Table 16
(wet exposure): all stresses
K; load duration: all stresses 2.8 Table 17
Ks load-sharing: all stresses 2.9 1.1
Ko modulus of elasticity 2.10.11/2.11.5 Table 20
K slenderness of columns 2.11.5 Table 22
K3 spaced columns: effective length 2.11.10 Table 23
K4 width factor: tensile stresses 2.12.2 Equations given
Kog minimum modulus of elasticity:
compression parallel to the grain 2.11.5 Table 25
in vertically laminated glulam
members
Ky minimum modulus of elasticity:
compression perpendicular to the 2.11.5 Table 25
grain in vertically laminated
glulam members

Table 7.5 Modification factors — axially loaded members

7.10.2 Design of Tension Members (Clause 2.12)

The design of tension members is based on the effective area of the cross-section allowing
for a reduction due to notches, bolts, dowels, screw holes or any mechanical fastener
inserted in the member. Since the grade stresses given in Table 10 of the code apply to
material assigned to a strength class and having a width of 300 mm (the greater transverse
dimension /), a modification factor K;4 must be used. The value to be used for Ky, is
given in Clause 2.12.2 as:
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72 mm K,= 1.17
72 mm Ky = (300/h)"

Solid timber members where h

<
Solid and glulam members where h 2

The tension capacity of a section is given by:
P = [0y, X Kx X K3 X Kg X K14] X [effective cross-sectional area]

where:

O.g || 1s the grade stress

K>, K;, Ks, and K4 are modification factors

effective cross-sectional area is the cross-sectional area after allowances have been made
as described above.

7.10.3 Example 7.4: Truss Tie Member

A close coupled roof construction comprises a tie (175 mm X 63 mm) connected to two
rafters by M8 steel bolts, as shown in Figure 7.27. Check the suitability of the tie to
transmit a long-term tensile load of 3.0 kN and a medium-term tensile load of 5.0 kN.

Tie: 100 mm x 38 mm Section

British grown Douglas fir SS grade
Connected to rafter using 8 mm steel bolts.

Figure 7.27
7.10.3.1 Solution to Example 7.4
Contract : Truss Job Ref. No : Example 7.4 Calcs. by : W.McK.
Part of Structure : Tie Checked by :
Calc. Sheet No.: 1 of 2 Date :
References Calculations Output
Table 1 Assume Service Class 2
Table 2 British grown Douglas fir grade SS is classified as C18
Table 8 Grade stresses:
Tension parallel to grain Gy, || = 3.5 N/mm?
Otadm,| | =  Oug|| X Ko X K3 X KgX K4
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Contract : Truss Job Ref. No : Example 7.4 Calcs. by : W.McK.
Part of Structure : Tie Checked by :
Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
Clause 2.6.2 K> — wet exposure does not apply in this case
medium term loading _ 5.0 = 40KN > long-term load
1.25 1.25
.. Check for medium-term loading
F t
O' —
b | effective area
effective area = gross area — projected area of bolt hole
= (100x38)—(10x38) = 3420 mm>
Clause 6.6.1 Note: The bolt hole is 2 mm larger than the bolt diameter.
5.0x10° )
Otal| = —/—— 1.46 N/mm
3420
Clause 2.8 K3 — load duration Medium-term K3 = 1.25
Clause 2.9 Kg — load sharing stresses does not apply in this case
Clause 2.12.2 K14 — width of section h  >72 mm
0.11
300
Ky = |— = 1.128
100
Giagm || = 3.5x125x1.128 = 4.9 N/mm’
> 1.46 N/mm’ Tie is adequate
There is considerable reserve of strength in the tie.

7.10.4 Design of Compression Members (Clause 2.11)

The design of compression members is more complex than that of tension members, and
encompasses the design of structural elements referred to as columns, stanchions or struts.
The term ‘struts’ is usually used when referring to members in lattice/truss frameworks,
whilst the other two generally refer to vertical or inclined members supporting floors

and/or roofs in structural frames.

As with tension members, in many cases they are subjected to both axial and bending
effects. This Section deals with those members which are subjected to concentric axial

loading.

The dominant mode of failure to be considered when designing struts is axial buckling.
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Buckling failure is caused by secondary bending effects induced by factors such as these:

¢ The inherent eccentricity of applied loads due to asymmetric connection details.

¢ Imperfections present in the cross-section and/or profile of a member throughout its
length. The allowable deviation from straightness when using either visual or
machine grading (i.e. bow not greater than 20 mm lateral displacement over a length
of 2.0 m) is inadequate when considering compression members. More severe
restrictions, such as L/300 for structural timber and L/500 for glulam sections,
should be considered.

¢ Non-uniformity of material properties throughout a member.

The effects of these characteristics are to introduce initial curvature, secondary bending
and consequently premature failure by buckling before the stress in the material reaches
the failure value. The stress at which failure will occur is influenced by several variables,

e.g.

# the cross-sectional shape of the member,
¢ the slenderness of the member,
¢ the permissible stress of the material.

A practical and realistic assessment of the critical slenderness of a strut is the most
important criterion in determining the compressive strength.

7.10.4.1 Slenderness
Slenderness is evaluated using either:

i A==

where:

A is the slenderness ratio,

L.  isthe effective length with respect to the axis of buckling being considered,

i is the radius of gyration with respect to the axis of buckling being considered.

or for a rectangular section the alternative given in (ii) can be used:
. L,
i A )
where:
A and L. are as above and
b is the lesser transverse dimension of the member being considered.
Note: For a rectangular section of breadth b and depth d

,._\ﬁ_/d_lf_b
A 12 243
L

eg. whenAl=20 .. — = 20

C Lx2\3 L,
i b

=20.. — = 577
b
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L L
In BS 5268-2 values for both — and 76 are given in Table 22. In most cases rectangular
i

. o . . L
sections are used in timber design, therefore the slenderness can be evaluated using —-.

Limiting values of slenderness are given in the code to reduce the possibility of premature
failure in long struts, and to ensure an acceptable degree of robustness in a member. These
limits, which are given in Clause 2.11.4, are shown in Table 7.6.

7.10.4.1.1  Effective Length

The effective length is considered to be the actual length of the member between points of
restraint multiplied by a coefficient to allow for effects such as stiffening due to end
connections of the frame of which the member is a part. Appropriate values for the
coefficients are given in Table 21 of the code and illustrated in Figure 7.28. Alternatively
the effective length can be considered to be ‘the distance between adjacent points of zero
bending between which the member is in single curvature’ as indicated in Clause 2.11.3.

Pinned Pinned Fully Restrained Sway — No Rotation Sway and Rotation
ER ER E e e 1/
\ \\ ! I’ /I
\ Vol L=085L N . /
1 - 1 !
V| Le=L , ! L.=0.7L ] ? /=201
/ — ! | L.=15L
’ I
iy i i 1 &
B2 £ 22 2 2
Pinned Fully Restrained Fully Restrained Fully Restrained Fully Restrained

Figure 7.28 Effective Lengths (L.)

Type of member e Le/b

(a) any compression member carrying dead and imposed
loads other than loads resulting from wind;

(b) any compression member, however loaded, which by 180 52
its deformation will adversely affect the stress in
another member carrying dead and imposed loads
other than wind

(c) any member normally subject to tension or combined
tension and bending arising from dead and imposed
loads, but subject to a reversal of axial stress solely 250 72.3
from the effect of wind;

(d) any compression member carrying self-weight and
wind loads only (e.g. wind bracing)

Table 7.6
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When considering members in triangulated frameworks (other than trussed rafters
which are considered in BS 5268:Part 3:1985), with continuous compression members,
e.g. the top chord of a lattice girder, the effective length may be taken as:

¢ between (.85 x distance [/ between the node points and
1.0 X distance [ between the node points
for buckling in the plane of the framework and
¢ between 0.85 X actual distance between effective lateral restraints and
1.0 X actual distance between effective lateral restraints
for buckling perpendicular to the plane of the framework.

The value used depends on the degree of fixity and the distribution of load between the
node points.

When considering non-continuous compression members such as web elements
within a framework (i.e. uprights and diagonals in compression), the effective length is
influenced by the type of end connection. A single bolt or connector which permits
rotation at the ends of the member is assumed to be a pin, and the effective length should
be taken as 1.0 X length between the bolts or connectors. Where glued gusset plates are
used, then partial restraint exists. The effective length both in the plane of the frame and
perpendicular to the plane of the frame should be taken as 0.9 X the actual distance
between the points of intersection of the lines passing through the centroids of the
members connected. These requirements are given in Clause 2.11.11 of the Code.

All other cases should be assessed and the appropriate factor from Table 21 used to
determine the effective length.

The compression capacity of a section is given by:

P. = [0cg|| X Ky X K3 X K3 X Ki5] X [K7 or Kjg] X [effective cross-sectional area]
where:
Ocg, || 1s the grade stress
K>, K;, Ks, K5, K;7 and K5 are modification factors
effective cross-sectional area is the cross-sectional area after allowances have been made
for open holes, notches etc. — if a bolt is inserted into a hole with only nominal clearance,
then no deduction is required.

The K, factor applies when the slenderness of a member is greater than 5. The values of
K, are given in Table 22 and require the value of slenderness (L./i or L./b), and E/c | |.

The value of E to be used is the minimum value. If appropriate, the E,,;, value can be
modified by Ky from Table 20 for members comprising two or more pieces connected
together in parallel and acting together to support the loads. In the case of vertically
laminated members the E.;, value can be multiplied by K, from Table 25. For
horizontally laminated members the mean modulus modified by K,y from Table 24 should
be used. The value of o, || should be modified using only K, for moisture content and K3
for load duration. The size factor for compression members does not apply, since the grade
compression stresses given in Tables 10 to 15 apply to all solid timber members and
laminations graded in accordance with BS 4978, BS 5756 or BS EN 519.
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A consequence of the inclusion of the Kj factor in determining K, is that all relevant
loading conditions should be considered separately, since K, and subsequently O aam,|| 1S
different in each case.

7.10.5 Example 7.5: Concentrically Loaded Column

A symmetrically loaded internal column is required to support four beams as shown in
Figure 7.29. The top can be considered to be held in position but not in direction, and the
bottom to be restrained in both direction and position about both axes.

A lateral restraint is provided 2.2 m from the base as indicated. Assuming Service
Class 2, check the suitability of a 75 mm X 150 mm, strength class C18 section to resist a
long-term load of 12.0 kN and a medium-term load of 20.0 kN.

| i |
T :
(11
‘A ll&\ A¢ § y ( lateral restraint
—— ) ——— — | ‘
: g RS==h
lateral restraint — | g = 17 e jL 150 mm
| g S !
E| & y
S
Q Cross-section of column
\l
b\\)‘ Section A—A
""L" ~ O~
Figure 7.29
7.10.5.1 Solution to Example 7.5
Contract : Struts Job Ref. No. : Example 7.5 Calcs. by : W.McK.
Part of Structure : Axially Loaded Column Checked by :
Calc. Sheet No.: 1 of 3 Date :
References Calculations Output
Table 8 Strength Class C18
Ocg || = 7.1 N/mm’, Emin = 6000 N/mm?
K, (wet exposure), and Ks (load sharing), do not apply
Table 17 long-term loading Kz = 1.0
medium-term loading Kz = 1.25
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Contract : Struts
Part of Structure :

Job Ref. No. : Example 7.5
Axially Loaded Column

Calcs. by : W.McK.
Checked by :

The value of K1> can be determined by interpolation
from Table 22:

Extract from Table 22
Le/b 23.1 26.0
Elo. ||
800 0.497 0.43
900 0.522 0.456

A conservative, approximate answer can be found

using the lowest value corresponding with the lowest E/oc, | |
and highest A4 value, i.e. in this case 0.43. If the

section is adequate with this value then it will also be

adequate with a more accurate determination of K,

Calc. Sheet No.: 2 of 3 Date :
References Calculations Output
Clause 2.11.3 Slenderness:

Table 21 x—Xx axis Lexx = (0.85%x3400) = 2890 mm
’ L
Clause 2.11.4 =X = 289 = 22 < 52 (ie. LJ/i< 180)
h 150
Leyy 2= (1.0x1200) = 1200 mm
or > (0.85%x2200) = 1870 mm ‘*critical
L
Clause 2.11.4 Zow o B0 5403 < 52 (e Lui< 180)
b 75
critical slenderness = 24.93

Clause 2.11.5 Long-term:

Table 22 Elo.|| 1is determined using Eyiy and O || = Ocg,| | X K3
Emn = 6000 N/mm’
ol = 71x1.0 = 7. Nmm?
Elo.|| = % = 845, A=24.93

Oc,adm, | |
Oc,adm, | |

Oca,| |

= Ocg || XK3XKp2
= T7.1x1.0x043 =
F

C
Effective Area

3.05 N/mm?>
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Contract : Struts
Part of Structure :

Job Ref. No. : Example 7.5
Axially Loaded Column

Calcs. by : W.McK.
Checked by :

Calc. Sheet No.: 3of 3 Date :
References Calculations Output
Effective area = grossarea = (150x75) = 11250 mm?
3 .
oeall = 217 Nmm? < 3.05N/mm? | Long-term capacity
i 11250 is adequate
Medium-term:
Table 22 Elo.|| 1is determined using Eyiy and O || = Ocg,| | X K3
Emin = 6000 N/mm?
Ol = 7.1x125 = 8.88N/mm?
Elo. || = 0000 _ 6757, A=24.93
8.88

The value of K, can be determined by interpolation from
Table 22 or as above using an approximate value. If necessary a
more precise value can be determined.

Extract from Table 19

Le/b 23.1 26.0
Elo. ||
600 0.43 0.363
700 0.467 0.399
K = 0.363
Ocadm,|| = Ocg || XK3XKp2
Ceadm.|| = 7.1x1.25x0.363 =3.22 N/mm?
F
Ocal|l|l = ——&——
Effective Area
Effective area = grossarea = (150x75) = 11250 mm?
3
Ceall = 20x10 1.78 N/mm® < 3.22 N/mm’
’ 11250

Medium-term
capacity is adequate
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7.11 Members Subject to Combined Axial and Flexural Loads

7.11.1 Introduction

Many structural elements such as beams and truss members are subjected to a single
dominant effect, i.e. applied bending or axial stresses. Secondary effects which also occur
are often insignificant and can be neglected. There are, however, numerous elements in
which the combined effects of bending and axial stresses must be considered, e.g. rigid-
jointed frames such as portals, chords in lattice girders with applied loading between the
node points, and columns with eccentrically applied loading.

The relevant modification factors which apply to members subject to combined loading
are those which apply to the individual types, i.e. axially loaded and flexural members, and
are summarized in Table 7.7.

Factors Application Clause Number | Value/Location
K, service class 3 sections 2.6.2 Table 16
(wet exposure): all stresses
K; load duration: all stresses 2.8 Table 17
K; load-sharing: all stresses 2.9 1.1
K modulus of elasticity 2.10.11-2.11.5 Table 20
K, slenderness of columns 2.11.5 Table 22
K3 spaced columns: effective length 2.11.10 Table 23
K., width factor: tensile stresses 2.12.2 Equations given
Kis— Ky horizontally laminated members 32 Table 24
Ky — Ky vertically laminated members 33 Table 25
K;; & K5, | curved laminated members 3.5.3 Equations given
K pitched cambered laminated members 354 Equations given

Table 7.7 Modification factors

7.11.2 Combined Bending and Axial Tension (Clause 2.12.3)

The interaction equation for members subject to combined bending and axial tension is

given in Clause 2.12.3 as:

Omall , Crall
+ < 1.0
m,adm,| | t,adm,| |
where:
Oma||  is the applied bending stress,

Om.adm,|| 1S the permissible bending stress,
Oiall is the applied tension stress,
Otadm.|| 1S the permissible tension stress.

The values of Gpaam,|| and Giaam,|| are evaluated using the modification factors where
Om..|| should represent the maximum value of the bending
stress in the cross-section. In some instances bending will occur about both the x—x and

appropriate. The value of
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y—y axes simultaneously, in which case the applied bending stress is equal to:

Oma, || = (o-m,ax,| | + Omay, | |)

where:
Omax.|| 1S the maximum bending stress due to bending about the x—x axis of the section,
Omay,|| 1s the maximum bending stress due to bending about the y—y axis of the section.

The expression given in the code is a linear interaction formula and could have been
written using separate terms for bending about the x—x and y—y axes as:

Onaxll  Omayll  Orall
e + = < 1.0
(e}

madm|| @ madm)| t,adm,| |

7.11.3 Example 7.6: Ceiling Tie

Using the data given, check the suitability of the tie in the truss indicated in Example 7.4
when it is subjected to a combined medium-term bending moment of 0.5 kNm and a
medium-term axial load of 5.0 kN.

Data:

Tie: 100 mm x 38 mm Section
Strength Class TR26
The tie is connected to the rafters using 8 mm steel bolts

7.11.3.1 Solution to Example 7.6

Contract : Truss Tie Job Ref. No : Example 7.6 Calcs. by : W.McK.
Part of Structure : Combined Tension and Bending | Checked by :
Calc. Sheet No. : 1 of 2 Date :
References Calculations Output
Table 1 Assume Service Class 2
Strength Class T26
Table 9 Grade stresses:
Tension parallel to grain Ol = 60 N/mm?
Otadm,|| = Org || X Ko X K3 X Kg X K4
Bending parallel to the grain Omg|| = 10.0 N/mm?
Omadm,| | = Omg|| X K2 X K3 X Kg X K7 X Kg
Clause 2.6.2 K> — wet exposure does not apply in this case
Clause 2.8 K3 — load duration Medium-term K3 =1.25
Clause 2.10.5 K¢ — shape factor Rectangular K¢ =1.0
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Contract : Truss Tie Job Ref. No : Example 7.6
Part of Structure : Combined Tension and Bending
Calc. Sheet No. : 2 of 2 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 2.10.6

Clause 2.9
Clause 2.12.2

Clause 6.6.1

Clause 2.12.3

K; — depth of section 72 mm < h <300 mm
0.11 0.11
300
ko= (229 - [22) - g2
h 100
Kg — load sharing stresses does not apply in this case
K4 — width of section for tension members
0.11 0.11
300
K= 300 = — = 1.128
h 100
Ot.adm, | | = O || XKy X K3 X KgX K4
= (6.0x1.25x1.128) = 8.46 N/mm’
Omadm,|| = Omg|| XKy X K3 X Kg X K7 X Ky
= (100x125%x1.0x1.128) = 14.1 N/mm?
Section properties:
Effective area = gross area — projected area of bolt hole
= (100x38)—(10x38) = 3420 mm’

Note: The bolt hole is 2 mm larger than the bolt diameter.

2
Effective section modulus = @ = 63.33x10° mm’
Axial stress:
F 0x10°
Gl = ! = 30X e Nimm?
effective area 3420

Bending stress:

o, _  bending moment _ 0.5x10° = 7.9 N/mm?
ma|| section modulus  63.33x10° .

Combined tension and bending:

Gma” Gla”
e 4 < 1.0

O‘m,adm,‘ | O-l,adm,l I

7.9 + 1.46

14.1 8.46
Only one load case has been considered here, and in addition the
design of the connections may require a larger section size than is
necessary for the combined axial and bending stresses.

= 071 < 1.0

The section is
adequate for
combined tension
and bending




Design of Structural Timber Elements 499

7.11.4 Combined Bending and Axial Compression (Clause 2.11.6)

As indicated previously, in slender members subjected to axial compressive loads there is
a tendency for lateral instability to occur. This type of failure is called buckling and is
reflected in the modification factor K;; which is used to reduce the permissible
compressive stress in a member.

The interaction diagram for combined bending and compression is more complex than
that for combined tension and bending. For stocky members (i.e. slenderness ratio values A
lower than approximately 30), a non-linear relationship exists between axial stresses and
bending stresses. For members with a high slenderness ratio, a linear approximation is
more realistic as shown in Figure 7.30.

o

ca)

c,adm,| ‘

low slenderness ratio

high slenderness ratio

1.0

m,ax,| |

o
m,ay,| |
m,adm,| |

o
Figure 7.30 m.adm| |

The non-linear behaviour in members with low slenderness ratios is a consequence of
the higher values of compressive stress required to induce failure. Unlike timber subjected
to tension, which exhibits a linear stress-strain curve until failure is reached, timber
subjected to compressive stresses exhibits considerable plasticity (i.e. non-linear
behaviour) after the initial elastic linear deformation. At high values of slenderness the
stresses are relatively low when buckling occurs and hence a linear response is more
appropriate, whilst at low values of slenderness relatively high values of stress occur at
failure and hence a non-linear approximation is more realistic.

The interaction formula given in Clause 2.11.6 of the code for combined bending and
axial compression is:

Ol Ocall
1’5’ +—= < 1.0
i GC,a,l ‘ Gc,adm,| ‘
Gm,udm,” 1- XK12
GS
where:
Oma||  is the applied bending stress,

Om.adm,|| 1S the permissible bending stress,
Ocall | is the applied tension stress,
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Ocadm,|| 1S the permissible tension stress,
n’El

O. is the Euler critical stress = >

The values of Omadm, || and O aam || are determined using the modification factors where
appropriate. The value of ©,,,|| should represent the maximum value of the bending
stress in the cross-section. In some instances bending will occur about both the x—x and
y—y axes simultaneously, in which case:

Omall = (Omax|| + Omay.||)
where:
Omax.|| 1S the maximum bending stress due to bending about the x—x axis of the section,
Omay,|| 1 the maximum bending stress due to bending about the y—y axis of the section.

Note: In glulam members the value of G, .am || @bout the x—x axis and G .am, || about the
y—y axis may differ.

L.50
In the first term, the inclusion of the expression el K,, is to allow for the
(0

additional applied bending moment (P X ), induced by the eccentricity of the axial load
after deformation of the member. If no axial load existed this term would equal zero and
the interaction equation would reduce to:

o
m,a,| | .
—G <1.0 1.6. Omall < Omadm ||

m,adm,| |

which is the same as that required for a member subject to bending only.

7.11.5 Example 7.7: Stud Wall

The rear wall of a small shelter is constructed from a stud wall as shown in Figure 7.31.
The vertical studs are built into concrete at the base, support a roof structure at the top, and
are positioned at 500 mm centres with noggings at mid-height.

Assume that the cladding material does not contribute to the structural stability of the
framed structure.

Using the design data given, show that the studs indicated are suitable.

Design Data:

Characteristic axial load (medium term) 1.75 kN/stud
Characteristic wind load 0.6 kN/m’
Exposure condition Service Class 3
Strength Class C24

Section size 47 mm X 97 mm
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|

— Studs at 500 mm centres

N

Profiled sheeting:
non-structural

| Noggings

400 mm
v

4000 mm

R

Elevation End Elevation
Figure 7.31
7.11.5.1 Solution to Example 7.7
Contract : Shelter  Job Ref. No : Example 7.7 Calcs. by : W.McK.
Part of Structure : Stud Wall Checked by :
Calc. Sheet No.: 1 of 4 Date :
References Calculations Output
Strength Class 24
Table 8 Grade stresses:
Compression parallel to grain Oeell = 79 N/mm?
Ocadm,|| = Ocg || X Ko X K3 X KgX Kip
Bending parallel to the grain Omgl|l = 7.5 N/mm?
Omadm,| | = Omg|| X Ky X K3 X Kg X K7 X Ky
Emin = 7200 N/mm’
Clause 2.6.2 K> — wet exposure does apply in this case
Table 16 K2vcompression [ = 0.6, Kvaending [ = 08’ K2,E = 08,
Clause 2.8 K3 — load duration
Table 17 Medium-term for axial load only K3 =1.25
(note ¢) The largest diagonal dimension of the loaded area < 50 m

Clause 2.10.5
Clause 2.10.6

Very short-term — wind load K;=1.75
K¢ — shape factor Rectangular K¢ = 1.0
K; — Depth of section 72 mm < & <300 mm

0.11 0.11
K= (20 2 (29) 2 s
h 97
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Contract : Shelter  Job Ref. No : Example 7.7 Calcs. by : W.McK.
Part of Structure : Stud Wall Checked by :
Calc. Sheet No.: 2 of 4 Date :
References Calculations Output
Clause 2.9 Load sharing stresses do apply in this case — Kg = 1.1

Clause 2.11.3
Table 21

Clause 2.11.4

Clause 2.11.4

Table 22

Note: This factor does not apply when evaluating K,

Slenderness:
x—x axis  Lexx = (0.85x4000) = 3400 mm
T Lew _ 3800 _ 55y (55 (e Li< 180)
h 97

y-yaxis Leyy 2= (1.0x2000) = 2000mm *critical
> (0.85x2000) = 1750 mm

W % = 4255 < 52 (ie. LJ/i< 180)

Critical slenderness = 42.55

Medium-term loading (axial load only):

Elo.|| isdetermined using Epin and Oc || = Ocg | | X K2 X K3
Emin = 7200 N/mm’

o.|| = (79x0.6x125 = 593 N/mm’

Elo.|| = 720 1214.2;  A=42.55

5.93
The value of K}, can be determined by interpolation from
Table 22 or as above using an approximate value. If necessary a
more precise value can be determined.

Extract from Table 22

Le/b 40.5 46.2
Elo.| |
1200 0.288 0.233
1300 0.303 0.247
K = 0.233
Ocadm,|| = Ocg || X Ko X K3 X KgX K5
= (79x0.6x1.25x1.1x0.233)
= 1.52 N/mm?
Axial stress:
Area = (47x97) = 4559 mm’
F. . 3
)| = —e o LTXA0T g Nymm?

Area 4559




Design of Structural Timber Elements

503

Contract : Shelter
Part of Structure : Stud Wall
Calc. Sheet No.: 3 of 4

Job Ref. No : Example 7.7

Date :

Calcs. by : W.McK.
Checked by :

References Calculations Output
Very short-term loading (Axial load combined with bending):
Table 22 Elo.|| is determined using Eni, and O || = Ocg, | | X K2 X K3
Emin = 7200 N/mm”
ol = (79%x06x1.75) = 83N/mm’
Elo. || = % = 867.5; A=4255

Clause 2.11.6

The value of K/, can be determined by interpolation from
Table 22 or as above using an approximate value. If necessary a
more precise value can be determined.

Extract from Table 22
Le/b 40.5 46.2
Elo. ||
800 0.217 0.172
900 0.237 0.188
Kip = 0.172
Ocadm,|| = Ocg|| X Ko X K3 X KgX Ky

= (7.9%0.6x1.75x 1.1 x0.172) =1.57 N/mm?

Omadm,| | = Omg,|| X Ko X K3 X Kg X K7 X Kg

= (75%0.8x1.75x1.0x 1.13 X 1.1) = 13.05 N/mm>
Axial stress:
Area = (47x97) = 4559 mm’

Oeall = 0.38 N/mm? as before

Bending stress:

2
Section modulus = ﬂ = 73.7%10° mm®
Wind load = 3.0 kN/m’
Load carried by one stud = (0.6x4.4x0.5) = 1.32kN
Bending moment = % = % = 0.61 kNm
. 6

Gual| = Ben(?mg moment _ 0.61x10 = 828 N/mm?

Section modulus  73.7x10°

7’E

Euler critical stress = where A = (LJi)

)2

L




504 Design of Structural Elements

Contract :Shelter Job Ref. No : Example 7.7 Calcs. by : W.McK.
Part of Structure : Stud Wall Checked by :
Calc. Sheet No. : 4 of 4 Date :
References Calculations Output
I
L. =2000 mm; and i= .2
A
3
Iy = 97?;7 = 0.839 x10° mm?*

6
by = 2B 1357
4559

A = (2000/13.57) =147.4

E = (EgnxK) = (7200x08) = 5760 N/mm’
2 2

Euler critical stress = 71' 2E - r X5726 0 = 2.62 N/mm?
A 147.4

Combined compression and bending:

Clause 2.11.6 Tmall + Teall < 1.0
]'So-ca|| 0cadm||
o ‘ 1-———m X K12 ’ ?
m,adm, | R

1.50
“eally K, = [Mxo.m] = 0.037 A 47 mm X 97 mm

Oec 2.62 section of Strength

8.28 0.38 Class C24 is
— 2 2 = 09 < 1.0
13.05(1-0.037)  1.57 adequate for the

studs.
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7.12 Mechanical Fasteners

Traditionally the transfer of forces from one structural timber member to another was
achieved by the construction of carpentry joints. In many instances the physical contact or
friction between members was relied upon to transfer the forces between them.

The use of mechanical fasteners is now firmly established as an essential part of
modern economic design in timber. There are numerous types of fastener available; those
considered in BS 5268-2 are:

nailed joints (Clause 6.4)
screwed joints (Clause 6.5)
bolted and dowelled joints (Clause 6.6)
toothed-plate connector joints (Clause 6.7).

* & o o

Only nailed connections are considered in this text; additional information for other
connection types can be found in ref. 72:

¢ split-ring connector joints (Clause 6.8)
¢ shear-plate connector joints (Clause 6.9)
¢ glued joints (Clause 6.10).

There are many proprietary types of fastener, such as punched metal plate fasteners
with or without integral teeth, and splice plates which are also used but are not included in
the Code.

Many factors may influence the use of a particular type of fastener, e.g.

method of assembly,
connection details,
purpose of connection,
loading,

permissible stresses,
aesthetics.

*® & & & o o

Normally there are several methods of connection for any given joint which could provide
an efficient structural solution. The choice will generally be dictated by consideration of
cost, availability of skills, suitable fabrication equipment, and desired finish required by
the client. Glued joints generally require more rigorous conditions of application and
control than mechanical fasteners.

A large number of modification factors are associated with the use of mechanical
fasteners: these have been summarised in Table 7.8.

7.12.1 Nails (see Figure 7.32)

The most commonly used type of nails are (a) round plain wire nails. Two variations of
this type are (b) clout nails (often referred to as slate, felt or plasterboard nails), which are
simply large versions with a larger diameter head, and (c) lost head nails in which.
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Factors Application Clause Number | Value/Location

K, service class 3 sections: (wet exposure) 2.6.2 Table 16

Ks load-sharing: all stresses 2.9 1.1

Ky3 nails driven into end grain 6.4.4.1 0.7

Ky improved nail lateral loads 6.4.4.4 1.2

Kiys threaded part of annular ringed shank 6.4.4.4 1.5
and helical shank nails

Ky steel plate to timber joint 6.4.5.2 1.25

Kug duration of loading — nailed joint 6.4.9 Given in clause

Ky moisture content — nailed joint 6.4.9 Given in clause

K5 number of nails in each line 6.4.9 Given in clause

K5, duration of loading — screwed joint 6.5.7 Given in clause

Ks; moisture content — screwed joint 6.5.7 Given in clause

Ks, number of screws in each line 6.5.7 Given in clause

Kss moisture content — bolted joint 6.6.6 Given in clause

Ks; number of bolts in each line 6.6.6 Given in clause

Ksg duration of loading — toothed-plate 6.7.6 Given in clause
connector joint

Kso moisture content — toothed-plate 6.7.6 Given in clause
connector joint

Ko end distance / edge distance / spacing of 6.7.6 Tables 85,87,88
toothed-plate connectors

Ke; number of toothed-plate connectors in 6.7.6 Equation
each line

1.6 duration of loading — split-ring 6.8.5 Given in clause
connector joint

K3 moisture content — split-ring connector 6.8.5 Given in clause
joint

Kes end distance / edge distance / spacing of 6.8.5 Tables 91,92,93
split-ring connectors Tables 93,95,96

Ks number of split-ring connectors in each 6.8.5 Equation
line

Kes duration of loading — shear-plate 6.9.6 Given in clause
connector joint

K7 moisture content — shear-plate connector 6.9.6 Given in clause
joint

Kss end distance / edge distance / spacing of 6.9.6 Tables 91,92,93
shear-plate connectors Tables 93,95,96

Keo number of shear-plate connectors in 6.9.6 Equation
each line

K permissible shear stress for glue-line 6.10.1.3 0.9

Kc end distance — connectors 6.7.6 Table 87,88,95

Ks spacing — connectors 6.7.6 Tables 85,93,87

Kp edge distance — connectors 6.9.6 Table 96

Table 7.8 Modification Factors
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the head is very small. The introduction of improved nails such as (d) square twisted, and
(e) helically threaded and annular ringed shank nails with increased lateral and
withdrawal resistance has proved very useful; particularly for fixing sheet materials to
roofs and floors where ‘popping’ is often a problem with plain round nails.

Pneumatically driven nails (f), when manufactured from suitably hardened and
tempered steel, enable relatively straightforward fixing of timber to materials such as
concrete, brickwork and stone.

Pre-drilling of holes may be required to avoid splitting and to enable use with dense
hardwoods such as greenheart and keruing timbers. The pre-drilled holes should not be
greater than (0.8 X nail diameter) as indicated in Clause 6.4.1.

(a) (b) (c) (d) (e) ®)
Figure 7.32
Nails are used either for locating timber, e.g. a stud to a wall plate as in Figure 7.33(a),

or for transferring forces such as the shear force and bending moment at a knee joint in a
portal frame joint, as shown in Figure 7.33(b).

stud to wall plate
connection; nails are
locators in this case and
do not transmit loads

densely nailed portal frame
knee joint in which the nails
can transfer high loads

(a) (b)
Figure 7.33

The basic single-shear lateral loads and withdrawal loads for nails in timber-to-timber
joints are given in Tables 61 and 62 respectively. The basic single-shear lateral loads for
plywood-to-timber and particle board-to-timber joints are given in Tables 63 and 64
respectively.

The design of nailed joints is dependent on a number of factors, two of which are the
headside thickness and the pointside thickness as shown in Figure 7.34:
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Headside thicknessﬁ [ Pointside thickness

\ x — actual penetration

Figure 7.34

Standard values for the headside and pointside thicknesses are given in Table 61. In
cases where the actual headside or pointside thickness is less than the standard Table 61
values the basic load is multiplied by the smaller of the following two ratios, (a) and (b),
as indicated in Clause 6.4.4.1:

actual headside thickness

standard headside thickness ~

actual penetration thickness

(b)

standard pointside thickness

If either (a) or (b) is less than 0.66 for softwoods or 1.0 for hardwoods then NO load-
carrying capacity should be assumed. The corresponding values when using improved
nails are 0.5 for softwoods and 0.75 for hardwoods.

Where the nails are driven into the end grain, the Table 61 values should be multiplied
by K43 which equals 0.7. It is important to note that NO withdrawal load is permitted by a
nail driven into the end grain of timber.

In joints where multiple shear planes occur, the total shear load from each nail is equal
to the basic value for a single plane multiplied by the number of shear planes. There are
additional criteria relating to the timber thicknesses, as indicated in Figure 7.35.

n T <_3_ /I/shear plane

R

~—

B3 4—3— v shear plane

Figure 7.35
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Multiple shear load/nail = (2 X basic shear load) provided that:
t, 2= 0.85 x standard thickness (Table 61)

When #; < standard thickness or
t; < standard thickness or
t, < 0.85 x standard thickness

Multiple shear load/nail equals the smaller of:
(2 X basic shear load) X ratio (a) and
(2 X basic shear load) X ratio (b)

where ratio (a) and ratio (b) are as before.

The permissible load for a joint is determined by modifying the calculated basic load to

allow for

line (K 50).

duration of loading (K,s), moisture content (K49) and the number of nails in each
Each of the modification factors K4z, K49 and K is defined in Clause 6.4.9.

It is necessary to ensure that adequate end and edge distances and spacing between
nails is provided to avoid undue splitting. Minimum values are given in Table 53 for all
nailed joints. When using Douglas fir the Table 53 values should be multiplied by 0.8.

7.12.2 Example 7.8: Nailed Tension Splice

A tension splice is shown in Figure 7.36. Using the data given design a suitable splice
detail considering:

i)
ii)
iii)

Timber

Nails

1400 N

38 mm X 100 mm softwood splice plates,
12 mm Finnish birch plywood, and
pre-drilled 1.5 mm thick mild steel plates.

Douglas fir

Service Class 2

Strength Class C16

Load duration considered long-term

3.4 mm diameter round wire X 65 mm long
No pre-drilling

splice plate
- . 50 mm X 100 mm
% )
x/_\i\dl/ 7-_/:-/_\_/
2 e ¢
2

splice plate

Figure 7.36




510 Design of Structural Elements

(i) Timber-to-timber joint

Table 61 For nail diameter 3.4 mm, softwood not pre-drilled
Standard penetration = 41 mm
Standard headside thickness = 41 mm

Basic single shear lateral load = 377 kN

Actual headside thickness = 38mm < standard
Clause 6.4.4.1 —ctualheadsidethickness ——_ =38 = _ " o3 46
standard headside thickness 41

Actual penetration thickness

(65-38) = 27mm < standard

Clause 6.4.4.1 actual penetration thickness _ 27 _ 066 > 0.66

standard pointside thickness 41

Clause 6.4.4.2 Inner member > 0.85 X standard thickness
Clause 6.4.4.3 Penetration = 27mm > minimum value of 15 mm

The Table 61 values should be multiplied by the smaller of the ratios in Clause 6.4.4.1,
i.e. 0.66.

Basic single shear lateral load F

(377 x0.66) = 248.8 N

Clause 6.4.9 Permissible load/nail F.qm = (F X Kyg X Ky9 X Ksp)
where :
F = basic load/nail
K,s= load duration modification factor long-term load K43 =1.0
K= moisture content modification factor service class 2 Ky =1.0
K59 = number of nails in line modification factor assume<10 K5y =1.0

Fum = (FXKigXKyoxXKs)) = (2488x1.0x1.0x1.0) = 2488 N

Designload 1400
F 24838

adm
Adopt 6 nails each side i.c. single line of three nails or alternatively
Adopt 8 nails each side i.c. two lines of two nails

Number of nails required = = 5.6 each side of splice

Clause 6.4.3  Nail spacing

Table 60 (no pre-drilling)
Minimum end distance parallel to the grain = 20d=(20x34) = 68mm
Minimum edge distance perpendicular to the grain = 5d =(5x3.4) = 17 mm

Minimum distance between adjacent nails in any one line, parallel to the grain
= 20d =68 mm
Minimum distance between lines of nails perpendicular to the grain
= 10d =(10x3.4) =34 mm
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Nailing pattern assuming 6 nails each side

.70,70 170.:70,70 : 70 {70 |70,

( 25 mm
g 25 mm

Total length of each splice plate = [2Xx (4 X 70)] = 560 mm

Alternate pattern using 8 nails each side of the splice:

7

70 17070 70: 70 : 70

|
\ O---O @ O I 20 mm
§ } 60 mm
a Fan\ @) @)
, A A Ay \ 20 mm
Total length of each splice plate = [2X (3 Xx70)] = 420 mm
(i1) 12 mm Finnish birch plywood-to-timber splice
Timber: Douglas fir, Strength Class C16, long-term loading
Nails: 3.4 mm diameter X 65 mm long in softwood, not pre-drilled
Table 63 Plywood is Group II (note 1 in Table 63)
Clause 6.4.6.2 Minimum length of nail = 50 mm < actual length of 65 mm
Basic single shear lateral load = 355N
Clause 6.4.9  Permissible load/nail Fqm = (F X Kyg X K9 X Ks0)
as before:

Kig=Kyp=Ks50=1.0
Fum=(55x10x1.0x1.0) = 355N

Number of nails required = Design load - 1400 _
Fagm 355

Adopt 4 nails in line or two lines of two nails similar to the previous splice. The Table 61
values for minimum nail spacings should be satisfied.
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(iii))  Steel plate-to-timber splice

Timber: Douglas fir, Strength Class C16, long-term loading
Nails: 3.4 mm diameter X 65 mm long in softwood, not pre-drilled
Steel plate: 1.5 mm thick mild steel

1.2 mm
0.3 X nail diameter
0.3x3.4=1.02mm
1.5 mm is adequate

Clause 6.4.5.1 Minimum thickness of plate

v v

Actual thickness of plate

Clause 6.4.5.2 Basic lateral load = (Table 61 value X Ky¢)
Note: The hole diameter in the steel plate should equal the diameter of the
nails, and Ky has a value of 1.25.

Table 61 Basic single shear lateral load = 377N
Basic lateral load = (377x1.25) = 471.3N
Clause 6.4.9 Permissible load/nail Foanm = (FX KX Ky X Ksp)

as before:
Kig=Kyp=Ks0=1.0
Fadm 4713%x1.0x1.0x1.0) = 4713N

Designload 1400
F, 471.3

adm

Number of nails required

Adopt 4 nails as in the case of Finnish-birch plywood splice plates.



8. Design of Structural Masonry Elements (BS 5628)

Objectives: To introduce masonry, i.e. brickwork and blockwork as a structural
material and to illustrate the process of design for structural masonry elements.

8.1 Introduction

Despite the use of masonry for construction during many centuries, design techniques
based on well-established scientific principles have only been developed during the latter
part of the 20™ century.

The mechanisation and development of brickmaking occurred in the mid-19™ century.
Prior to this time the firing of bricks had always been in intermittent kilns. Using this
technique, moulded and partially dried bricks were loaded into a kiln and fired. On
completion of the firing the fire was put out, the kiln opened and the bricks allowed to
cool. This process was then repeated for the next batch.

Modern brickmaking is carried out using a continuous process in which batches of
bricks are loaded, fired, cooled and removed in permanent rotation. The shaping of clay to
produce bricks is carried out either by extrusion or by moulding/pressing.

The strength of masonry/brickwork is dependent on a number of factors, one of which
is the unit strength. (Note: the distinction between brickwork — an assemblage of bricks
and mortar — and brick — the individual structural unit. In this text in general, reference to
bricks and brickwork also implies blockwork, stonework, etc.)

In civil engineering projects which require high strength characteristics, high density
engineering bricks are frequently used, whilst in general construction common bricks
(commons) are used. Where appearance is a prime consideration facing bricks are used
combining attractive appearance, colour and good resistance to exposure. Bricks which are
non-standard size and/or shape are increasingly being used by architects and are known as
specials (see Figure 8.1).

Internal angle (dogleg) Snap header King closer Queen closer

Figure 8.1 A selection of special bricks

The design of structural masonry/brickwork in the U.K. is governed by the
requirements of BS 5628 — Code of Practice for the Use of Masonry Parts 1, 2 and 3.

The references to Clause numbers in this text relate to BS 5628:Part 1:1992 unless
stated otherwise (including Amendment 1 —July 1993 and Amendment 2 — August 2002).
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8.2 Materials

Masonry can be regarded as an assemblage of structural units, which are bonded together
in a particular pattern by mortar or grout.

8.2.1 Structural Units (Clause 7 and Section 2 Clause 5 of BS 5628 : Part 3)
There are seven types of structural unit referred to in BS 5628:

¢ calcium silicate (sandlime and flintlime) bricks (BS 187),

¢ clay bricks (BS 3921),

¢ dimensions of bricks of special shapes and sizes (BS 4729),

¢ stone masonry (BS 5340),

¢ precast concrete masonry units (BS 6073:Part 1),
¢ reconstructed stone masonry units (BS 6457),

¢ clay and calcium silicate modular bricks (BS 6649).

The specification for each of these unit types is given in the appropriate British Standard
as indicated. The selection of a particular type of unit for any given structure is dependent
on a number of criteria, e.g. strength, durability, adhesion, fire resistance, thermal
properties, acoustic properties and aesthetics.

The structural units may be solid, solid with frogs, perforated, hollow or cellular, as
indicated in Figure 8.2.

solid solid with frog perforated hollow cellular

Figure 8.2 Types of structural unit

8.2.1.1 Dimensions and Sizes

The specifications for the sizes of clay bricks, calcium silicate (sandlime and flintlime)
bricks and precast concrete masonry units are given in BS 3927:1985, BS 187:1978 and
BS 6073:Part 1:1981 respectively. The sizes of bricks are normally referred to in terms of
work sizes and co-ordinating sizes, as shown in Figure 8.3. When using clay or calcium
bricks the standard work sizes for individual units are 215 mm length X 102.5 mm width X
65 mm height. In most cases the recommended joint width is 10 mm, resulting in co-
ordination sizes of bricks equal to 225 mm X 112.5 mm X 75 mm.

When designing it is more efficient and economic to specify dimensions of masonry
minimising the cutting of brickwork. Wherever possible the dimensions of openings,
panels returns, piers etc. should be a multiple of the co-ordinating size, plus or minus the
joint thickness where appropriate. Brickwork dimension tables are available from the
Brick Development Association (87).
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Co-ordinating sizes Work sizes

Figure 8.3

8.2.2 Mortar (Clause 15)

Mortar is the medium which binds together the individual structural units to create a
continuous structural form, e.g. brickwork, stonework, etc. Mortar serves a number of
functions in masonry construction, i.e. to:

¢ bind together the individual units,

¢ distribute the pressures evenly throughout the individual units,

¢ infill the joints between the units and hence increase the resistance to moisture
penetration,

¢ maintain the sound characteristics of a wall,

¢ maintain the thermal characteristics of a wall.

Present-day mortars are specifically manufactured to suit the type of construction
involved. In most cases they are mixtures of sand, cement and water. The workability is
often improved by the inclusion of lime or a mortar plasticiser. Lime is used in mortar for
several reasons:

¢ to create a consistency which enables the mortar to cling and spread,
¢ to help retain the moisture and prevent the mortar from setting too quickly,
¢ to improve the ability of the mortar to accommodate local movement.

Plasticisers can be used with mortars which have a low cement:sand ratio to improve the
workability. Their use introduces air bubbles into the mixture which fill the voids in the
sand and increase the volume of the binder paste. The introduction of plasticisers into a
mix must be carefully controlled, since the short-term gain in improved workability can be
offset in the longer term by creating an excessively porous mortar resulting in reduced
durability, strength and bond. This is emphasised in BS 5628:Part 1:1992, Clause 17 in
which it is stated: ‘Plasticisers can only be used with the written permission of the
designer.’

The requirements for mortars in relation to strength, resistance to frost attack during
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construction, and improvement in bond and consequent resistance to rain penetration, are
given in Table 1 of BS 5628:Part 1.

Four mortar designation types, (i), (ii), (iii) and (iv) are specified in terms of their
cement, lime, sand and plasticiser content, and appropriate 28-day strengths are given.
The mortar type is subsequently used in design calculations to determine characteristic
masonry strengths (fy).

8.2.3 Bonds (Appendix B of BS 5628:Part 3:2001)

Walling made from regular-shaped units is constructed by laying the units in definite,
specific patterns called bonds, according to the orientation of the long sides (stretchers) or
the short sides (headers).

The method of laying structural units is specified in Section 8 of BS 5628:Part 1 and
detailed in Section 32 of Part 3 of the Code. Normally all bricks, solid and cellular blocks
are laid on a full bed of mortar with all cross joints and collar joints filled. (A cross joint is
a joint other than a bed joint, at right angles to the face of a wall. A collar joint is a
continuous vertical joint parallel to the face of a wall.)

In situations where units are laid on either their stretcher face or end face, the strength
of the units used in design should be based on tests carried out in this orientation. In bricks
with frogs, the unit should be laid with the frog or larger frog uppermost. The position and
filling of frogs is important since both can affect the resulting strength and sound
insulation of a wall. Cellular bricks should be laid with their cavities downwards and
unfilled.

It is essential when constructing brickwork walls to ensure that the individual units are
bonding together in a manner which will distribute the applied loading throughout the
brickwork. This is normally achieved by laying units such that they overlap others in the
course below. The resulting pattern of brickwork enables applied loads to be distributed
both in the horizontal and vertical directions as shown in Figure 8.4(a) and (b).
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(a) Distribution due to in-plane loading (b) Distribution due to out-of-plane loading

Figure 8.4

A number of bonds have been established which provide brickwork walls with the
required characteristics, i.e.:

¢ vertical and horizontal load distribution for in-plane forces,
¢ lateral stability to resist out-of-plane forces,
¢ aesthetically acceptable finishes.
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In BS 5628:Part 3:2001 masonry bonds are defined for both brickwork and blockwork.
Examples of several frequently used bonds for brickwork i.e. English bond, Flemish bond
and Header bond are indicated in Figures 8.5 to 8.7.

¢ English bond:  Shows on both faces alternate courses of headers and stretchers.

Figure 8.5

¢ Flemish bond: Shows on the face alternate headers and stretchers in each
course. It may be built as a ‘single Flemish bond’, which shows
Flemish bond on both faces of the wall.

Figure 8.6

¢ Header bond:  Consists of bricks with their ends showing on the face of the
wall, laid with a half lap of the brick width.

Figure 8.7

8.2.4 Joint Finishes (Appendix B of BS 5628:Part 3:2001)

The final appearance of brickwork is dependent on the finish of the joints between
individual units (perpend/vertical-cross joints), and the bed joints between the courses.
Various joint finishes can be created depending upon the desired aesthetic effect.
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If the finishes are created during construction then the process is called jointing; if this
is done after completion of the brickwork it is called pointing. As indicated in Clause 27.7
of BS 5628:Part 3, jointing is preferable since it leaves the bedding mortar undisturbed.

Two of the most commonly used joint finishes are shown in Figures 8.8 and 8.9; others
are illustrated in Appendix B of BS 5628:Part 3.

Jointing Pointing

& Weather or Struck finish:

Figure 8.8
¢ Keyed or Bucket Handle finish:

Figure 8.9

The type of joint finish selected will be influenced by a number of factors such as
exposure conditions and aesthetics. The most effective types to resist rain penetration are
weather and keyed finishes. In situations where wind-driven rain is likely, finishes which
produce a water-retaining edge, e.g. recessed, should be avoided.

If raking out of a joint is carried out as a finishing feature, the reduction in wall
thickness should be considered when calculating design stresses as indicated in a footnote
to Clauses 8.2, 8.3 and 8.4 of BS 5628:Part 1:1992.

8.2.5 Damp-Proof Courses (Clause 12 and Clause 10 of BS 5628:Part 3:2001)

The purpose of a damp-proof course (d.p.c.) is to provide an impermeable barrier to the
movement of moisture into a building. The passage of water may be horizontal, upward or
downward. The material properties required of d.p.cs are set out in BS 5628:Part 3, Clause
21.4.3, they are:

¢ an expected life at least equal to that of the building,

¢ resistance to compression without extrusion,

¢ resistance to sliding where necessary,

¢ adhesion to units and mortar where necessary,

¢ resistance to accidental damage during installation and subsequent building
operations,

¢ workability at temperatures normally encountered during building operations, with
particular regard to ease of forming and sealing joints, fabricating junctions, steps
and stop ends, and ability to retain shape.
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There is a wide range of materials which are currently used as d.p.c.s, which fall into
three categories:

¢ flexible e.g. lead, copper, polyethylene, bitumen, bitumen polymers,

¢ semi-rigid e.g. mastic asphalt,

¢ rigid e.g. epoxy resin/sand, three courses of engineering brick, and bonded
slate.

The physical properties and performance of each type are given in BS 5628:Part 3,
Table 12. The relevant British Standards which apply to each type are:

¢ Dbitumen (BS 6398),
¢ brick (BS 3921),
¢ polyethylene (BS 6515),
¢ all others (BS 743).

The correct positioning of d.p.cs is important to ensure continuity of the impervious
barrier throughout a building. In Clause 21.5 of BS 5628:Part 3, detailed advice is given
relating to the use of d.p.c.s in most common situations, i.e. below ground level,
immediately above ground level, under cills, at jambs of openings, over openings, at
balcony thresholds, in parapets and in chimneys. A typical detail for a steel lintel over an
opening in a cavity wall is shown in Figure 8.10.

d.p.c. rises at
least 150 mm
across the cavity

v

vertical d.p.c. taken up and
between webs on the steel lintel

timber window frame

Figure 8.10

8.2.6 Rendering (Clause 21.3.2 of BS 5628:Part 3:2001)

The rendering of masonry involves applying an additional surface to the external walls to
improve the weather resistance and in some instances to provide a decorative finish. There
are five commonly used types of render:

¢ pebbledash (dry dash) this produces a rough finish with exposed stones which
are thrown onto a freshly applied coat of mortar,
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¢ roughcast (wet dash) this produces a rough finish by throwing a wet mix
containing a proportion of small stones,

¢ scraped or textured the final coat of mortar is treated using one of a variety
of tools to produce a desired finish,

¢ plain coat the final coat is a smooth/level coat finished with

wood-cork or felt-faced pad,
¢ machine applied finish the final coat is thrown on the wall by a machine
producing the desired texture.

It is important when applying a rendered finish to give consideration to the possibility of
cracking. In circumstances where strong, dense mixes are used for the render to protect
against severe exposure conditions, there is the risk of considerable shrinkage cracking.
The tendency is to use weaker renders based on cement:lime mixes which accommodate
higher levels of shrinkage, are more absorbent and reduce the flow of water over the
surface cracks.

8.2.7 Wall Ties (Clause 13 and Clause 19.5 of BS 5628:Part 3:2001)

Wall ties (see Figure 8.11) are required to tie together a masonry wall and another
structural component/element such that they behave compositely to resist/transfer the
applied loading. The design of wall ties should comply with the requirements of BS 1243
Specification for metal ties for cavity wall construction. In situations where corrosion is
likely, the ties should be manufactured from either stainless steel or a non-ferrous material.

v drip flat fishtailed tie & flat fishtailed tie
/
S ’ ’
/ [

~ T~
double triangle tie

Figure 8.11

Some of these ties must have a ‘drip’ to prevent the movement of water through a
cavity (as shown in Figure 8.12) and be designed such that they minimise the retention of
mortar droppings during construction.

S drip - drip - drip . drip

Figure 8.12
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The most commonly used wall ties are those used in cavity-wall construction, i.e.
vertical twist, double triangle and butterfly ties as shown in Figure 8.11. The strength and
spacing of ties in cavity walls must be sufficient to develop the combined stiffness of both
leaves if they are to be effective. The requirements for the provision of ties are given in
Clause 19.5 and Table 9 (see Figure 8.13) of BS 5628:Part 3:2001.

Extract from BS 5628:Part 3:2001

Table 9. Wall ties

(A) Spacing of ties
Least leaf thickness | Type of tie Cavity Equivalent no. of ties | Spacing of ties
(one or both) width per square metre Horizontally Vertically
mm mm mm mm
65 to 90 All 50t075 | 4.9 450 450
90 or more See 50 to 2.5 900 450
table 9 (b) 150

(B) Selection of ties

Type of tiein BS 1243 | Cavity width

mm
Increasing strength Increasing flexibility Vertical twist 150 or less
and sound insulation Double triangle 75 or less
Butterfly 75 or less

Figure 8.13

8.3 Material Properties

Masonry is a non-homogeneous, non-isotropic composite material which exists in many
forms comprising units of varying shape, size and physical characteristics. The parameters
which are most significant when considering structural design relate to strength and elastic
properties, e.g. compressive, flexural and shear strengths, modulus of elasticity, coefficient
of friction, creep, moisture movement and thermal expansion; these are discussed
individually in Sections 8.3.1 to 8.3.7. Tensile strength is generally ignored in masonry
design.

The workmanship involved in constructing masonry is more variable than is normally
found when using most other structural materials, and consideration must be given to this
at the design stage.

8.3.1 Compressive Strength
The compressive strength of masonry is dependent on numerous factors such as:

the mortar strength,

the unit strength,

the relative values of unit and mortar strength,

the aspect ratio of the units (ratio of height to least horizontal dimension),
the orientation of the units in relation to the direction of the applied load,
the bed-joint thickness.

*® & & ¢ o o
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This list gives an indication of the complexity of making an accurate assessment of
masonry strength. Unit strengths and masonry strengths are given in BS 5628:Part 1:1992
in Figures 1(a) to 1(d) and Tables 2(a) to 2(d). These values are derived from research data
carried out on individual units, small wall units (wallettes) and full-scale testing of storey
height walls. The tabulated values are intended for use with masonry in which the
structural units are laid on their normal bed faces in the attitude in which their compressive
strengths are determined and in which they are normally loaded. Variations to this can be
accommodated and testing procedures are specified in Appendix A of the code for the
experimental determination of the characteristic compressive strength of masonry. Full-
scale testing of storey height panels is considered to give the most accurate estimate of

potential strength of masonry walls.

8.3.2  Flexural Strength
The non-isotropic nature of masonry results in two principal modes of flexural failure

which must be considered:

¢ failure parallel to the bed-joints, and
¢ failure perpendicular to the bed-joints,

as shown in Figures 8.14 (a) and (b).

\A\Ar“: flexural \
\P\L / / tension\“ /;::::;5{:
TR Jﬁ%ﬁ ! ~a ~—a
/l / ‘ /’2:’,; —>(I -
flexural | / ’/:;;;::;:z 0y ~
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(a) failure parallel to the bed-joints (b) failure perpendicular to the bed-joints

Figure 8.14

The ratio of (flexural strength parallel to the bed-joints) to (flexural strength perpendicular
to the bed-joints) is known as the orthogonal ratio (1) and has a typical value of 0.33 for
clay, calcium silicate and concrete bricks, and 0.6 for concrete blocks. Research
indications are that the flexural strengths of clay bricks are significantly influenced by the
water absorption characteristics of the units.

In the case of concrete blocks the flexural strength perpendicular to the bed-joints is
significantly influenced by the compressive strength of the units. There does not appear to
be any meaningful correlation between the strength of calcium silicate bricks, concrete
bricks or concrete blocks parallel to the bed-joints with any standard physical property.

In all cases the flexural strength in both directions is dependent on the strength of the
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mortar used and in particular the adhesion between the units and the mortar. The adhesion
is very variable and research has shown it to be dependent on properties such as the pore
structure of the units and mortar, the grading of the mortar sand and the moisture content
of the mortar at the time of laying.

These consideration have been included during the development of the values given in
BS 5628:Part I: Table 3, ‘Characteristic flexural strength of masonry’.

8.3.3 Tensile Strength

As mentioned previously, the tensile strength of masonry is generally ignored in design.
However, in Clause 24.1 the code indicates that a designer is permitted to assume 50% of
the flexural strength values given in Table 3 when considering direct tension induced by
suction forces arising from wind loads on roof structures, or by the probable effects of
misuse or accidental damage.

Note: In no circumstances may the combined flexural and direct tensile stresses exceed
the values given in Table 3.

8.3.4 Shear Strength

The shear strength of masonry is important when considering wall panels subject to lateral
forces and structural forms such as diaphragm and fin walls where there is the possibility
of vertical shear failure between the transverse ribs and flanges during bending.

Shear failure is most likely to be due to in-plane horizontal shear forces, particularly at
the level of damp-proof courses.

The characteristic shear strength is dependent on the mortar strength and any
precompression which exists. In BS 5628:Part 1:1992, Clause 25 linear relationships are
given for the characteristic shear strength and the precompression as follows:

(a) Shear in a horizontal direction in a horizontal plane

Shear acting in the
horizontal direction in
/ the horizontal plane

/

Mortar designations (i) and (ii)
fv = 0.35+0.6g4
< 1.75 N/mm®
Mortar designations (iii) and (iv)
fv = 0.15+0.6g5
< 1.4 N/mm’

where:

fv is the characteristic shear strength in the horizontal direction in the horizontal plane
(see Figure 2 of the code),

ga 1s the design vertical load per unit area of wall cross-section due to the vertical loads
calculated for the appropriate loading conditions specified in Clause 22.

(b)  Shear in bonded masonry in the vertical direction in the vertical plane
For brick:
Mortar designations (i) and (ii)
f. = 0.7 N/mm’
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Mortar designations (iii) and (iv) Shear acting in the vertical
f = 05 N/mm?> direction in the vertical plane

For dense aggregate solid concrete
block with a minimum strength of
7 N/mm’:

Mortar designations (i) and (ii)

f. = 0.7 N/mm’

Mortar designations (iii) and (iv)

f. = 0.5 N/mm’

W
AN
P

N\
N

The design shear strength is obtained by applying the partial safety factor ¥, given in

Clause 27.4 of the code and hence:

Sy

’}/mv

where %,y = 2.5 when mortar not weaker than designation (iv) is used, and

1.25 when considering the probable effects of misuse or accidental
damage.

Design shear strength of masonry =

In the case of wall panels which are subject to lateral loads and restrained by concrete
supports, the shear forces can be transmitted by metal wall ties. The characteristic shear
strength of various types of tie which are engaged in dovetail slots in structural concrete
are given in Table 8 of the code. As with masonry, the design values can be obtained by
applying a partial safety factor }, as given in Clause 27.5, i.e.
¥n = 3.0 under normal conditions and

= 1.5 when considering the probable effects of misuse or accidental damage.

8.3.5 Modulus of Elasticity

Since masonry is an anisotropic, composite material, the value of its elastic modulus, E,,
is variable depending on several factors such as materials used, the direction and type of
loading etc. A typical stress—strain curve is shown in Figure 8.17.

The actual value of E,, varies considerably and is
A approximated in BS 5628:Part 2:2000, Clause 7.4.1.7
as being equal to 0.9 fi kKN/mm”. In practice this may
range from 0.5 f; to 2.0 f;; the value given, however,

is sufficiently accurate for design purposes.
In the long-term the value of elastic modulus
allowing for creep and shrinkage may be taken as:
. Ey, = 045 kN/mm?® for clay and dense aggregate
"¢ concrete masonry and E,, = 0.3f; kN/mm? for calcium
silicate, autoclaved aerated concrete (a.a.c.) and
lightweight concrete masonry as indicated in Appendix C of Part 2 of the code. In service
masonry stresses are normally very low when compared with the ultimate value, and
consequently the use of linear elastic analysis techniques to determine structural

deformations is acceptable. (Note: f; is defined in section 8.4.1)

Figure 8.17
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8.3.6 Coefficient of Friction

The value of the coefficient of friction between clean concrete and masonry faces is given
in Clause 26 as 0.6.

8.3.7 Creep, Moisture Movement and Thermal Expansion

The effects of creep, shrinkage, moisture and thermal movement are all significant,
particularly when considering the design of prestressed masonry. In each case the loss of
prestressing force can occur and at low levels of strain in the tendon the effects of prestress
can be eliminated. They can all induce fine cracking and opening up of joints and may
require the provision of movement joints.

The creep characteristics can be estimated as indicated in BS 5628:Part 2:2000,
Clause 9.4.2.5, i.e. creep is numerically equal to 1.5 X the elastic deformation of the
masonry for fired-clay or calcium silicate bricks and 3.0 X the elastic deformation of the
masonry for dense aggregate concrete blocks.

The moisture movement of masonry, [expansion (+) or contraction (-)], can be
estimated using the values of shrinkage strain according to Clause 9.4.2.4 of
BS 5628:Part 2:2000, where shrinkage/expansion strain is equal to:

€ = —-500x%x10° (-0.5 mm/m) for calcium silicate and concrete masonry.

8.4 Axially Loaded Walls

8.4.1 Introduction
Load-bearing walls resisting primarily vertical, in-plane loading, are often referred to as

axially loaded walls whilst wall panels resisting wind loading are known as laterally
loaded wall panels. The most commonly used types of axially loaded elements are:

single-leaf (solid) walls,
cavity walls,

walls stiffened with piers, and
columns,

* & & o

as indicated in Figure 8.18 in this text and in Figure 3 of BS 5628:Part 1:1992.

Each of these types of element may be subject to concentric axial loading inducing
compression only, or eccentric axial loading resulting in combined compressive and
bending forces.

The magnitude of loading which can be sustained by a load-bearing wall or column is
dependent on a number of factors, such as the:

¢ characteristic compressive strength of masonry, i.e. combined units and mortar
(o,

partial safety factor for the material strength (),

plan area,

thickness of the wall (¢),

slenderness of the element (/eg/ter),

* & o o
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eccentricity of the applied load (e),
combined slenderness and eccentricity,
eccentricities about both axes of a column,
type of structural unit, and

laying of structural units.

* & & o o

These factors are discussed separately in Sections 8.4.2 to 8.4.11.

ARRRRRRRRRY ey & &

solid wall AACOONNN NN

stiffened single-leaf wall

R\\ﬂ cavity wall stiffened cavity wall

column

Figure 8.18

8.4.2  Characteristic Compressive Strength of Masonry (f;)

The characteristic compressive strength of masonry is given in Figures 1(a) to 1(d) and in
Tables 2(a) to 2(d) of the code for a variety of different types of structural unit including
standard format bricks, solid and hollow concrete blocks. Alternatively, as indicated in
Clause 2.3.1, the value of fi of any masonry ‘... may be determined by tests on wall
specimens, following the procedure laid down in A.2’, where A.2 refers to Appendix A.2
in BS 5628:Part 1:1992. Figure 1(a) and Table 2(a) from the code are reproduced in this
text in Figure 8.19 and Figure 8.20 respectively.
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Figure 8.19
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The value of f for any known combination of mortar designation and unit compressive
strength can be determined from the tables. Linear interpolation within the tables is
permitted, facilitated by the graphs given in Figures 1(a) to 1(d) of the code. The desired
compressive strength of units and the mortar designation are normally specified by the

designer.
Table 2(a) applies to masonry built with standard format bricks complying with the

requirements of :

¢ BS 187:1987 Specification for Calcium Silicate Bricks,
¢ BS6073-1:1981 Specification for Precast Concrete Masonry Units, or
¢ BS3921:1985 Specification for Clay Bricks

Table 2. Characteristic compressive strength of masonry, fi in N/mm?>

(a) Constructed with standard format bricks

Mortar
desig- Compressive strength of unit (N/mm?)
nation
5 10 15 20 27.5 35 50 70 100
(1) 2.5 44 6.0 7.4 9.2 114 15.0 19.2 24.0
(ii) 2.5 4.2 5.3 6.4 7.9 9.4 12.2 15.1 18.2
(iii) 2.5 4.1 5.0 5.8 7.1 8.5 10.6 13.1 15.5
(iv) 2.2 3.5 4.4 5.2 6.2 7.3 9.0 10.8 12.7
Figure 8.20

8.4.2.1 Compressive Strength of Unit
The compressive strength of masonry units may be given in N/mm®, determined from
standard quality assurance testing during production, or be assigned to a specific strength

class by the manufacturer.
In BS 187, units are classified in terms of a strength class as shown in Table 8.1.

Designation Class Compressive strength
(N/mm’)
3 20.5
Facing brick 4 27.5
or 5 34.5
Load-bearing brick 6 41.5
7 48.5

Table 8.1
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Manufacturers are required to identify their products on relevant documentation,
providing the following information:

¢
L4

¢
¢

the name, trade mark or other means of identification of the manufacturer,

the strength class of brick as designated in Table 2 of the code (Table 8.1 in this
text),

the work size, length, width and height, and whether with or without a frog,

the number of the British Standard used e.g. BS 187.

In BS 6073-1:1981, unit strengths are specified as shown in Table 8.2. The graphs in
Figures 1(a) to 1(d) in BS 5628:Part 1:1992 can be used for interpolation between these
compressive strengths to determine the characteristic strength of the masonry.

Unit strengths as given in BS 6073:Part 2:1981

Bricks (N/'mm®) | 7.0 [ 10.0 | 15.0 [ 20.0 | 30.0 | 40.0

Blocks N/mm®) |28 [3.,5 |50 [7.0 [10.0 [15.0 [20.0 |35.0

Table 8.2

In Table 4 of BS 3921:1985 the classification of bricks by compressive strength and
water absorption is given as shown in Table 8.3.

Note: It is important to note that there is no direct relationship between compressive
strength and water absorption, as given in this table, and durability.

Table 4. Classification of bricks by compressive
strength and water absorption

Class Compressive Water
strength absorption
(see 2.1) (see 2.2)
N/mm?* % by mass

Engineering A > 70 <45

Engineering B > 50 <70

Damp-proof course 1 | > 5 <45

Damp-proof course 2 | > 5 <170

All others > 5 No limits

NOTE 1. There is no direct relationship between
compressive strength and water absorption as given in
this table and durability.

NOTE 2. Damp-proof course 1 bricks are recommended
for use in buildings whilst damp-proof course 2 bricks
are recommended for use in external works (see table 13
of BS 5628:Part 3:1985).

Table 8.3
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8.4.2.2 Compressive Strength of Mortar

The most appropriate mortar for any particular application is dependent on a number of
factors such as strength, durability and resistance to frost attack. In Table 13 of
BS 5628:Part 3:2001, guidance is given on the choice of masonry units and mortar
designations most appropriate for particular situations regarding durability.

The mortar designations given in Table 1 of BS 5628:Part 1:1992 (see Table 8.4), have
been selected to provide the most suitable mortar which will be readily workable to enable
the production of satisfactory work at an economic rate and to provide adequate durability.

The mortars are designated (i) to (iv), (i) being the strongest and most durable. Careful
consideration is required when selecting a combination of structural unit and mortar
designation; whilst the strongest mix may be suitable for clay brickwork in exposed
situations, the inherent shrinkage in calcium silicate bricks caused by moisture movement
can lead to cracking if strong, inflexible joints are present.

Table 1. Requirements for mortar

Mortar | Type of mortar (proportion by volume) Mean compressive
designa strength at 28 days
-tion
Cement:lime:sand | Masonry Cement: Prelim- Site
cement:sand sand with inary tests
plasticizer (laboratory)
tests
Increasing Increasing N/mm? N/mm?
strength  ability to 6 1:0to%:3 - - 16.0 11.0
accommodate (i) 1:%:4104% 1:2%t03% 1:3t04 6.5 4.5
movement, e.g. (iii) 1:1:5t06 1:4t05 1:5t06 3.6 2.5
due to settlement, | (iv) 1:2:8t09 1:5%:6% 1:7t08 1.5 1.0
temperature and
moisture changes
Direction of change in properties Increasing resistance to frost attack
is shown by the arrows during construction
-
Improvement in bond and consequent
resistance to rain penetration
e}

Table 8.4

The required 28 days’ mean compressive strength of the designated mortars, based on
site tests, ranges from 11.0 N/mm? for designation (i) to 1.0 N/mm? for designation (iv).
The site tests should be carried out according to the requirements of BS 4551 as indicated
in Clause A.1.3 of BS 5628:Part 1:1992.

8.4.3  Partial Safety Factor for Material Strength (¥}, )

The design compressive strength of masonry is determined by dividing the characteristic
strength (fy), by a partial safety factor (y,), which is given in BS 5628:Part 1:1992 in
Table 4(a) for compression and in Table 4(b) for flexure, and is shown in Tables 8.5(a)
and (b).
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Category of Construction control

¥m for Compression Special Normal
Category of manufacturing | Special 2.5 3.1
control of structural units Normal 2.8 3.5
Table 8.5(a)
Category of Construction control
¥m for Flexure Special Normal
2.5 3.0
Table 8.5(b)

The 7, factor makes allowance for the inherent differences between the estimated
strength characteristics as determined using laboratory tested masonry specimens and the
actual strength of masonry constructed under site conditions, and in addition allows for
variations in the quality of materials produced during the manufacturing process.

The value of %, adopted is dependent on the degree of quality control practised by
manufacturers and the standard of site supervision, testing and workmanship achieved
during construction. There are two categories of control adopted in the code:

¢ normal control, and
¢ special control.

8.4.3.1 Normal Control (Clause 27.2.1.1 and Clause 27.2.2.1)

In manufacturing, normal control ‘... should be assumed when the supplier is able to
meet the requirements for compressive strength in the appropriate British Standard, but
does not meet the requirements for the special category...’.

In construction, normal control ‘... should be assumed whenever the work is carried
out following the recommendations for workmanship in section four of BS 5628:Part 3:
2001, or BS 5390, including appropriate supervision and inspection.’

8.4.3.2 Special Control (Clause 27.2.1.2 and Clause 27.2.2.2)

In manufacturing, special control ‘... may be assumed where the manufacturer:

(a) agrees to supply consignments of structural units to a specified strength limit,
referred to as the acceptance limit, for compressive strength, such that the average
compressive strength of a sample of structural units, taken from any consignment
and tested in accordance with the appropriate British Standard specification, has
a probability of not more than 2.5% of being below the acceptance limit, and

(b) operates a quality control scheme, the results of which can be made available to
demonstrate to the satisfaction of the purchaser that the acceptance limit is
consistently being met in practice, with the probability of failing to meet the limit
being never greater than that stated in 27.2.1.2 (a).’

In construction, special control ‘... may be assumed where the requirements of the

normal category control are complied with and in addition:

(a) the specification, supervision and control ensure that the construction is
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compatible with the use of the appropriate partial safety factors given in
Table 4(a);

(b) preliminary compressive strength tests carried out on the mortar to be used, in
accordance with A.1, indicate compliance with the strength requirements given in
table 1 and regular testing of the mortar used on site, in accordance with A.l,
shows that compliance with the strength requirements given in table 1 is being
maintained.’

The values of 7, in Tables 4(a) and (b) apply to compressive and flexural failure. When
considering the probable effects of misuse or accident, these values may be halved except
where a member is deemed to be a ‘protected member’ as defined in Clause 37.1.1 of the
code. As indicated in Clause 27.3, in circumstances where wall tests have been carried out
in accordance with Appendix A of the code to determine the characteristic strengths, the
¥ values in Tables 4(a) and (b) can be multiplied by 0.9.

When considering shear failure, the partial safety factor for masonry strength (¥uy),
should be taken as 2.5 as indicated in Clause 27.4.

The value of }, to be applied to the strength of wall ties is given in Clause 27.5 as 3.0;
as with compressive and flexural failure, when considering the effects of misuse or
accidental damage this value of y, can be halved.

8.4.4 Plan Area (Clause 23.1.7)

In Clause 23.1.7 allowance is made for the increased possibility of low-strength units
having an adverse effect on the strength of a wall or column with a small plan area. For
example, consider the two walls A and B shown in Figure 8.21.

low-strength unit

J Wall A 20 bricks J
f N
The proportion of the cross-sectional area affected by the low-strength unit in wall A is 5%

low-strength unit

J Wall B 5 bricks J

I N

The proportion of the cross-sectional area affected by the low-strength unit in wall B is 20%

Figure 8.21

Although this effect is statistical it is essentially a geometrical effect on the compressive
strength. The allowance for this is made by multiplying the characteristic compressive
strength, (fi ), by the factor (0.70 + 1.54)
where:
A is the horizontal loaded cross-sectional area of the wall or column.

This factor applies to all walls and columns where the cross-sectional area is less than
0.2 m’. Clearly when A = 0.2 m” the factor is equal to 1.0.
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8.4.5 Thickness of Wall t (Clause 23.1.2)

The compressive failure of walls occurs predominantly by the development of vertical
cracks induced by the Poisson’s ratio effect. The existence of vertical joints (as shown in
Figure 8.22), reduces the resistance of brickwork to vertical cracking.

vertical joints

Figure 8.22

The indication from experimental evidence is that greater resistance to crack
development is afforded by continuity in the cross-section, such as occurs in narrow (half-
brick) walls, than is the case when vertical joints are present. This increased resistance to
compressive failure is reflected in a modification factor equal to 1.15 which is applied to
the characteristic compressive strength (f;), obtained from Table 2(a) for standard format
bricks. The factor applies to single walls and loaded inner leaves of cavity walls, as
indicated in Clause 23.1.2 of the code. (Note: this does not apply when both leaves are
loaded.)

8.4.5.1 Effective Thickness ts (Clause 28.4)

The concept of effective thickness was introduced to determine the slenderness ratio when
considering buckling due to compression. In Figure 3 of BS 5628:Part 1:1992, values of
effective thickness are given for various plan arrangements, as shown in Figures 8.23 and
8.24. The modifications to the actual thicknesses accounts for the stiffening effects of
piers, intersecting and cavity walls, which enhance the wall stability.

\N t t or b depending on the
column M ~ direction of bending

single-leaf wall AR SANY [/ t

txX K
where K is a stiffness

single-leaf stiffened wall E‘E& 1, coefficient given in
l, Table 5 of the code

Figure 8.23

the greatest of

(a) 2/3(t; +t,) or
cavity wal CRRENSRNNNY [, (@ e o
TN OOOOOONNN © h

the greatest of

1 @ 2Bt +Kn) or
stiffened cavity wall IZZ& "l (b) # or

ARy i © Ko

Figure 8.24
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The stiffness coefficient K is given in Table 5 of the code, as indicated in Figure 8.25.

Table 5. Stiffness coefficient for walls stiffened by
piers
Ratio of pier Ratio #,/t of pier thickness to
spacing (centre to | actual thickness of wall to which
centre) to pier it is bonded
width

1 2 3
6 1.0 1.4 2.0
10 1.0 1.2 1.4
20 1.0 1.0 1.0
NOTE. Linear interpolation between the values given in table 5
is permissible, but not extrapolation outside the limits given.

Figure 8.25

As indicated in Clause 28.4.2 where a wall is stiffened by intersecting walls, the value of
K can be determined assuming that the intersecting walls are equivalent to piers of width
equal to the thickness of the intersecting wall and of thickness equal to 3 X the thickness of
the stiffened wall, as shown in Figure 8.26.

&* 5 TLT

N U j&:{ h

wall stiffened by intersecting wall equivalent pier

Figure 8.26

8.4.6 Slenderness (hy/ty) (Clause 28)

The slenderness of a structural element is a mathematical concept used to assess the
tendency of that element to fail by buckling when subjected to compressive forces. In
many cases this is defined as a ratio of effective buckling length (/) to radius of gyration
(r) about the axis of buckling.

The effective buckling length is related to the type and degree of end fixity of the
element, and the radius of gyration is related to the cross-sectional geometry.

In rectangular cross-sections such as frequently encountered in masonry and timber

design, the actual thickness is equal to the radius of gyration multiplied by NP ; consider
a rectangular element of width d and thickness #:
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Since ¢ is directly proportional to r then slenderness can equally well be expressed in terms
of thickness instead of radius of gyration.

In masonry design, in Clause 3.19 of BS 5628:Part 1:1992 the slenderness ratio is
defined as ‘The ratio of effective height or length to the effective thickness.” The effective
thickness as described in section 2.1.4.1 is a modification of the actual thickness to
account for different plan layouts. The slenderness ratio should not exceed 27, except in
the case of walls less than 90 mm thick, in buildings more than two storeys, where it
should not exceed 20 (see Clause 28.1).

8.4.6.1 Effective Height (Clause 28.3.1)

Walls (Clause 28.3.1.1)
‘The effective height of a wall may be taken as:

(a) 0.75 times the clear distance between lateral supports which provide enhanced
resistance (see sections 8.4.6.4 and 8.4.6.6) to lateral movement, or

(b) the clear distance between lateral supports which provide simple resistance to
lateral movement.’

Columns (Clause 28.3.1.2)

‘The effective height of a column should be taken as the distance between lateral supports
or twice the height of the column in respect of a direction in which lateral support is not
provided.’

Columns formed by adjacent openings in walls (Clause 28.3.1.3)
‘Where openings occur in a wall such that the masonry between any two openings is, by
definition’, a column, the effective height of the column should be taken as follows.

(a) Where an enhanced resistance to lateral movement of the wall containing the
column is provided, the effective height should be taken as 0.75 times the distance
between the supports plus 0.25 times the height of the taller of the two openings.

(b) Where a simple resistance to lateral movement of the wall containing the column
is provided, the effective height should be taken as the distance between the
supports’

These conditions are illustrated in Figure 8.27.
Note: It is important to ensure that the column and not only the wall is provided with the
assumed restraint condition, particularly when it extends to the level of the support.

! Clause 3.7 An isolated vertical member whose width is not more than four times its thickness.
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enhanced lateral support simple lateral support
3000 Y R E R R R RRRY
Y A
hy h hy h

her = 0.75h + 0.25 hy, he = h
Figure 8.27

Piers (Clause 28.3.1.4)

‘Where the thickness of a pier is not greater than 1.5 times the thickness of the wall of
which it forms a part, it may be treated as a wall for effective height considerations;
otherwise the pier should be treated as a column in the plane at right angles to the wall.

NOTE. The thickness of a pier, 1, is the overall thickness of the wall or, when bonded into one leaf of a cavity
wall, the thickness obtained by treating this leaf as an independent wall.’

8.4.6.2 Effective Length (Clause 28.3.2)
‘The effective length of a wall may be taken as:

(a) 0.75 times the clear distance between vertical lateral supports or twice the
distance between a support and a free edge, where lateral supports provide
enhanced resistance to lateral movement [see Figure 8.28].

»Zl‘ »Zt >t
e s I
A

A y

=10t [ =10z [
fully bonded L fully bonded

t

hee = 0.75 he = 2.0l

Figure 8.28

(b) the clear distance between lateral supports or 2.5 times the distance between a
support and a free edge where lateral supports provide simple resistance to
lateral movement’ [see Figure 8.29].
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Figure 8.29

These definitions require an assessment of support conditions at each end of the
element being considered, i.e. horizontal lateral support in the case of effective height, and
vertical lateral support in the case of effective length. As indicated in Clause 28.2.1 the
supports should be capable of transmitting the sum of the following design forces to the
principal elements providing lateral stability to the structure:

(a) ‘the simple static reactions to the total applied design horizontal forces at the line
of lateral support, and

(b) 2.5% of the total design vertical load that the wall or column is designed to carry
at the line of the lateral support; the elements of construction that provide lateral
stability to the structure as a whole need not be designed to support this force.’

Two types of horizontal and vertical lateral supports are defined in the code:

¢ simple supports, and
¢ enhanced supports.

8.4.6.3 Horizontal Simple Supports (Clause 28.2.2.1)

All types of floors and roofs which abutt walls provide simple support if they are detailed
as indicated in Appendix C of the code; a few typical examples are given in
Figures 8.30 and 8.31.

L1
|

Alternative strap positions

y

% > 100 mmz

100 e = ] o s S
- mmL= L’ strap twisted through 90° | e=——
min. L . . . —
with leading edge aligned
| - Hanger to be tight
against the wall
(a) Timber floor bearing directly on to a wall (b) Timber floor using typical floor hanger
Figure 8.30

Note: In case (a) in houses up to three storeys no straps are required, provided that the
joist spacing is not greater than 1.2 m and the joist bearing is 90 mm minimum.
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In case (b) in houses up to three storeys no straps are required, provided that the joist is
effectively tied to the hanger.

Packing to be provided at straps
and to be secured to joist

Floor screed
|

> 100 mm ] > 100 mm L&
L i L ®

Blocking or strutting between
joists at strap positions. vertical twist ties built
Straps to be carried over at into wall and cast in
least two joists. slab at 300 mm centres.

‘L’ strap or alternatively

1

(b) In-situ and precast concrete floor abutting

(a) Timber floor abutting external cavity wall '
external cavity wall

Figure 8.31

8.4.6.4 Horizontal Enhanced Supports (Clause 28.2.2.2)
Enhanced lateral support can be assumed where:

‘(a) floors and roofs of any form of construction span on to the wall or column from
both sides at the same level;

Figure 8.32

(b) an in-situ concrete floor or roof, or a precast concrete floor or roof giving
equivalent restraint, irrespective of the direction of span, has a bearing of at least
one-half the thickness of the wall or inner leaf of a cavity wall or column on to
which it spans but in no case less than 90 mm;

in-situ or precast I
concrete floor or roof

000 00 00O

> 90 mm
- >12

T
=
I
o

El

290 mm Figure 8.33

|
LEf >1/2
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(c) in the case of houses of not more than I
three storeys, a timber floor spans on to L
a wall from one side and has a bearing
of not less than 90 mm. =

timber floor

|
Figure 8.34 | =90 mm
Preferably, columns should be provided with lateral support in both horizontal directions.’

8.4.6.5 Vertical Simple Supports (Clause 28.2.3.1)

Simple lateral support may be assumed where ‘... an intersecting or return wall not less
than the thickness of the supported wall or loadbearing leaf of a cavity wall extends from
the intersection at least ten times the thickness of the supported wall or loadbearing leaf
and is connected to it by metal anchors calculated in accordance with 28.2.1,
[see 8.4.6.2], and evenly distributed throughout the height at not more than 300 mm
centres.’

>t >

>t
Salihe el
Y Y x
> 10¢ > 10¢
metal ties metal ties

supported wall supported wall

. supported loaded leaf of cavity wall
Figure 8.35

8.4.6.6 Vertical Enhanced Support (Clause 28.3.2)

Vertical enhanced support may be assumed as the cases indicated in 8.4.6.5 where the
supporting walls are fully bonded providing restraint against rotation, as shown in
Figure 8.36.

>t >t >t

mall N i > [+

=>10¢

supported wall supported wall

supported loaded leaf of cavity wall

Figure 8.36
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8.4.7 Eccentricity of Applied Loading (Clauses 30, 31 and 32.1)

In most cases the applied loading on a wall is not concentric. This is due to factors such as
construction details, tolerances and non-uniformity of materials. The resultant eccentricity
may be in the plane of the wall, as in the case of masonry shear-walls resisting combined
lateral wind loading and vertical floor/roof loading, or perpendicular to the plane of the
wall, as in the case of walls supporting floor/roof slabs and/or beams spanning on to them.

8.4.7.1 Eccentricity in the Plane of a Wall

This type of eccentricity is considered in Clauses 30 and 32.1 and Figure 4 of the code.
The load distribution along a length of wall subject to both lateral and vertical loading can
be determined using statics by combining both axial and bending effects, as shown in
Figure 8.37.

1 X
AR
X

distribution due
to wind load

—

distribution due

vertical to floor load

floor load

combined
distribution

lateral wind

Distribution of load along length of wall
load

A

Figure 8.37

Standard methods of elastic analysis, assuming rigid-floor plate deformation and
consequently load distribution in proportion to the relative stiffness of walls, can be used
to determine the lateral loading on any particular shear-wall within a building. If the plan
layout of the walls in a building is asymmetric, it may be necessary to consider the effects
of torsion in the analysis procedure to calculate the lateral load distribution.

8.4.7.2 Eccentricity Perpendicular to the Plane of a Wall

In Clause 31 of the code it is stated that ‘Preferably, eccentricity of loading on walls and
columns should be calculated but, at the discretion of the designer it may be assumed
that...”. Whilst this calculation is possible (ref. 41), most engineers adopt the values
suggested in the remainder of this clause, i.e.
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8.4.8 Combined Slenderness and Eccentricity

Design of Structural Elements

Where the load is transmitted to a
wall by a single floor or roof it is
assumed to act at one-third of the
depth of the bearing area from the
loaded face of the wall or
loadbearing leaf.

Where a uniform floor is continuous
over a wall, each side of the floor
may be taken as being supported
individually on half the total bearing
area.

/61 - t/6

Where joist hangers are used, the load should be assumed to be applied at the face

of the wall.

1
-~

12

The effect of slenderness (Section 8.4.6), and eccentricity (Section 8.4.7), is to reduce the
loadbearing capacity of a loaded wall or column. The combined effects of both these
characteristics is allowed for in the code by evaluating a capacity reduction factor f as
shown in Figure 8.38 (Table 7 of the code).

The derivation of the capacity reduction factor  is given in Appendix B of the code.

The application of  is based on several assumptions:

L4
L 4
L4

only braced vertical walls/columns are considered,
additional moments caused by buckling effects are included,
at failure, the stress distribution at the critical section can be represented by a

rectangular stress block.

Consideration of the assumptions given above result in the location of the maximum
eccentricity of load (and hence critical section) occurring at a distance of 0.44 below the
top of the wall.
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Table 7. Capacity reduction factor,
Slender- Eccentricity at top of wall, e,
ness ratio | Up to
et Ites 0.05¢ 0.1¢ 0.2t 0.3¢
(see note 1)

0 1.00 0.88 0.66 0.44
6 1.00 0.88 0.66 0.44
8 1.00 0.88 0.66 0.44
10 0.97 0.88 0.66 0.44
12 0.93 0.87 0.66 0.44
14 0.89 0.83 0.66 0.44
16 0.83 0.77 0.64 0.44
18 0.77 0.70 0.57 0.44
20 0.70 0.64 0.51 0.37
22 0.62 0.56 0.43 0.30
24 0.53 0.47 0.34
26 0.45 0.38
27 0.40 0.33

NOTE 1. It is not necessary to consider the effects of eccentricities up to and including

0.05tz.

NOTE 2. Linear interpolation between eccentricities and slenderness ratios is permitted.

NOTE 3. The derivation of 3 is given in Appendix B.

Figure 8.38

8.4.9 Eccentricities in Columns (Clause 32.2.2)

Generally, the eccentricity of loading on a wall is relative to the axis parallel to the centre
line, as indicated in Figure 8.39(a). In columns, it is common for the applied loading to be
eccentric relative to both the major and minor axes, as indicated in Figure 8.39(b).

| X )
| point of

application of load

; i
] + €xx

:l Yy oooolt =k

*' |
T
Tﬁeccentricity ‘
X
(a) vertical cross-section of wall (b) plan of column

Figure 8.39
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In Clause 32.2.2 the design vertical load resistance of rectangular columns is given by:

Boif
,}/m

where:
B is the capacity reduction factor,
b 1is the width of the column,
t 1is the thickness of the column,
Jf« 1s the characteristic compressive strength of masonry, and
% 1s the material partial safety factor.

The value of the capacity reduction factor f is dependent on the magnitudes of the
eccentricities ey and ey, of the applied load about the two principal axes.

8.4.10 Type of Structural Unit (Clause 23.1, 23.1.3 to 23.1.9)

The standard format structural units are 215 mm wide X 102.5 mm thick X 65 mm high, as
shown in Figure 8.40.

65 mm stretcher face

215 mm 102.5 mm

rbed face

end face

Figure 8.40

The characteristic strengths fi of various types of masonry unit are specified in Tables 2(a)
to 2(d) and Clauses 23.1.3 to 23.1.9 of the code; these are summarised in Figure 8.41.

8.4.11 Laying of Structural Units (Clause 8)

Structural units are normally laid on their bed face and the strengths given in Tables 2(a)
to 2(d) relate to this. Where units are laid on a different face, i.e. the stretcher or end face,
their strength in this orientation should be determined by testing according to the
requirements of BS 187, BS 6073-1 and BS 3921 as appropriate.

To develop the full potential strength of units with frogs it is necessary to ensure that a
full and correct bedding of mortar is made and the frogs are filled. In circumstances where
a lower frog cannot be filled or is only partially filled, tests should be carried according to
BS 187 and BS 3921 to determine the masonry strength.

Note: When bed joints are raked out for pointing it is important to make allowance for
the resulting loss of strength, as indicated in Clause 8 of the code.

The design parameters discussed in section 8.4 are illustrated in Examples 8.1 to 8.8.
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Dimensions Characteristic
Type of Structural Reference | H-height Strength
Unit L-least horizontal dimension ()
standard format bricks | Clause 23.1 215 mm x 102.5 mm x 65 mm | Table 2(a)

90 mm wide X 90 mm
high modular bricks

Clause 23.1.3

thickness equal to width

Table 2(a) x 1.25

other thicknesses

Table 2(a) x 1.10

wide bricks Clause 23.1.4 H:L<0.6 Testing
according to A.2
blocks Clause 23.1 H:L=0.6 Table 2(b)
hollow blocks Clause 23.1.5 06<H:L<20 Interpolation
between Tables
2(b) & 2(c)
solid concrete blocks | Clause 23.1.6 0.6<H:L<2.0 Interpolation
(i.e. no cavities) between Tables
2(b) & 2(d)
hollow blocks Clause 23.1 20<H:L<4.0 Table 2(c)
hollow concrete blocks | Clause 23.1.7 Interpolation
filled with concrete see Note 1 between Tables
2(b) & 2(d)

natural stone

Clause 23.1.8

Design on the basis of solid concrete blocks of
equivalent compressive strength; see Clause 23.1.6

random rubble

Clause 23.1.9

0.75 x natural stone masonry of similar materials; if
built with lime-mortar use 0.5 X masonry in mortar

designation (iv)

Note 1: The compressive strength of the blocks should be based on net area, and the 28-day cube

strength of the concrete infill should not be less than this value.

Figure 8.41

8.5 Example 8.1: Single-Leaf Masonry Wall — Concentric Axial Load

A series of internal walls in a braced building are indicated in Figure 8.42. Using the
design data given and assuming all concrete slabs to be fully loaded, determine a suitable
structural unit / mortar combination for the walls using:

i)  standard format bricks,
ii)  hollow blocks 100 mm X 440 mm long X 215 mm deep.

Design data:

Characteristic dead load including self-weight of slabs and finishes
Characteristic imposed on slabs
Assume the characteristic self-weight of standard format brick
Assume the characteristic self-weight of hollow blocks
Category of manufacturing/construction control

7.0 kN/m?
4.0 kN/m?
2.2 kN/m*
1.5 kKN/m?
normal/normal



544

Design of Structural Elements

5.0m 5.0m

5.0m

:

/

Y

Figure 8.42

8.5.1 Solution to Example 8.1

|\
L\

AN

\RAN

Checked by :

Contract: Masonry Wall Job Ref. No. : Example 8.1 | Calcs. by : W.McK.
Part of Structure : Concentric Axial Load
Calc. Sheet No.: 1 of 5 Date :

References

Calculations

Output

Clause 22(a)

Clause 32.2.1

Consider a 1.0 metre length of wall

(i) Standard format bricks
Characteristic self-weight of wall = (04x32x22)*
= 2.82kN/m
*Note: the critical section occurs at a distance of 0.4k down the
wall, i.e. maximum eccentricity.

Characteristic dead load due to the slab:
(7.0x5.0x 1.0)
35.0 kN/m per wall

Characteristic imposed load on the slab:
(4.0x5.0x1.0)
20.0 KN/m per wall

Partial Safety Factor for Loads (%)
Dead loads n = 14
Imposed loads % = 1.6

Design load/metre length of wall:

= [(1.4(2.82+35.0) + (1.6 x 20.0)] 85.0 kN

Design Vertical Load Resistance of Walls
Bt fx
m

mustbe > 85.0kN
The required unknown is the characteristic compressive strength
of the masonry f :

Design vertical load resistance/unit length = this value

85.0x7,,

o 2 T
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Contract: Masonry Wall Job Ref. No. : Example 8.1
Part of Structure : Concentric Axial Load

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 2 of 5 Date :
References Calculations Output
Clause 27.3 Partial Safety Factor for Material Strength ()

Table 4 (a)

Clause 28

Clause 28.2.2

Clause 28.3.1

Clause 28.4.1

Clause 31

Category for manufacturing control is normal
Category for construction control is normal

Table 4(a) Partial safety factors for material
strength, %,
Category of
construction control
Special Normal
Category of Special 2.5 3.1
manufacturing
control of Normal 2.8 3.5
structural
units

Partial safety factor %, = 3.5

The capacity reduction factor 8 is given in Table 7 and requires
values for both the slenderness ratio and the eccentricity of the
load.

Consideration of slenderness of walls and columns
slenderness ratio (SR) = e/t < 27

Horizontal Lateral Support

Since the walls have a concrete roof with a bearing length of at
least one-half the thickness of the wall, enhanced resistance to
lateral movement can be assumed.

Effective Height
hee = 0.75 X clear distance between lateral supports
= (0.75x3200) = 2400 mm

Effective Thickness

For single-leaf walls the effective thickness is equal to the actual
thickness, as indicated in Figure 3 of the code.

ts = 102.5 mm

R = wx 234 < 27

102.5

Eccentricity Perpendicular to the Wall

The load may be assumed to act at an eccentricity equal to one-
third of the depth of the bearing area from the loaded face of the
wall. Since the slabs are supported from both sides with equal
loads, the resultant eccentricity is equal to zero; concentric load.
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Contract: Masonry Wall Job Ref. No. : Example 8.1
Part of Structure : Concentric Axial Load
Calc. Sheet No.: 3 of 5

Calcs. by : W.McK.

Checked by :
Date :

References

Calculations

Output

Table 7

Clause 32.2.1

Clause 23.1.2

Table 2

Capacity Reduction Factor

Linear interpolation between slenderness and eccentricity values

is permitted when using Table 7.

S.R. =234,

and e <

0.05¢

factor, 8

Table 7. Capacity reduction

Slender-
ness ratio
hef / tef

Eccentricity
at top of wall,
€x

Upto

0.05¢

(see note 1)
18 0.77

20 0.70
22 0.62

24 0.53
26 0.45
27 0.40

B = 0.56

Design Vertical Load Resistance
P 85.0xXym _ 85.0x3.5
pt 0.56x102.5

[0.62 - (0.09 x 1.4)/2.0)] =

5.2 N/mm?

Narrow Brick Walls

When using standard format bricks to construct a wall one brick
(i.e. 102.5 mm) wide, the values of fi obtained from Table 2(a)
can be multiplied by 1.15.

5.

fi required > 1125 = 4.52 N/mm’

Units of compressive strength 15 N/mm? (or greater) combined
with mortar designation (i), (ii) or (iii) will be adequate.
Although this thickness of wall will satisfy the ultimate limit
state requirement, consideration should also be given to other
limit states e.g. resistance to rain penetration, frost attack and/or
fire, ability to accommodate movement.

Adbvice regarding these criteria can be found in:
BS 5628:Part 3:2001.

Adopt standard
format bricks with
compressive strength
>15 N/mm’ and
mortar designation
(i), (ii) or (iiii).
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Contract: Masonry Wall Job Ref. No. : Example 8.1
Part of Structure : Concentric Axial Load

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 4 of 5 Date :
References Calculations Output
Consider a 1.0 metre length of wall
(ii) Hollow blocks:
100 mm wide X 440 mm long X 215 mm deep
Aspectratio = height = 25
least horizontal dimension 100
= 215
Characteristic self-weight of wall = (0.4 x3.2x1.5)
1.92 kN/m
Characteristic dead load due to the slab:
as before = 35.0 kN/m per wall
Characteristic imposed load on the slab:
as before = 20.0 kN/m per wall
Clause 22(a) Partial Safety Factor for Loads (%)

Clause 32.2.1

Clause 27.3

Table 4(a)

Dead loads n = 14

Imposed loads % = 1.6

Design load/metre length of wall:

= [(1.4(1.92 +35.0) + (1.6 X20.0)] = 83.7kN

Design Vertical Load Resistance of Walls

Bifc
’}/m

83.7kN

Design vertical load resistance/unit length
mustbe =

83.7XYm
Bt

vV

f

Partial Safety Factor for Material Strength (;,)
Category for manufacturing control is normal
Category for construction control is normal

Table 4(a) Partial safety factors for material
strength, %,

Category of

construction control
Special Normal

Special 2.5 3.1

Category of
manufacturing
control of
structural
units

Normal 2.8 3.5

Partial safety factor 3, = 3.5

this value




548

Design of Structural Elements

Contract: Masonry Wall Job Ref. No. : Example 8.1
Part of Structure: Concentric Axial Load
Calc. Sheet No.: 5 of 5 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 28

Clause 28.2.2

Clause 28.3.1

Clause 28.4.1

Clause 31

Table 7

Clause 32.2.1

Clause 23.1.2

Table 2(c)

The capacity reduction factor 8 is given in Table 7 and requires
values for both the slenderness ratio and the eccentricity of the
load.

Consideration of slenderness of walls and columns
slenderness ratio (SR) = hgs/ts < 27

Horizontal Lateral Support
As before enhanced resistance to lateral movement can be
assumed.

Effective Height
he = (0.75%x3200) = 2400 mm

Effective Thickness

For single-leaf walls the effective thickness is equal to the actual
thickness, as indicated in Figure 3 of the code.

tes = 100 mm

SR = 2400 = 240< 27
100

Eccentricity Perpendicular to the Wall

As before, since the slabs are supported from both sides with
equal loads the resultant eccentricity is equal to zero; concentric
load.

Capacity Reduction Factor
Linear interpolation between slenderness and eccentricity values
when using Table 7 is not required in this case.

SR.=240, and e < 0.05 B = 053

Design Vertical Load Resistance

83.7 7x3,
fi > Im o 8IS s sy Ny

bt 0.53x100
Narrow Brick Wall: Only applies to walls made from
standard format bricks which are 102.5 mm wide, i.e. not in
this case.

Aspectratio= 2.15 .. Use Table 2(c)

Units of compressive strength 10 N/mm?* combined with mortar
designation (i) or (ii) will be adequate.

Adopt hollow blocks
with compressive
strength > 10 N/mm>
and mortar
designation (i) or (ii)
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8.6 Example 8.2: Single-Leaf Masonry Wall — Eccentric Axial Load

A 215 mm thick brickwork wall supports two precast floor slabs as indicated in
Figure 8.43. Using the design data given, determine a suitable structural unit/mortar
combination for the walls using:

Design data:
W1!
Characteristic dead load (per metre length of wall) 10.0 kN
Characteristic imposed 25.0 kN
Wz:
Characteristic dead load 8.0 kN
Characteristic imposed 15.0 kN
Category of manufacturing/construction control special/normal
Clear height between lateral supports providing enhanced resistance
to lateral movement 2.8m
10 mm gap
W, ' W,
I
I
‘jzls mm Figure 8.43

8.6.1 Solution to Example 8.2

Contract: Masonry Wall Job Ref. No. : Example 8.2 | Calcs. by : W.McK.

Part of Structure: Eccentric Axial Load Checked by :
Calc. Sheet No.: 1 of 4 Date :
References Calculations Output

Clause 22(a)

Consider a 1.0 metre length of wall

Partial Safety Factor for Loads (%)

Dead loads n = 14

Imposed loads % 1.6

Wll

Design load/metre length of wall:

= [(14x10)+(1.6x25.0)] = 54.0kN
Wz:

Design load/metre length of wall:

= [(14x8)+(1.6x15.0] = 352kN
Self-weight of 0.4 x height of wall (assuming 4.7 kN/m?)
= (04x28x1.0x4.7) = 53kN

Total design load = Wy = (54.0 +35.2 +5.3) = 94.5 kN
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Contract: Masonry Wall Job Ref. No. : Example 8.2
Part of Structure: Eccentric Axial Load
Calc. Sheet No.: 2 of 4 Date :

Calcs. by : W.McK.
Checked by :

References

Calculations

Output

Clause 32.2.1

Clause 27.3

Table 4 (a)

Clause 28

Clause 28.2.2

Clause 28.3.1

Clause 28.4.1

Design Vertical Load Resistance of Walls

Bt fx
Ym

mustbe = 94.5kN

The required unknown is the characteristic compressive strength
of the masonry f; :

Design vertical load resistance/unit length = this value

94.5XYm

fo 2 Br

Partial Safety Factor for Material Strength (7,)

Category for manufacturing control is special
Category for construction control is normal

Table 4(a) Partial safety factors for material
strength, %,
Category of
construction control
Special Normal
Category of Special 2.5 3.1
manufacturing
control of Normal 2.8 3.5
structural
units

Partial safety factor 3, = 3.1

The capacity reduction factor 8 is given in Table 7 and requires
values for both the slenderness ratio and the eccentricity of the
load.

Consideration of slenderness of walls and columns:
slenderness ratio (SR) = gt /ts < 27

Horizontal Lateral Support
Since the walls have enhanced resistance to lateral movement:

Effective Height
hee = 0.75 X clear distance between lateral supports
= (0.75x2800) = 2100 mm

Effective Thickness

For single-leaf walls the effective thickness is equal to the actual
thickness, as indicated in Figure 3 of the code.

tef = 215 mm
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Contract: Masonry Wall Job Ref. No. : Example 8.2
Part of Structure: Eccentric Axial Load

Calcs. by : W.McK.
Checked by :

Calc. Sheet No. : 3 of 4 Date :
References Calculations Output
R= H0 _ 95 <7
215
Clause 31 Eccentricity Perpendicular to the Wall

Table 7

Each of the loads may be assumed to act at an eccentricity equal
to one-third of the depth of the bearing area from the loaded face
of the wall.

eq ey

10 mm gap

54 kN 35.2kN

‘«HZIS mm

Eccentricity of each load from the centre-line:
e = e = [(213)x(0.5%x205)]+5 = 73.68 mm

Resultant moment of the loads about the centre-line:
= [(54-35.2)x73.68 = 1385 kNmm

The equivalent eccentricity at the top of the wall
= Moment/Total load = (1385/94.5) = 147 mm

The resultant eccentricity e, at the top of the wall is given in
Table 7 in terms of the thickness ¢ of the wall.

ex = (14.77215% = 0.07¢
Capacity Reduction Factor

Use linear interpolation between eccentricities of 0.05¢ and 0.1¢
for SR.=8 and S.R =10:

SR= 8 Pu-007 = [1.00-(0.12x0.02/0.05)] = 0.95
SR= 10 B-007 = [0.97-(0.09x0.02/0.05)] = 0.93
SR ﬂex=0.073
8 0.95

10 0.93
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Contract: Masonry Wall Job Ref. No. : Example 8.2 | Calcs. by : W.McK.

Part of Structure: Eccentric Axial Load Checked by :
Calc. Sheet No. : 4 of 4 Date :
References Calculations Output
SR=9.8 B = [095-(0.02x1.8/2.0)] = 0.93

Clause 32.2.1 | Design Vertical Load Resistance
945Xy, 94.5x3.1

fi = = = 1.47 N/mm? Adopt standard
Bt 0.93x215 format bricks with
compressive strength
Standard format bricks: >5 N/mm’ and
Table 2(a) Units of compressive strength 5 N/mm? combined with mortar | mortar designation
designation (i), (ii), (iii) or (iv) will be adequate. (i), (ii), (iiii) or (iv).

In Table 7 no values of 8 corresponding with slenderness ratios > 26 and eccentricities
> 0.1t have been given, i.e. in the bottom right-hand corner. In circumstances where high
eccentricities and high slenderness ratios exist, the capacity reduction factor can be
evaluated using the equations in Appendix B. If possible, it is advisable to avoid this
situation by using higher effective thicknesses and/or specifying details which will reduce
the eccentricity.

8.7 Columns (Clause 32.2.2)

An isolated, axially loaded masonry element in which the width is not greater than four
times the thickness is defined as a column as indicated in Figure 3 of the code. In addition
the masonry between any two openings in a wall is, by definition, a column, as illustrated
in Section 8.4.6, Figure 8.27. In most cases columns are solid but they may have a cavity,
as shown in Figure 8.44.

|

X X
b b
solid column cavity column

Figure 8.44
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In cavity columns:

(i) b £ (4 x the overall thickness) when both leaves are loaded, and

(i) b < (4 x thickness of the loaded leaf) when only one leaf is loaded.

The design of axially loaded columns is very similar to that for walls, with additional
consideration being given to the possibility of buckling about both the x—x axis and the
y—y axis. (In walls support is provided in the longitudinal direction by adjacent material
and only the y—y axis need be considered.) In Clause 32.2.2 the design vertical load
resistance of a rectangular column is given by:

Bbt fi
Ym
where:
b is the width of the column,
t is the thickness of the column,
B fi and %, are as before.

The value of the capacity reduction factor 3 is determined by considering four possible
cases of eccentricity and slenderness, as indicated in Section 8.4.9. The effective height of
columns is defined in Clause 28.3.1.2 and Clause 28.3.1.3 (see Section 8.4.6).

Piers in which the thickness t,, is greater than 1.5 X the thickness of the wall of which
they form a part should be treated as columns for effective height considerations.

The effective height of columns should be taken as the distance between lateral
supports or twice the height of the column in respect of a direction in which lateral support
is not provided, as indicated in Clause 28.3.1.2. (Note: Enhanced resistance to lateral
movement applies to walls, not columns.)

As indicated in Clause 28.2.2.2 resistance to lateral movement may be assumed where:

(a) * floors or roofs of any form of construction span on to the wall or column, from
both sides at the same level;’

(b) an in-situ concrete floor or roof, or a precast concrete floor or roof giving
equivalent restraint, irrespective of the direction of the span, has a bearing of at
least one-half the thickness of the wall or inner leaf of a cavity wall or column on
to which it spans but in no case less than 90 mm,’

(c) in the case of houses of not more than three storeys, a timber floor spans on to a
wall from one side and has a bearing of not less than 90 mm.’

‘Preferably, columns should be provided with lateral support in both horizontal
directions.’

8.8 Example 8.3: Masonry Column

A solid masonry column is required to support an eccentric axial load of 200 kN, as shown
in Figure 8.45. Assume that lateral support is provided at the top of the column about both
axes. Using the design data given, check the suitability of the proposed brick/mortar
combination.
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Design data:
Assume the category of manufacturing control special
Assume the category of construction control special
Characteristic strength of unit (standard format bricks) 20.0 N/mm?*
Mortar designation Type (i)
Clear height about both axis 3000 mm
X
[}
i exx = 15 mm
g
g
y-Z| -
N
1l
i
X Figure 8.45
8.8.1 Solution to Example 8.3
Contract : Column Job Ref. No. : Example 8.3 Calcs. by : W.McK.
Part of Structure : Eccentrically Loaded Column Checked by :
Calc. Sheet No. : 1 of 2 Date :
References Calculations Output
Clause 32.2.2 Design vertical load resistance = ’Bb—lfk
Ym
Table 2(a) Characteristic compressive strength i = 7.4 N/mm?

Clause 23.1.1

Table 4(a)

Small plan area:
Columnarea = (0.215x0.44) = 0.095 m’ < 02m’
Use the multiplying factor = (0.7 + 1.54)

= [0.7+(1.5%x0.095)] = 0.84

Modified compressive strength = (0.84x74)
= 6.2 N/mm’

Control;  special/special Yo = 2.5

b = 440 mm t = 215mm

The capacity reduction factor S, is determined according to the
actual eccentricities e,y and e,y with respect to 0.05b and 0.057 as
indicated in Clause 32.2.2 (a), (b), (c) and (d).

22.0 mm
10.8 mm

0.05b= (0.05 x 440)
0.05¢ = (0.05 x 215)
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Contract : Column Job Ref. No. : Example 8.3 Calcs. by : W.McK.
Part of Structure : Eccentrically Loaded Column | Checked by :
Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
exx = 15.0mm < 0.05b
e = 150mm > 0.05¢

Clause 32.2.2 (b) | Use Table 7

. heg (relative to the minor axis)
Slenderness ratio =

tor (based on column thickness t)

3000

= _— = 1

215

Use eccentricity appropriate to the minor axis:

15.0

ey = ey = ——I = 0.07t

» 215

Table 7 Using interpolation 8 = [0.89 — (0.06 x 0.02)/0.05] = 0.87
Proposed column

Bbt f, 0.87x440%215x6.2 section and

LS £ = 3 = 204kN brick/mortar
Ym 2.5x10

combination are
200 kN adequate

vV

8.9 Stiffened Walls

The introduction of piers to stiffen walls reduces their slenderness and increases the
loadbearing capacity. The reduction in slenderness results from an effective thickness
which is greater than the unstiffened wall and is evaluated using a stiffness coefficient as
indicated in Figure 3, Table 5 and Clause 28.4.2 in the code, i.e.

ty = tXK where K > 1.0

The effective thickness is subsequently used to determine the slenderness ratio and hence
the capacity reduction factor . Clearly since K is > 1.0 the slenderness will be less, and
consequently the value of B will be greater, than that for the unstiffened wall. In addition
to this an equivalent wall thickness can be estimated since the pier will support some of
the applied load. This can be carried out in most cases as follows, using a ‘rule of thumb’
as indicated in Figure 8.46.
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T

AR

L Area 2

| j Tequivalent

(Areal+ Area?2)

B

Equivalent solid wall thickness = fcquivatent

Figure 8.46

85.0 kN

Ji
normal/normal

Vi

t

B

inclusion of piers, as indicated in Figure 8.47. Using the same design data as given in

An alternative structural form to the walls in Example 8.1 is to stiffen them by the
Example 8.1 determine a new brick/mortar combination which can be used.

The value of #equivaient can be used in the equation given in Clause 32.2.1, i.e.

8.10 Example 8.4: Stiffened Single-Leaf Masonry Wall

Design load/metre length of wall

Design data:

Category of manufacturing/construction control

2400 mm

hef

Effective height

440 mm

5.0 m

102.5 mmﬁ

5.0m

215 mm

5.0 m

Figure 8.47
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8.10.1 Solution to Example 8.4

Contract : Column Job Ref. No. : Example 8.4 Calcs. by : W.McK.
Part of Structure : Stiffened Single-Leaf Wall Checked by :
Calc. Sheet No. : 1 of 2 Date :
References Calculations Output
. . . Bty
Clause 32.2.1 Design vertical load resistance =
Tm
Table 4(a) Control;  special/special Ym = 2.5
102.5 mm

m\%&\\\\\\‘i ----- N L s
| #omm |

5000 mm
Clause 28.4.2 | Effective Thickness
Figure 3 ty = tXK
Table 5 Stiffness Coefficient for Walls Stiffened by Piers

Table 5. Stiffness coefficient for walls stiffened by piers

Ratio of pier spacing Ratio £/t of pier thickness to
(centre to centre) to actual thickness of wall to which
pier width it is bonded

1 2 3
6 1.0 1.4 2.0
10 1.0 1.2 14
20 1.0 1.0 1.0

NOTE. Linear interpolation between the values given in

table 5 is permissible, but not extrapolation outside the limits
given.

pier spacing _ 5000 14 pier thickness 215

4, = =2.1
pier width 440 actual thickness ~ 102.5

Using linear interpolation in Table 5 K = 1.19
te = (1.19%x102.5) = 122 mm

Clause 28 Slenderness:
R = w = 197 < 27
122

Eccentricity e, zero < 0.05¢
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Contract : Column Job Ref. No. : Example 8.4 Calcs. by : W.McK.
Part of Structure :  Stiffened Single-Leaf Wall Checked by :
Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
Table 7 Capacity Reduction Factor ()

Using linear interpolation in Table 7 = 0.71

The equivalent thickness to allow for the additional load carried
by the piers can be estimated:

. . . Areal+ Area2
Equivalent solid wall thickness = Zcquivatent = M

L
p
Area 1 = [(215-102.5)x440] = 49,500 mm’
Area 2 = (102.5 x 5000) = 512,500 mm?
lquvatons. = (49500+512500)  _ o
5000
Clause 32.2.1 | Design Vertical Load Resistance Adopt standard
85.0 . . format bricks with
S 2 S D033 3.73 N/mm’ compressive strength
IB tequivalent 0.71x112.4 >10 N/mmz and

mortar designation
Note: Ignoring the contribution of the piers to the strength i.e. @), (ii) or (iii).

using ¢ instead of Zequivalene 1S conservative and will produce a
slightly higher required value of f;.

8.11 Cavity Walls

The fundamental requirements of external walls in buildings include the provision of
adequate strength, stability, thermal and sound insulation, fire resistance and resistance to
rain penetration. Whilst a single skin-wall can often satisfy the strength and stability
requirements, in many cases the thickness of wall necessary to satisfy some of the other
requirements (e.g. resistance to rain penetration, cf. BS 5628:Part 3) can be uneconomic
and inefficient.

In most cases of external wall design, cavity wall construction comprising two leaves
with a gap between them is used. Normally the outer leaf is a half-brick (102.5 mm thick)
common or facing brick and the inner leaf is either the same or light-weight, thermally
efficient, concrete block.

The minimum thickness of each leaf is specified in Clause 29.1.2 of BS 5628:Part 1 as
75 mm. The width of the cavity between the leaves may vary between 50 mm and 150 mm
but should not be greater than 75 mm where either of the leaves is less than 90 mm in
thickness, as indicated in Clause 29.1.3 of the code. These criteria are illustrated in
Figure 8.48.
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1 ﬁ} 5 t; and t, 275 mm

Xj: If #; or t, < 90 mm then:
tZA j 5 50 mm < x <75 mm
tlAﬁ} 5 t; and t, 275 mm

;CA: If #; and #, > 90 mm then:
2,ﬁj 5 50 mm < x < 150 mm

Figure 8.48

The minimum width requirement is to reduce the possibility of bridging across the cavity,
e.g. by mortar droppings, which could cause the transmission of moisture. The maximum
width requirement is to limit the length of the wall ties connecting the two leaves and
hence reduce their tendency to buckle if subjected to compressive forces.

The effect of ties is to stiffen each of the leaves in a wall and consequently to reduce
the slenderness ratio.

Where the applied vertical load is supported by one leaf only, the influence of the
unloaded leaf is considered when evaluating the effective thickness of the wall, as
indicated in Figure 3 of the code. The cross-sectional area used to determine the load
resistance is that of the loaded leaf only.

Where the applied vertical load acts between the centroids of the two leaves, it should
be replaced by a statically equivalent axial load in each leaf, as indicated in Clause 32.2.3
of the code and illustrated in Figure 8.49.

actual load system equivalent load system

Figure 8.49

Each leaf is designed seperately to resist the equivalent axial load, using the stiffening
effect of the other leaf to determine the effective thickness and hence the slenderness ratio.
The provision of ties is governed by the requirements of Clause 29.1.5 and suitable
minimum values are given Table 6 of BS 5628:Part I and also shown in Figure 8.50.
The ties should be staggered and evenly distributed over a wall area. Additional ties
should be provided at a rate of one tie per 300 mm height or equivalent, located not more
than 225 mm from the vertical edges of openings and at vertical unreturned or unbonded
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edges such as at movement joints or the sloping verge of gable walls. As indicated in
Clause 29.1.6, ties should be embedded at least 50 mm in each leaf.

Selection of wall ties: types and lengths

Least leaf Nominal Permissible type of tie Tie
thickness cavity length
(one or both) | width
Shape name* in | Type member** in
accordance accordance with
mm mm with BS 1243 DD 140 : Part 2 mm
75 75 or less (a), (b) or (c) 1,2,3,4 175
90 75 or less (a), (b) or (c) 1,2,3,4 200
90 76 to 90 (b) or (¢) lor2 225
90 91 to 100 (b) or (¢) lor2 225
90 101 to 125 () 1or2 250
90 126 to 150 () 1or2 275

* (a) —butterfly (b) — double triangle (c) — vertical twist
** type 1 is the stiffest and type 4 the least stiff

Figure 8.50

Since the two leaves of a cavity wall may be of different materials with differing
physical properties and/or subject to different thermal effects, differential movement is
inevitable. To prevent potentially damaging loosening of the embedded ties, the
uninterrupted height of the outer leaf of external cavity walls can be limited or suitable
detailing of the construction incorporated to accommodate the movement.

8.11.1 Limitation on Uninterrupted Height (Clause 29.2.2)

The code specifies that:‘... the outer leaf should be supported at intervals of not more than
every third storey or every 9 m, whichever is less. ... for buildings not exceeding four
storeys or 12 m in height, whichever is less, the outer leaf may be uninterrupted for its full
height.” This is illustrated in Figure 8.51.

by
I
3
2
g < 4 storeys
< 120m ' !
< 3 storeys E
< 90m : ih
v 3 E
- L 1

Figure 8.51



Design of Structural Masonry Elements 561

8.11.2 Accommodation of Differential Vertical Movement (Clause 29.2.3)

Where differential movement is accommodated by calculation this should include all
factors such as elastic movement, moisture movement, thermal movement, creep etc., and
the value should not exceed 30 mm. Detailing which includes separate lintels for both
leaves, appropriate ties which can accommodate movement and the fixing of window
frames cills etc. must be considered. In most cases engineers adopt the method of limiting
the uninterrupted height.

8.11.3 Accommodation of Differential Horizontal Movement (Clause 29.2.4)

Advice is given in BS 5628:Part 3 on the provision of vertical joints to accommodate
horizontal movements.

8.12 Example 8.5: Cavity Wall

The external cavity brick wall of a braced building is shown in Figure 8.52. The wall
supports a reinforced concrete slab at the first level which imposes characteristic loads as
indicated.

Using the design data given, check the suitability of the proposed brick/mortar
combination for the inner leaf.

Design data:

W1:

Characteristic dead load (per metre length of wall) 50.0 kN
Characteristic imposed 80.0 kN
W3:

Characteristic dead load 15.0 kN
Characteristic imposed 25.0 kN
Characteristic self-weight of wall 2.2 kN/m*
Category of manufacturing control special
Category of construction control normal
Mortar designation Type (ii)
Compressive strength of unit 15 N/mm*

Reinforced concrete floor slab

Both leaves are constructed
from standard format bricks
with a cavity width of 50 mm

Figure 8.52
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8.12.1 Solution to Example 8.5

Contract : Column Job Ref. No. : Example 8.5

Calcs. by : W.McK.

Clause 31

Clause 32.2.1

Clause 27.3

Table 4(a)

Clause 28

Clause 28.2.2

Clause 28.3.1

Clause 28.4.1

Dead loads n = 14
Imposed loads % = 1.6

Consider a 1.0 metre length of wall

Wi concentric load

Design load/metre length of wall from above:

= [(1.4x50.0)+ (1.6 x80.0)] = 198.0kN

W, concentric load

Characteristic self-weight of (0.4 x height of wall):

= (04x4.0x22) = 3.52kN

Wj: eccentric load

Design load/metre length of wall from reinforced concrete slab:
= [(1.4x15.0)+ (1.6 x25.0)] = 61.0KkN

(W1 + Wy + W3)
(198.0+61.0+3.52) = 262.5kN

Total design load

Bt fx
Ym

Design vertical load resistance/unit length =

Partial Safety Factor for Material Strength ()
Category for manufacturing control is special
Category for construction control is normal

Yo = 3.1

Consideration of Slenderness of Walls and Columns
slenderness ratio (SR) = A/t < 27

Horizontal Lateral Support

Since this structure has a concrete roof with a bearing length of
at least one-half the thickness of the wall, enhanced resistance to
lateral movement can be assumed.

Effective Height
hee = 0.75 X clear distance between lateral supports
= (0.75x4000) = 3000 mm

Effective Thickness
For cavity walls the effective thickness is as indicated in
Figure 3 of the code and equal to the greatest of:

(@) 2/3(t; + 1) = 2/3(102.5 +215) = 211.7 mm,
(b) 1 = 102.5 mm or
(c) t = 215 mm

Sty = 215 mm

Part of Structure : Cavity Wall Checked by :

Calc. Sheet No.: 1 of 2 Date :
References Calculations Output
Clause 22(a) Partial Safety Factor for Loads (%)
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Contract : Column Job Ref. No. : Example 8.5

Calcs. by : W.McK.

Part of Structure : Cavity Wall Checked by :
Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
Clause 28 Slenderness ratio = SR = % = 14 <27
Clause 31 Eccentricity Perpendicular to the wall
The load from the slab may be assumed to act at an eccentricity
equal to one-third of the depth of the bearing area from the
loaded face of the wall, i.e. #/6 from the centre-line.
The resultant eccentricity e, required for the capacity reduction
factor 3 can be determined as follows:
W,
Wi+ W;)xe, = (Wixtl6)
(198.0+61.0) e, = (61.0x1)/6
ex = (10.2¢/259)
= 0.04¢
< 0.05¢
x .
16 M[— 13
Table 7 Capacity Reduction Factor: B = 0.89
Table 2(a) Compressive strength of unit = 15 N/mm?
Mortar designation = Type (ii)
Compressive strength of masonry fi = 5.3 N/mm?
Clause 32.2.1 | Design Vertical Load Resistance = 'Bt—fk
Ym
_ 0.89%x215%5.3
3.1
= 327.1 kKN/m The pl’OpOSed
brick/mortar
> 2625 kN combination for the

inner leaf is suitable
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8.13 Laterally Loaded Walls
8.13.1 Introduction

In many instances, for example cladding panels, masonry must resist forces induced by
lateral loading such as wind pressure. The geometric dimensions and support conditions of

such panels frequently result in two-way bending as shown in Figure 8.53.

horizontal bending

\
\
\
\

Vome==

vertical bending
e Figure 8.53

Masonry is a non-isotropic material resulting in flexural strengths and modes of failure
which are different in the vertical and horizontal directions. The failure mode due to
simple vertical bending occurs with cracking developing along the bed joints, as shown in
Figure 8.54(a), and in simple horizontal bending with cracking developing through the

vertical joints, as shown in Figure 8.54(b).

flexural Q’
tension i
\:A \A’,,;_,/
/ S
/ ~a
flexural | Ny
tension &7 -
\ T~
\:\\‘L A -

(a) Vertical bending (b) Horizontal bending

Figure 8.54

In BS 5628:Part 1:1992 Table 3, the characteristic flexural strength of masonry (fi) is
given relative to both individual failure modes. As indicated in Clause 24.2 of the code,

linear interpolation between the values of fi, is permitted for:

(a) concrete block walls of thickness between 100 mm and 250 mm,
(b) concrete blocks of compressive strength between 2.8 N/mm” and 7.0 N/mm*

in a wall of given thickness.

Since the development of flexural tension is clearly an important factor in the flexural
strength of masonry, any loading which tends to reduce this will enhance the strength of a
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panel. In loadbearing walls such as the lower levels of multi-storey buildings, the pre-
compression caused by the dead load from above will increase the resistance to failure
parallel to the bed joints since the flexural tension is reduced by the axial compression.

Note: (It is important to recognise that the increased compressive stresses due to
combined flexure and axial load should not exceed their specified limits; and in addition,
that the pre-compression will be significantly lower at the upper levels of the building.)

The ratio of the flexural strength due to vertical bending to that due to horizontal
bending is known as the orthogonal ratio, i.e.:

_ f kx par

‘u - -

f kx perp
\A \AFI
~h i
. ~_ §
where: - . T
Jixpar 18 the characteristic flexural strength parallel to the bed joints h;fft%;

W \‘,/'/
e

JSixperp 18 the characteristic strength perpendicular to the bed joints

As indicated in Clause 36.4.2 of the code, the value of the orthogonal ratio can be
modified to reflect the enhanced strength due to pre-compression by increasing the value
of fix par accordingly, i.e.:

( ka par g )
T8y
+
Modified orthogonal ratio = = Ui pr T Vm8a )
ka perp ka perp
Y

where:
Six pars fix perp and Y are as before
ga is the design vertical load/unit area.

This should be evaluated assuming y; = 0.9 as indicated in Clause 22 of the code.

Wall panels with a high height to length ratio and with one vertical edge unsupported
are particularly sensitive to failure parallel to the bed joints, and it is often advantageous to
utilise any existing pre-compression to enhance the flexural strength.

8.13.2 Design Strength of Panels (Clause 36.4 and Table 9)

The design of panels as given in Clause 36.4 of the code requires that the design moment
of resistance is equal to or greater than the calculated design moment due to the applied
loads, as determined using the bending moment coefficients from Table 9, i.e.
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@) Consider failure perpendicular to the plane of the bed joints:

= f
™ \A Moment of resistance of the panel = Jkxperp
:: % Vm
:: : ~a Moment due to applied loads = oWk 2 perunit height
f kx perp 2 -
£ = oWl Equation (1)
Ym

(ii) Consider failure parallel to the plane of the bed joints:

\A\;\T‘,j' Moment of resistance of the panel = @Z
\Al,"l % ,,_4’/,;\'3’ ’J/m
it=#2=\,  Moment due to applied loads = paWyl’ perunit height
f kx par 2 .
——Z = poWypL Equation (2)
Vm
where:

(07 is the bending moment coefficient taken from Table 9

% is the partial safety factor for loads (Clause 22)

u is the orthogonal ratio

L is the length of the panel

Wi is the characteristic wind load/unit area

Z is the elastic section modulus (note: based on the net area for hollow blocks)
Sixperps fix par, and ¥, are as before.

The calculation to determine the required flexural strength can be carried out using either
equation (1) or equation (2); it is not necessary to evaluate both since the effect of the
orthogonal ratio is included in the bending moment coefficients given in Table 9, i.e. in
Equation (2):

ka par — tLl ka perp — ‘ll X (aWk%LZ per unlt helght) = ILLaWk'J/fLZ per unlt helght

Vi Vm

The values of the bending moment coefficients given in Table 9 are dependent on:

1) the edge restraint conditions of panels,

ii) the orthogonal ratio (1) and
iii) the aspect ratio h/L, where & is the height of the panel and L is the length of the

panel.
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The edge restraint conditions are summarised in Figure 8.55.

A B
e e
IIIIIIIIIIIIIIII IIIIIIIIIIIIIII 1
e amamammmns i e 0
A LT T T T | I N I - =
E F
LT I T free edge
IIIIIIII :}IIIIIIII :}llllllll .
3}“.'.'.'.' ."-;,',',',' R simply supported edge
1 1 1 111 1 1 1 1
}:::::::: b R an edge over which full
L T T 1 T T T 1 o e e e e .. .
T :::'.'.'.'. :::'.'.'.'. continuity exists
11 1 1 B I 1 1 1 -
J K L
Figure 8.55

The values of the orthogonal ratio vary from 0.3 to 1.0, and the values of the aspect
ratio vary from 0.3 to 1.75. Linear interpolation of y and A/L is permitted. When the
dimensions of a wall are outside the range of A/L given in Table 9, it will usually be
sufficient to calculate the moments on the basis of a simple span e.g. a panel of type A.

A wall having A/L less than 0.3 will tend to act as a free-standing wall, whilst the same
panel having h/L greater than 1.75 will tend to span horizontally.

8.13.3 Edge Support Conditions and Continuity (Clause 36.2)

The lateral resistance of masonry panels is dependent on the degree of rotational and
lateral restraint at the edges of the panel and/or the continuity past a support such as a pier
or a column. In most cases, with the exception of a free edge, unless masonry is fully
bonded into return walls or is in intimate and permanent contact with a roof or floor, a
simple support should be assumed.

In BS 5628:Part 3 guidance is given to assess fixed support conditions for both single-
leaf solid walls and cavity walls. In all cases a wall should be adequately connected to its
support and all supports should be sufficiently strong and rigid to carry the transmitted
load.

In addition to the Part 3 guidelines, BS 5628:Part 1:1992, Figures 7 and 8 provide
examples of typical support conditions and continuity over supports, as shown in
Figures 8.56 and 8.57. The connection to a support may be in the form of ties or by shear
resistance of the masonry taking into account the damp-proof course, if it exists.
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Values of characteristic tensile and shear strength which should be used for various
types of wall ties used in panel supports are given in Part 1, Table 8 of the code. Where it
is necessary to transmit compression, provided that any gap between the wall and the
supporting structure is not greater than 75 mm, the values for tension given in Table 8 may

be used for ties other than butterfly or double triangle types.

=
=

Metal ties to columns.
Simple support — direct force
restraint restricted to values
given in Table 8.

= T2z
Z

Metal ties to columns or unbonded
return walls. Shear and possibly
moment restraint. Shear limited to
values given in Table 8.

—_—

Z
= 2

Bonded return walls.

Restrained support — direct force
and moment restraint limited by
tensile strength of masonry as given
in Clause 24.1.

=

Bonded to piers.

Intermediate pier — Direct force and moment
restraint limited by tensile strength of masonry
as given in Clause 24.1.

End pier — Simple support: direct force
restraint restricted to values given in Table 8.

Figure 8.56  Vertical support conditions

\ .
Shear and moment restraint;

limited by flexural and
shear strength of brickwork

Shear and moment restraint;

limited by damp-proof course material
(see Clauses 24.1 and 33) and by vertical
load (see Clause 36.4.2) of the code

VINA X IAAN

(a) In-situ floor slab cast on to wall
span parallel to wall

B

No restraint;
(i.e. free edge)

ALK

(c) Wall built up to but not pinned
to the slab above

Figure 8.57  Vertical support conditions
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R A

Shear and moment restraint; Anchors
simple support or moment
restraint at the discretion of
the designer

|

Shear restraint;
simple support limited

KA.
HIARK

by the strength of the
anchors
(b) (1) Precast units spanning (d)  Similar to (¢) above with
parallel to the wall suitable anchors
Bs (2) Walls solidly pinned up -

to the structure above

Figure 8.57 (continued) Horizontal support conditions

8.13.4 Limiting Dimensions (Clause 36.3)

The limiting dimensions of laterally loaded walls and free-standing walls, as set out in
Clause 36.3, are indicated in Figure 8.58.

(a) Panel supported on three edges

height x length < 1350 lezf
no dimensions > 50 ¢

none one one

o - . 2
|:|:|:|:|:|: .H_I:I:I:I:I:I: ""'I:I:I:I:I:I:; helghtxlengthS 1500tef
IIIIIIIIIIII .\"'IIIIIIIIIIII .\"'IIIIIIIIIIII d . > 501‘

T T T T T T o I i Fol i —— —— B no dimensions ef
e o -
two two three
Number of sides continuous
(b)  Panel supported on four edges
o o L Tl e L .
| | I I - 1 1 1 1 1 el 11 1 1 1 L1 1 1 [ 1
- | I N N 11 1 1 1 1 111 1 1 1 | N N N - 1
| L 1T T 1T 1T 1 1 1 1 1 1 11 1 1 1 | I N N
- | I N N 11 1 1 1 1 111 1 1 1 | N N N - 1
- | I I . - 1 1 1 1 1 11 1 1 1 | I N N
b L L1 1 1 | I N "t I N | N N N - 1
u 1 1 1 1.1 1 | 1 | ] 1 1 1 1.1 | I N N
- - TR T
none one one two two two
Number of sides continuous height X length < 2025 tezf
no dimensions > 50 £
. -, R
- 1 1 1 11 L1 1 1 1 1 o L1 1 1 1 |
~CL 1 1 1 [ 1| 11 1 11 L 1 1 11 "
- 1 1 1 11 111 1 1 1 L1 1 1 1 1
L L1 1 1 1 11 1 11 L 1 1 11
"'\-IIIIIIIIIIII IIIIIIIIIIII "'\-IIIIIIIIIIII-- : 2
L T T T T 1 | I - | I — - helghtxlengths 2250 tf
- - €
three three four no dimensions > 50 fr

Number of sides continuous

Figure 8.58
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(c)  Panel supported top and bottom

.:|:|:|:|:|: ay H < 401t |:|:|:|:|:|: T H < 401t

D e

(d)  Free-standing wall free edge
i T simply supported edge
| N N I
:':':':':':' T H < 12y an edge over which
e full continuity exists
T Tl e T St

Figure 8.58 (continued)

8.13.5 Design Lateral Strength of Cavity Walls (Clause 36.4.5)

The design lateral strength of cavity walls is normally assumed to be equal to the sum of
that for each of the two leaves. This is based on the assumption that vertical twist ties, ties
with equivalent strength or double-triangle/wire butterfly ties as indicated in Clause 36.2,
are used. Since both leaves are assumed to deflect together, assuming the same orthogonal
ratio, the total applied load will be distributed between the walls in proportion to their
stiffnesses (note: the relative stiffness / is adequate for this purpose), e.g.

nhn

Assume the total applied lateral load = W i
. «— support
—
Applied load on leaf;, = [I—I]W I N
I total W kN, /mz - §
—»
— N
Applied load on leaf, = [ I ]W -
Total —I Dol ey support
where:
I, 1is the second moment of area of leaf; [i.e. (t13 /12)/unit length]

I, 1is the second moment of area of leaf, [i.e. (t% /12)/unit length]
Low = (11 + 12)

These proportions can be expressed in terms of the leaf thicknesses:

i

513

3 3

applied load on leaf;, = [
1 +15

3
]W ; applied load on leaf, = [ 12 ]W

Where the orthogonal ratio of the two leaves differ, the proportions can be expressed in
terms of the bending moment resistance of each leaf.
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8.14 Example 8.6: Laterally Loaded Single-Leaf Wall

A two-storey steel-framed building is to be clad in a single-leaf 102.5 mm thick brickwork
wall, as shown in Figure 8.59. Panel A is simply supported at the bottom, with continuity
existing over the vertical sides. Using the design data given, check the suitability of the
brick/mortar combination for Panel A.

Assume:
Panel A is free at roof level and is a non-loadbearing wall.

Neglect any precompression due to the self-weight of the brickwork.

Design data:

Characteristic wind load (W;) 0.7 kN/m’
Category of construction control special
Mortar designation (ii)
Use clay bricks with water absorption = 7%
<12%
1 | 1
Column Column Column Column Column
S
(=)
&

, 1* floor
- [ level
o
(e
S
on
- ;

| | I
4000mm ' 4000 mm ! 4000 mm ! 4000 mm
1 A A

Figure 8.59
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8.14.1 Solution to Example 8.6

Contract : Framed Building Job Ref. No. : Example 8.6
Part of Structure : Laterally Loaded Single-Leaf Wall Panel

Calcs. by : W.McK.
Checked by :

Figures 7 and 8

Clause 36.3
(Figure 8.58)

Table 9
(Figure 8.55)

Table 3

The continuity of the wall over the columns provides fixity to
the vertical edges of each panel.
Panel considered for design:

free edge
:\I-b'c‘:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
. :\I'\M‘:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Cont]nuous:}{ IIIII I 1T T 1T 7T T 7T T ¥ IIIIIIIII E
support —#fT =
}{IIIII Typec IIIIIIIII g
:}c‘:lllll 11 1 1 1 1 1 1 1 IIIIIIIIII 8
:\I'b'c‘:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII gl
}C‘:IIIIIIIII IIIIIIIIIIII
:b{l:l:lll IIIII T
A A
simple support 4000 mm

Limiting dimensions:
The panel is supported on three edges, with two sides continuous

height x length < 1500 tezf and no dimension > 50¢.¢

fe = 1025mm, - 15007% = 1576x10° mm’
50t = 5125 mm
height x length = (3000 x 4000) = 12.0x10° mm’

< 15001%

height = 3000 mm < 50z
length = 4000 mm < 50z

The panel considered corresponds to Type C.

The orthogonal ratio (i) is required to obtain a value for the
bending moment coefficient: this is dependent on the type

of brick and mortar used. Assume a value equal to 0.35 and checH
at the end of the calculation.

For clay bricks with water absorption = 7% and < 12% and

using mortar designation (ii):
fixpr = 04ANMM*  fispep = 1.1 N/mm’

u=— = 0.36; h/L =(3000/4000) = 0.75

Calc. Sheet No. : 1 of 2 Date :
References Calculations Output
Clause 36.2 Assume simple supports at the bottom of the wall.

Limiting dimensions
are satisfied
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Contract : Framed Building Job Ref. No. : Example 8.6

Calcs. by : W.McK.

Part of Structure : Laterally Loaded Single-Leaf Wall Panel | Checked by :

Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
Table 9 (Extract relating to panel type C)
h/L
u 0.3 0.5 0.75 1.00 1.25
1.00 - - 0.037 - -
0.90 - - 0.038 - -
0.80 - - 0.039 - -
0.70 - - 0.040 - -
0.60 - - 0.041 - -
0.50 - - 0.043 - -
0.40 - - 0.044 - -
0.35 - - 0.045 - -
0.30 - - 0.046 - -
Interpolation (for = 0.36) gives a =0.045
Clause 36.4.2 | Consider bending perpendicular to the bed joints.
Design bending moment = (& W) L*)/ metre height.
Clause 22 n=14
Note:
‘In the particular case of freestanding walls and laterally loaded,
wall panels, whose removal would in no way affect the stability
of the remaining structure, 7y applied on the wind load may be
taken as 1.2°
Design bending moment = (0.045x0.7 x 1.2 x 4.0%
= 0.6 kNm /metre height
Clause 36.4.3 | Design moment of resistance = (MZJ > 0.6x10°
Ym
Category for construction control is normal
Table 4(b) Yo = 2.5
2
7z = % = (1751 x 10% mm’ / metre height
fix perp 4 - 1.1x1.751x10°
y - 25 Proposed
m : .
brick/mortar
= 0.77 % 106 Nmm / metre helght combination is
adequate
> 0.6 x 10° Nmm / metre height
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8.15 Example 8.7: Laterally Loaded Cavity Wall

A two-storey steel-framed building is to be clad in a cavity wall comprising 102.5 mm
thick brickwork inner and outer leaves, as shown in Figure 8.60. The brickwork leaf of
Panel A is free on the edge adjacent to the door opening, simply supported at the base,
and continuous along the other two sides. Using the design data given, determine a
suitable brick/mortar combination for Panel A.

Assume:

The cavity wall is loadbearing.

Neglect any precompression due to the self-weight of the brickwork.

The two leaves are tied together using cavity wall ties in accordance with the relevant

British Standards.

Design data:

Characteristic wind load (W) 1.0 kN/m?
Category of construction control normal
1 I 1
Column Column Column Column Column

e

£

(=}

0

N

o e 1" floor
o

(e

0

N

o

3500 mm ; 3500 mm ! 3500 mm ! 3500 mm

Figure 8.60



Design of Structural Masonry Elements

8.15.1 Solution to Example 8.7

575

length 3500 mm < 50z

Contract : Steel Frame Job Ref. No. : Example 8.7 Calcs. by : W.McK.
Part of Structure : Cavity Wall Panel Checked by :
Calc. Sheet No. : 1 of 2 Date :
References Calculations Output
Clause 36.2 In the case of cavity walls, only one leaf need be continuous (the
thicker of the two), provided wall ties in accordance with Table 6
are used between the two leaves and between each section of the
discontinuous leaf and the support.
Panel considered for design:
continuous
support
=
=
o
S
o0
(@]
simple %\
support continuous
L support
Clause 36.3 Limiting dimensions:
(Figure 8.58) The panel is supported on three edges with two sides continuous
and one simply supported
height x length < 1500 tezf and  no dimension > 50z.¢
Clause 28.4.1 | Effective thickness
For cavity walls the effective thickness is as indicated in Figure 3
of the code and equal to the greatest of:
(a) 2/3(t; + 1) = 2/3(102.5 + 102.5) = 1367 mm or
(b) I3 = 102.5mm or
(c) t = 75 mm
By = 1367mm . 150023 = 28.03x10° mm’
50ty = 6835 mm
height x length = (2800 x 3500) = 9.8x10° mm?
2
15007
. < 15007 Limiting
height = 2800 mm < 50t dimensions

are satisfied
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Contract : Steel Portal Frame Job Ref. No. : Example 8.7 [ Calcs. by : W.McK.
Part of Structure : Cavity Wall Panel Checked by :
Calc. Sheet No. : 2 of 2 Date :
References Calculations Output
Table 9 The panel considered corresponds to Type L.
(Figure 8.55) The orthogonal ratio () is required to obtain a value for the
bending moment coefficient, since this is dependent on the type
of brick and mortar used. A assume a value equal to 0.35 and
check at the end of the calculation.
u=0.35; h/L = (2800/3500) = 0.8
Table 9 (Extract relating to panel type L)
h/L
u 0.3 0.5 0.75 1.00 1.25
0.40 - - 0.055 0.078 -
0.35 - - 0.060 0.084 -
0.30 - - 0.066 0.092 -
Interpolation (for #/L =0.8) gives o¢ = 0.065
Clause 36.4.2 | Consider bending perpendicular to the bed joints.
Design bending moment = (o Wy L*)/ metre height.
Clause 22 n =14
Design bending moment = (0.065 x 1.0 x 1.4 x 3.5%)
1.11 kNm /metre height
Clause 36.4.5 | Since both leaves are the same, the bending moment carried by
one leaf = (0.5 x 1.11) = 0.555 kNm /metre height
f
Clause 36.4.3 | Design moment of resistance = [mZ > 0.555 x 10°
Ym
Table 4 (b) Yn = 3.0
2
z = % = (1751 x 10° mm® / metre height
f x1.751x10°
x perp o > 0.555x 10° Nmm / metre height
Sixpep = 0.95 N/mm?
Table 3 Use clay bricks having a water absorption between 7% and 12%
with a mortar designation Type (ii) or (iii) (fix perp = 1.1 N/mm?) Adopt clay bricks:
) ) with water absorption
Check the assumed value of the orthogonal ratio pt (i.e. = 0.35)  |petween 7% and 12%.
_ Jiex par = 11 = 036 > assumed value Morta{ deSlg.l.l.atlon
Fix perp 0.4 Type (ii) or (iii)
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8.16 Concentrated Loads on Walls

When considering relatively flexible members bearing on a wall, the stress distribution
due to the reaction is assumed to be triangular as shown in Figure 8.61.

End reaction

relatively flexible element

Assumed stress
distribution

Figure 8.61

This is evident in Clause 31 when assessing the eccentricity, i.e. assuming ‘that the load
transmitted to a wall by a single floor or roof acts at one-third of the depth of the bearing
area from the loaded face of the wall or loadbearing leaf.’

In the case of loads (e.g. beam end reactions, column loads) which are applied to a wall
through relatively stiff elements such as deep reinforced concrete beams, pad-stones or
spreader beams as shown in Figure 8.62, provision is made in Clause 34 of the code for
enhanced local bearing stresses.

Relatively stiff reinforced
concrete beam S

Relatively flexible steel beam
on padstone

concrete padstone

Concrete column on
] spreader beam

—— concrete spreader beam

Figure 8.62

Three types of bearing are considered in Figure 5 of the code and are illustrated in
Table 8.6 and Table 8.7 in this text.
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Bearing Type 1 x y 4 Local Design
Strength
x \5'»‘ y
S > > 15t <3 1.25f,
Vm

g > 151 <21 125,
Vo

X Y > 50 mm No Edge 1.25f,
<lhy restriction | distance y
Z m

may be
l\L Z€ero
t
)
4L : SVat <6« |Edge 125,
<t distance y
> x "

Table 8.6
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Bearing Type 2 x y V4 Local Design
Strength
X
= . > 50 mm <8x | Edge 1.5f,
<t distance ¥
= x "
L
s
g > Vst <21 1.5f,
Vm
Ly
YA
. >t <4t Edge L.5f,
<t distance
S Vm
Lo =
Bearing Type 3 Local Design
Strength
The distribution of stress under
the spreader beam should be
derived from an acceptable
elastic theory, e.g. 2.0f,
(i) using simple elastic theory Vm
Spreader beam | asquming a triangular stress
block with zero tension,
or
(ii) using Timoshenko’s analysis
for elastic foundations (46)

Table 8.7
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In Bearing Type 1 an increase of 25% in the characteristic compressive strength (f;) is
permitted immediately beneath the bearing surface, whilst in Bearing Type 2 and Bearing
Type 3 50% and 100% increases respectively are permitted.

This local increase in strength at the bearing of a concentrated load is primarily due to
the development of a triaxial state of stress in the masonry. Factors relating to the precise
bearing details (e.g. relative dimensions of wall and bearing area, or proximity of the
bearing to the wall surface or wall end) also influence the ultimate failure load. The stress
concentrations which occur in these circumstances rapidly disperse throughout the
remainder of the masonry. It is normally assumed that this dispersal occurs at an angle of
45°, as shown in Figure 8.63.

A

ocal bearing area under padstone
where enhanced f values apply.

0.4h

Figure 8.63

In Clause 34 the code requires that the strength of masonry be checked both locally
under a concentrated load assuming the enhanced strength and at a distance of 0.4/ below
the level of the bearing where the strength should be checked in accordance with Clause
32. The effects of other loads, which are applied above the level of the bearing, should
also be included in the calculated design stress. The assumed stress distributions for
Bearing Types 1, 2 and 3 are illustrated in Figure 6 of the code and are shown in
Figure 8.64.

Jvlvlvl{rwr. VIJ

Concentrated load

2111121111

Load from above ~_

FRERRT
(N ——

YYvVYYY

stress from above

N
N

0.4h

7/

7

v 45°

sigrnne

7 . . . N
+-- load dispersion line "~

N
N\

Stress Distribution for Bearing

Types 1 and 2

0.4h

e——

Figure 8.64

spreader beam 7

7
7

7

Indicative stress diagram,f
;
under spreader beam /" 45°

O T [T

Stress Distribution for Bearing
Type 3
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In Bearings Types 1 and 2 it is reasonable to assume a uniform stress distribution
beneath the concentrated loads. Since the enhancement of fi is partly due to the
development of a triaxial state of stress beneath the load, in most cases it is assumed that
restraint is provided at each side of the bearing. Note: It is important to recognise that
strength enhancement cannot be justified in situations in which a minimum edge distance
occurs on BOTH sides of a bearing.

8.16.1 Example 8.8: Concentrated Load Due to Reinforced Concrete Beam

A 255 mm thick brickwork cavity wall in a masonry office block supports a reinforced
concrete beam on its inner leaf, as shown in Figure 8.65. Using the data provided,
determine a suitable brick/mortar combination.

Design data:

Category of manufacturing control special
Category of construction control normal
Ultimate load from above the level of the beam 21.0 kN/m
Ultimate load from the floor slab 8.0 kN/m
Ultimate end reaction from the beam 75 kN
Characteristic unit-weight of plaster 21.0 kN/m’
Characteristic unit-weight of brickwork 18.0 kN/m’

Assume that the walls are part of a braced structure

Load from above = 21.0 kN/m
Floor loading = 8.0 kN/m

Al

2 / leaves each 1‘02.5 mm thick | 75 kKN
E* with 50 mm cavity I
12 mm thick plaster coat

21.0 kN/m____|f

8.0 kN/mT

75 kN

A — [

Reinforced Concrete Beam:
300 mm deep X 175 mm wide
End reaction = 75 kN

L | l (

3000 mm

Figure 8.65
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8.16.2 Solution to Example 8.8

Contract : Office Block Job Ref. No. : Example 8.8

Calcs. by : W.McK.

Assume Bearing Type 2 at location of the beam

1.5f,
Ym

Local strength =

Part of Structure : Masonry Wall Under Beam Checked by :
Calc. Sheet No.: 1 of 5 Date :
References Calculations Output
Self-weight of 12 mm thick plaster layer = (0.012 x21)
= 0.25kN/m’
Self-weight of 102.5 mm thick cavity wall = (0.1025 x 18)
= 1.85kN/m’
Ultimate weight of wall and plaster = 1.4x(0.25+1.85)
= 2.94kN/m’
g
! =
: o
“ S
‘ S
! (e}
& i
Clause 34 The bearing stress should be considered at two locations; section
x—x for local stresses and section y—y for distributed stresses.
Clause 27.3 Category of manufacturing control —  special
Category of construction control — normal
Table 4 (a) Yo = 3.1
Consider section x—x
Figure 5 width of bearing x = 102.5 mm >Wt, <t
(Table 8.7 of this | length of bearing y = 175 mm <4t
text) edge distance 7z = X
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Contract : Office Block Job Ref. No. : Example 8.8
Part of Structure : Masonry Wall Under Beam Checked by :
Calc. Sheet No. : 2 of 5 Date :

Calcs. by : W.McK.

References

Calculations

Output

Clause 23.1.2

- 75.07kN
175 mm

Design load from above (29.0x0.175) = 5.1kN

Design load from beam 75.0 kN
Total design load at x—x = (5.1+75.0) = 80.1kN
Bearing Type 2:
. 1.5 fx
Local resistance = [——xA,|= 80.1kN
Ym

A, = (1025%x175) = 179.38 x 10> mm?

80.1x10% x3.1

fo 2 — 5
1.5%179.38%10

The narrow brick wall factor applies ..f required =(9.2/1.15)

} = 9.2 N/mm?

= 8.0 N/mm’
Consider section y—y
(21.0 + 8.0) =29.0 kKN/m T
-~ I~ E
S g
- o
S
S
o
04h = (04x3000) = 1200 mm
B = [175+2x04h)] = [175+ (2 x1200)]
= 2575 mm
Load due to self-weight of 0.4/ of wall (1.2x2.9)

3.5 kN/m length




584

Design of Structural Elements

Contract : Office Block Job Ref. No. : Example 8.8 | Calcs. by : W.McK.
Part of Structure :

Masonry Wall Under Beam Checked by :

Clause 32.2.1
Table 4(a)

Clause 28

Clause 28.2.2

Clause 28.3.1

Clause 28.4.1

Clause 31

= = 29.1 kN/m length
2.575

Design load at section y—y = (3.5 +29.0 +29.1)
61.6 kN/m length

Bt fx

Ym

Design vertical load resistance/unit length =
Yo = 3.1

Consideration of Slenderness of Walls and Columns
slenderness ratio (SR) =l /ty < 27

Horizontal Lateral Support

Since this structure has a concrete floor with a bearing length of
at least one-half the thickness of the wall, enhanced resistance to
lateral movement can be assumed.

Effective Height
he = 0.75 x clear distance between lateral supports
= (0.75x3000) = 2250 mm

Effective Thickness

For cavity walls the effective thickness is as indicated in Figure 3
of the code and equal to the greatest of:

(a) 2/3(t + 1) 2/3(102.5 +102.5) = 136.7 mm or

(b) t; = 102.5 mm or
(©) t, = 102.5 mm
ty = 136.7 mm
Slenderness ratio = SR = @ = 165 <27
136.7

Eccentricity Perpendicular to the Wall

x § 29.0kN

90kN o @9dx1/6) e

X = =

61.6

3.5kN

4

Calc. Sheet No. : 3 of 5 Date :
References Calculations Output
Design load from above = 29.0 kN/m length
Design load from beam = 75.0 kN
This load is distributed over the length B = 2575 mm
75.0
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Contract : Office Block Job Ref. No. : Example 8.8 | Calcs. by : W.McK.
Part of Structure : Masonry Wall Under Beam Checked by :

Calc. Sheet No. : 4 of 5 Date :
References Calculations Output
Table 7 Capacity Reduction Factor
Table 7. Capacity reduction factor, 3
Slender- Eccentricity at top of wall, e,
ness ratio Up to
et Iteg 0.05¢ 0.1z 0.2t | 0.3t
(see note 1)
0 1.00 0.88 0.66 044
- = /" o= v
B
16 0.83 0.77 0.64 044
18 0.77 0.70 0.57 044

- -
ﬁ(SR:lG.S; ex =0.08t) = 0.8

Clause 23.1.2 | Narrow Brick Walls
When using standard format bricks to construct a wall one brick
(i.e. 102.5 mm) wide, the values of f; obtained from Table 2(a)
can be multiplied by 1.15.
BUUISXA) 5 61 6 kwm
Ym
(61.6x3.1)
k= o
(0.8x102.5x1.15)
= 2.0 N/mm’

Clause 32.2.1 |Design vertical load resistance =

From the two values obtained, i.e. 8.0 N/mm? and 2.0 N/mm?, it
is evident that the selection of unit strength is based on the local
bearing strength at section x—x.

Since this is a localised problem the introduction of a bearing
pad under the beam may result in a more economic solution.

Assume units with compressive strength of 10 N/mm?* and
Type (ii) mortar are to be used.

Table 2 fi = 4.2 N/mm?

1.5
Local design resistance = (J}(Ab 2 61.6 kN/m
Ym

3
Ay > | SO0 g 5 10° mm?
1.5%4.2
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Contract : Office Block Job Ref. No. : Example 8.8
Part of Structure : Masonry Wall Under Beam Checked by :

Calcs. by : W.McK.

320 mm

N

Adopt a bearing pad (assume 45° dispersion of load)
(320 mm long x 102.5 mm wide X 150 mm thick)

Calc. Sheet No. : 5 of 5 Date :
References Calculations Output
3
Min. length of bearing required = 30.3x107 = 296 mm
102.5
For Type 2 bearing with 12t < x < 1 thelengthy < 4¢
. y<(4x102.5)= 410 mm > required length of 296 mm
E -102.5 mm
o Lo ' Adopt:
s Units with compressive
strength > 10.0 N/mm’

in mortar Type (ii)

Use concrete padstone
320 mm long x
102.5 mm wide x
150 mm thick

8.17 Glossary of Commonly Used Terms

Bat

Bed face

Bed joint

Block

A portion of brick manufactured or formed on site by cutting a
whole brick across its length, e.g. a snapheader.

The face of a structural unit which is normally laid on the mortar

bed.

A mortar layer between the bed faces of masonry units.

A masonry unit exceeding in length, width or height the
dimensions specified for a brick. To avoid confusion with slabs
and panels, the height of a block should not exceed either its

length or six times its width.




Bond

Brick

Brickwork/Blockwork

Cavities

Cavity wall

Cellular bricks

Chase

Closer:

Collar-jointed wall

Common bricks

Coordinating size

Corbel

Cornice

Course:
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An arrangement of structural units in an element (e.g. a wall)
designed to ensure that vertical, horizontal and transverse
distribution of load occurs throughout the element.

A masonry unit, including joint material, which does not exceed
337.5 mm in length, 225 mm in width and 112.5 mm in height.
In addition, to avoid confusion with tile work, the height should
not be less than 38 mm.

An assemblage of bricks or blocks bonded together to create a
structural element.

Holes which are closed at one end.

Two parallel single-leaf walls, usually at least 50 mm apart, and
effectively tied together with wall ties, the space between being
left as a continuous cavity or filled with non-loadbearing
material (usually thermal insulation).

Bricks having holes closed at one end which exceed 20% of the
volume of the brick.

Channel formed in the face of masonry.

A portion of brick manufactured or formed on site by cutting a
whole brick across its length, and used to maintain bond, e.g.
kingcloser and queencloser.

Two parallel single-leaf walls spaced at least 25 mm apart, with
the space between them filled with mortar and so tied together as

to result in composite action under load.

Masonry unit suitable for general construction but with no
particular surface finish or attractive appearance.

The size of a coordinating space allocated to a masonry unit,
including allowances for joints and tolerances.

A unit cantilevered from the face of a wall to form a bearing.

A continuous projection from the facade of a building, part of a
building or a wall.

A layer of masonry which includes a layer of mortar and
masonry units.
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Damp-proof course
(dpo)

Double-leaf wall

Dowel

Efflorescence

Engineering bricks

Faced wall

Facing bricks

Fair faced

Flashing

Frogged bricks

Grip hole

Grouted cavity wall

Header

Design of Structural Elements

A layer or layers of material laid or inserted in a structure to
prevent the passage of water.

See collar-jointed wall.

A device such as a flat strip or round bar, of uniform cross-
section, embedded in the mortar of some of the horizontal joints
(beds) at the ends of a panel, and fixed rigidly to an adjacent
structure to provide lateral restraint, thus preventing in-plane
horizontal movement of the panel.

The resulting white bloom left on the surface of a wall after
soluble salts, which are present in the bricks/mortars, are washed
out by excess water. These salts will subsequently re-dissolve in
rain and be washed away in a relatively short period of time.

Dense, semi-vitreous fired-clay bricks having minimum
compressive strength and maximum absorption characteristics
conforming to the requirements of BS 3921:1985.

A wall in which the facing and backing are bonded such that
they behave compositely under load.

Masonry units which are specially manufactured to provide an
aesthetically attractive appearance.

Work built with particular care, with respect to line and with
even joints, where it is visible when finished.

A sheet of impervious material (e.g. lead, bituminous felt)
applied to a structure and dressed to cover an intersection or joint
where water would otherwise penetrate.

Bricks having depressions formed in one or more bed faces, the
volume of which does not exceed 20% of the gross volume of
the brick.

A formed void in a masonry unit to enable it to be more readily
grasped and lifted with one or both hands or by machine.

Two parallel single-leaf walls, spaced at least 50 mm apart,
effectively tied together with wall ties and with the intervening
cavity filled with fine aggregate concrete (grout), which may be
reinforced, so as to result in composite action under load.

A structural unit with its end showing on the face of the wall.



Hollow bricks

Indenting

Jamb (Reveal)

Joint:  Bed joint

Cross joint
Wall joint

Jointing:

Lime Bleeding

Loadbearing masonry

Longitudinal joint

Movement joint

Padstone

Panel

Partition

Perforated bricks

Perpend joint
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Bricks having holes in excess of 25% and larger than perforated
bricks.

The omission of structural units to form recesses into which
future work can be bonded.

The visible part of each side of a recess or opening in a wall.

The mortar layer upon which the structural units are set.
A joint, other than a bed joint, normal to the face of the wall.
A joint parallel to the face of a wall.

The filling and finishing of raked-out joints during construction.

The resulting staining left on the surface of a wall after soluble
lime, which is produced during the hydration of the mortar, is
deposited by the movement of rain water through freshly set and
hardened mortar. These disfiguring stains will not weather off
but will require removal with dilute acid to restore the
appearance of the masonry.

Masonry which is suitable for supporting
vertical/lateral loads in addition to its own self-weight.

significant

A vertical mortar joint within the thickness of a wall, parallel to
the face of the wall.

A joint specifically designed and provided to permit relative
movement of a wall and its adjacent structure to occur without
impairing the functional integrity of the structure as a whole.

A strong block, usually concrete, bedded on a wall to distribute a
concentrated load.

An area of masonry with defined boundaries which may or may
not contain openings.

An internal wall intended for visual sub-division of space, i.e.
non-loadbearing.

Bricks having holes in excess of 25% of the brick’s volume,
provided the holes are less than 20 mm wide or 500 mm” in area
with up to three handholds within the 25% total.

A mortar joint perpendicular to the bed joint and to the face of
the wall (a vertical cross-joint).
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Pigment

Pointing

Quoin block

Shear wall

Shell bedded wall

Single-leaf wall

Sleeper wall

Slip

Solid brick

Squint

Stiffening wall

Stock bricks

Strap

Stretcher

String course
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Inert mineral additives used to extend the colour range of mortar
beyond that which can be achieved using various natural sands,
cement and lime.

The filling and finishing of raked-out joints after construction.
An external corner block.

A wall to resist lateral forces in its plane.

A wall in which the masonry units are bedded on two general
purpose mortar strips at the outside edges of the bed face of the

units (general purpose mortar as defined in EC6).

A wall of structural units laid to overlap (see bond) in one or
more directions and set solidly in mortar.

A dwarf wall, usually honeycombed, to carry a plate supporting
a floor.

A masonry unit either manufactured or cut, of the same height
and length as a header or stretcher, and normally with a
thickness of between 20 mm or 50 mm.

A brick which has no holes, cavities or depressions.

A special brick manufactured for an oblique quoin (i.e. on an
external corner).

A wall set perpendicular to another wall to give it support
against lateral forces or to resist buckling and thus to provide
stability to the building.

Bricks originally hand-made in the south-east of England, so
called from the timber ‘stock’ fixed to the bench that forms the
frog. Sometimes used to describe bricks held in stock by brick-
makers or merchants.

A device for connecting masonry members to other adjacent
components, such as floors and roofs.

A structural unit with its length in the direction of the wall.

A distinctive course of brickwork in a wall, usually projecting
from the wall and used as an architectural feature.



Structural units

Toothing

Veneered wall

Wall ties

Weathering

Wire-cut bricks

Work size
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Bricks or blocks used in combination with mortar to construct
masonry.

Masonry units left projecting to bond with future work.

A wall having a face that is attached to the backing, but not so
bonded as to result in composite action under load.

Metal strips used to connect the two separate leaves of a cavity
wall, increasing the stiffness of each one.

(a) The cover applied to, or the geometrical form of, a part of a
structure to enable it to shed rainwater.

(b) The effect of climatic and atmospheric conditions on the
external surface of materials.

Bricks shaped by extruding a column of clay through a die, the
column being subsequently cut to the size of a brick.

The size of a building component specified for its manufacture,
to which its actual size should conform within specified
permissible deviations.
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Greek Alphabet
alpha al Al a nu v| I N|n
beta B| B b X1 E| =[x
gamma | y | ' | g omicron | o | O | 0
delta 6l A | d pi | II|p
epsilon | ¢ | E | e rho plP]|r
zeta (| Z ]|z sigma ol x|s
eta n| H| ¢ tau T TI|t
theta 0|l |t upsilon | p | Y |u
iota 1| T |1 phi o | D|p
kappa | x| K| k chi x| X |k
lamda | A | A | ] psi w|¥|p
mu ul| M| m omega | g@| Q|0
SI Prefixes
T | tera | 10" d | deci | 107!
G | giga | 10° c | centi | 107
M | mega | 10° m | mili | 107
k | kilo | 10’ u | micro | 10
h | hecto | 10’ n | nano | 10~
da | deda | 10' p | pico | 107"
Approximate Values Coefficients of Static Friction
Surfaces in Contact (W
Timber on Timber 04
(fibres parallel to the motion) )
Timber on Timber 05
(fibres perpendicular to the motion) )
Metal on Concrete 0.3
Metal on Timber 0.2
Metal on Metal 0.15-0.2
Timber on Stone 0.4
Metal on Masonry 03-0.5
Masonry on Masonry (hard) 02-0.3
Masonry on Masonry (soft) 0.4-0.6
Well Lubricated Hard Smooth Surfaces 0.05

Approximate Values of Material Properties

Material | Elastic Modulus | Poisson’s Ratio Coefficient of
E (N/mm”) v Thermal Expansion (a/°C)
Concrete 25.0 x 10° 0.2 10.0 - 14.0x 107°
Steel 205 x 10° 0.3 120x107°°
Timber | 4,600 — 18,000 0.3 3.6-54x107°
Masonry 0.5f; — 2.0f; - Clay: 5.0-7.0x 10
Calcium Silicate: 14 —15x 10 °
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Properties of Geometric Figures

Cross-sectional area

Distance to centre of gravity

Elastic Section Modulus about the x—x axis
Radius of Gyration about the x—x axis

Second Moment of Area about the x—x axis
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Rectangle
A =bd y =d/2 4\
3 2
d —+
o= L
XX \/g
X x
/b
Rectangle: .
bd
A =bd V= e y
Vb? +d?
X = X

343 2 72
L b , b A
6> +d?) 6Vb? +d> J b

6lp* +d*
Rectangle:
A = bd _ b sino.+ d coso.
2
Io= bd(bzsin2a+d2cosza)
XX 12
7 - bd(b2sin2a+dzcosza)
” 6(hsina+d cosa)
P \/bzsin2a+dzcosza
XX 12
|
Hollow Rectangle ﬂ
A :(bd—bldl) y =d/2 dl y
3 _pd? bd® —b,d’ d| Ll-|-.-._. --JF
e (bd® - b,a?) . d’) . .
12 6d
bd® —b,d} b
T 124 S
N b




Appendix 2 597
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Beam Reactions, Bending Moments and Deflections

Simply Supported Beams
Cantilever Beams

Propped Cantilevers

Fixed-End Beams
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w = Distributed load (kN/m) and W = Total load (kN)

Simply Supported Beams:

! a | b |

IS
S
9}

Va=wL/2 Vs = wlL/2
Maximum bending moment at centre = wL*/8
Maximum deflection = (5wL*/384EI)

Va=PI2 Vg =P/2
Maximum bending moment at centre = PL /4
Maximum deflection = (PL*/48EI)

Va=Pb/L Vg = PalL

Maximum bending moment at centre = Pab /L
Mid-span deflection = PL’[(3a/L) — (4a’/L*)]/48EI
(This value will be within 2.5% of the maximum)

Va=W(O0.5b + ¢)/L Vg =W(0.5b + a)/L
Maximum bending moment at x = W(xz— az)/2b
where x = [a+ (VA b/W)] from A
Maximum deflection = W(SL> — 4Lb” + b”)/384EI
(This is the value at the centre when a = ¢)

VA = W/ 2 VB = W/ 2
Maximum bending moment at centre = WL/6
Maximum deflection = WL*/60EI

VA:2W/3 VBZW/3

Maximum bending moment at x = 0.128WL
where x = 0.4226L from A
Maximum deflection = 0.01304WL*/384EI
where x = 0.4807L from A
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Va=WQ@L—-a)/3L Vg=Wa/3L

I WkN Maximum bending moment at x:
A ———B 3
e @ | L-a > _ Wa -4 4a
< L > 31 L i
| a
where x = a|l—,|— |from A
3L
W kN Va=W@GBL-2a)/3L Vg =2Wa/3L
M Maximum bending moment at x:
A B ;
‘ a Jr\ L —a ;‘ 2Wa 2a 5
-« [ = -——
(-3
2a
where x = a‘/I—— from A
3L

Cantilever Beams:
Anti-clockwise support moments considered negative.

VA =wL
Maximum (—ve) bending moment M = — wL*2
Maximum deflection = wL'/8EI

VA =W
Maximum (—ve) bending moment M, = — Wa/2

Maximum deflection at B = Wa? (1 + ;”)J / 8EI
a

VA = W
Maximum (—ve) bending moment M, =—-W(a + b/2)
Maximum deflection at B = (W/24EI) x k

where k =
(8a® + 184’b + 12ab* + 3b° + 12a*c + 12abc + 4b*c)

] \ VA =P
B Maximum (—ve) bending moment M, = — Pa

-] Maximum deflection at B = Pa’ (l + zb) / 3EI
a
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VA=W

WKN ] Maximum (-ve) bending moment M, = — Wa/3
A B 5h
a b Maximum deflection at B = Wa’ [ 1+ = /15EI
W kN Va=W
A M B Maximum (-ve) bending moment M, = — 2Wa/3
4 17 b Maximum deflection at B = 11Wa® (1 + liz) / 60EI

Propped Cantilevers:
Where the support moment (M,) is included in an expression for reactions, its value
should be assumed positive.

Va=5wL/8 Vs =3wlL/8

Maximum (—ve) bending moment Mx = — wL?/8
Maximum (+ve) bending moment at x = + 9wL*/128
where x = 0.625L from A

Maximum deflection at y = wL*/185EI

where y = 0.5785L from A

WkN Va=W(0.5b + ¢)/L + MA/L
A B Vs=W(0.5b+ a)L — ML
al b | c Maximum (—ve) bending moment M,:
<« L————» =— Wbh(b + 2¢) [2(L* - ¢* — be) — b)/8L*D
Va=(P - Vp)

Vi = Pa’[(b + 2L)]2L
Maximum (—ve) bending moment M4:

P = — PB[(L* - )21
A B Maximum (+ve) bending moment at point load:
a b __ Pb(, 3b b’
L= TTa|TL'E

Maximum deflection at point load position:

Pa’b?
= 41—
12EIL} ( a)
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W kN Va= (Wz— VB) .
] Vi = Wal(SL — ))/20L°
P | b Maximum (—ve) bending moment M4:
" Wa

-« L~ = (3a2 —15aL+201?)

= Maximum (+ve) bending moment at x:
= [Vex — W(x - b)’/ 3a°]

2
a

where x = b+— 1—i from B
2L 5L

W kN Va=(W-Vp)
Vi = Wa’[(15L - 4a)]/20L°

a | b Maximum (—ve) bending moment My:
Ly [ @ 3a 2)

512 4L 3

Fixed-End Beams:

VA =wL/2 VB =wlL/2

Maximum (—ve) bending moment M4:
=—wL/12

Maximum (+ve) bending moment at mid-span:
=+ wL’/24

Maximum deflection at point load:
= wL'/384EI

P Va=PI2 Ve = P2

Support bending moments:

\ | Mp=—-PL/8 and Mg =+ PL/8

Maximum (+ve) bending moment at mid-span:
=+ PL/8

Maximum deflection at mid-span = PL*/192EI

|
A\J
[

"

e
[t

L2 | Lp

Va= W2 Ve =W/I2
] jmeﬂWﬂl\ ] Support bending moments:
A B M,=-5WL/48 and Mg =+ 5WL/48
§ / \1 ¥ Maximum (+ve) bending moment at mid-span:
L =+ WL/16

Maximum deflection at mid-span = 1.4WL/384EI
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Va=Pb (1 +2alL)/L?
Vs = Pa’ (1 + 2b/L)/L*

p Support bending moments:
N /B My=—Pab’/L>  and Mg =+ Pa’blIL’?
A B Maximum (+ve) bending moment at point load:
q44al v \J = + 2Pa’bYL?
<~ L™ 2Pa’h’
Maximum deflection at point x =

3EI(3L—2a)
2

= ——  fromA
(3L-2a) om

where x

VA = 07W VB = 03W

Support bending moments:

Ma=-WL/10 and Mg =+ WL/15

Maximum (+ve) bending moment at point x:
=+ WL/23.3

where x = 045L from A

Maximum deflection at point y = WL/382EI

where y = 0475L from A

Va=(W—Vp)
v Vg = Wa’[(5L — 2a)/10L°
A a | L-a B Support bending moments:
Tae 1> MA=_3‘?)’ZZ (3a2+10bL) nd

Wa’
MB = +307(5L—3a)

Va = W[(10L*= 15La* + 8a*)]/10L°
W kN Ve =(W —=V,)

3 / B Support bending moments:
A B Wa
4 a | L-a K My =—— (1017 ~15aL+6a>) and
> L » 15L
Wa’
Mg =+ - (5L—4a)

10
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Va=W(0.5b + ¢)/L+ (Mp— Mg )/L
Ve = W(0.5b + a)/L — (Mx— Mg )/L
Support bending moments:

My=——2 {[(L—a)3><(L+3a)]—c3(4L—3c)}

120
D {[(L - c)3 x(L+ 36)]— a*(4L- 3a)}

Maximum deflection at mid-span when a = ¢

MB=+

- W (Pr2ra+dLe® —8a°)

384EI

12E1 12E1
Va=— L3 1) Ve=+ L3 f)
Support bending moments:
MA = +%5 MB =+ %6

12E1 12E1
VA = + L3 5 VB = — L3 6
Support bending moments:
MA:——6516 MB:——6§I(S

6El 6EI
VA:_70A VB:+ 76A
Support bending moments:

4EI 2EI
MA:+_L QA MB:+—L 9A

6EI 6EI
VA:_70A VB=+79A
Support bending moments:

2EI 4E]
MA=+TQA MB=+ TQA
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Continuous Beam Coefficients
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Uniformly Distributed Loads
It is assumed that all spans are equal and W is the total uniformly distributed
load/span. Positive reactions are upwards and positive bending moments induce tension
on the underside of the beams.

Two-span beams

Wiotal 7 Wiotal ]
Load - Case 1 ﬁ
A B C
"VtotalT
Load - Case 2 ﬁ=1
A B C
Load Support Support Support Span AB Support B Span BC
Case Va Vs Ve Mpp My Mpc
1 0.375 1.250 0.375 0.070 -0.125 0.070
2 0.438 0.625 —-0.063 0.096 —-0.063

Coefficients for Reactions and Bending Moments

coefficient x W
coefficient X W x span (L)

Vertical Reaction
Bending Moment

Example: Determine the reaction at A and the bending moment at support B for the beam
shown in Figure A4.1.

10 kN T 10 kN —
15 kN
10kN — | A B C
‘ |
A B cl + SN
" N A B C
Figure A4.1

Va = (0.375x 10) — (0.063 x 5) = +3.345kN
Mg = —(0.125x10%x6.0)—(0.063 x5%x6.0) = —9.39 kNm
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Three-span beams

Design of Structural Elements

Wlolal Wlolal Wtotal
N . _
Load - Case 1 A‘ Bi Ci | D
‘/Vtotal T Wtolal T
Load - Case 2 A‘ B’ C’ ’ D
‘/Vtotal
Load - Case 3 A B C D
Wlotal T Wlotal T
Load — Case 4 A‘ Bi Ci | D
Wlotal T
Load - Case 5 Af BT CT T D
Span Support Span Support Span
Load | Support | Support | Support | Support AB B BC C CD
Case Va Vi Ve Vb Mg Mg Mg Mc Mcp
1 0.4 1.1 1.1 0.4 0.080 —0.100 0.025 —-0.100 0.080
2 0.45 0.55 0.55 0.45 0.101 —0.050 - —-0.050 0.101
3 -0.05 0.55 0.55 -0.05 - —-0.05 0.075 —-0.05 -
4 0.383 1.2 0.45 —-0.033 0.073 -0.117 0.054 —-0.033 -
5 0.433 0.65 -0.10 0.017 0.094 —-0.067 - -0.017 -

Coefficients for Reactions and Bending Moments
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Four-span beams

Wtotal T Wrotal j Wtotal T Wtotal T

A B C D E

Load — Case 1

Wtotal Wtotal j

A E
Load - Case 2
Wlotal T VVtotal j ‘/Vtotal
A E
Load — Case 3
Wtotal j Wlotal |
A B C D E
Load - Case 4
Wtotal T
A B C D E
Load - Case 5
Wtotul —
A B C D E

Load - Case 6
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(Four-span beams cont.)

Load | Support | Support | Support | Support | Support
Case VA VB VC VD VD
1 0.393 1.143 0.929 1.143 0.393

2 0.446 0.572 0.464 0.572 —-0.054
3 0.38 1.223 0.357 0.598 0.442
4 —-0.036 0.464 1.143 0.464 —-0.036
5 0.433 0.652 0.107 0.027 —-0.005
6 —0.049 0.545 0.571 —0.080 0.013

Coefficients for Reactions

Span Support Span Support Span Support Span
Load AB B BC C CD D DE
Case Mg My Mz Mc Mcp Mp Mpg
1 0.077 -0.107 0.036 -0.071 0.036 -0.107 0.077
2 0.1 —-0.054 - —-0.036 0.081 —-0.054 -
3 0.072 —-0.121 0.061 -0.018 - —-0.058 0.098
4 - -0.036 0.056 -0.107 0.056 —-0.036 -
5 0.094 - - - - - -
6 - —-0.049 0.074 —0.054 - +0.014 -

Coefficients for Bending Moments
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Point Loads

It is assumed that all spans are equal and P is the total central point-load/span. Positive
reactions are upwards and positive bending moments induce tension on the underside of
the beams.

Two-span beams

Load - Case 1
P
Load - Case 2
A B C
Load Support Support Support Span AB Support B Span BC
Case Va Vs Ve Mg Mg My
1 0.313 1.375 0.313 0.156 —0.188 0.156
2 0.406 0.688 —-0.094 0.203 —0.094 -

Vertical Reaction = coefficient X P
Bending Moment = coefficient X P X span (L)

Coefficients for Reactions and Bending Moments




612 Design of Structural Elements

Three-span beams

Load - Case 1
Load - Case 2
Load - Case 3
Load - Case 4
Load - Case 5
Span Support Span Support Span
Load | Support | Support | Support | Support AB B BC C CD
Case Va Vi Ve Vb Mg My Mgc Mc Mcp
1 0.35 1.15 1.15 0.35 0.175 -0.150 0.100 -0.150 0.175
2 0.425 0.575 0.575 0.425 0.213 -0.075 - -0.075 0.213
3 -0.075 0.575 0.575 -0.075 - -0.075 0.175 -0.075 -
4 0.325 1.3 0.425 —-0.05 0.163 -0.175 0.138 —0.050 -
5 04 0.725 -0.15 0.025 0.2 —-0.100 - +0.025 0.025

Coefficients for Reactions and Bending Moments
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Four-span beams

P

Load — Case 1
P P

Load - Case 2

Load — Case 3
P P

Load - Case 4

Load — Case 5

Load - Case 6
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(Four-span beams cont.)

Load | Support | Support | Support | Support | Support

Case Va Vg Ve Vb Vb
1 0.339 1.214 0.893 1.214 0.339
2 0.420 0.607 0.446 0.607 —-0.08
3 0.319 1.335 0.286 0.647 0.413
4 —-0.054 0.446 1.214 0.446 —0.054
5 0.4 0.728 —-0.161 0.04 —-0.007
6 -0.074 0.567 0.607 —-0.121 0.02

Coefficients for Reactions

Span Support Span Support Span Support Span
Load AB B BC C CD D DE
Case Map Mg Mz Mc Mcp Mp Mpg
1 0.170 —-0.161 0.116 -0.107 0.116 —-0.161 0.170
2 0.210 - 0.080 - —-0.054 0.183 —0.080 -
3 0.160 —-0.181 0.146 -0.027 - —0.087 0.207
4 - —-0.054 0.143 —-0.161 0.143 —-0.054 -
5 0.200 —-0.100 - +0.027 - -0.007 -
6 - -0.074 0.173 —-0.080 - +0.020 -

Coefficients for Bending Moments
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Self-weights of Construction Materials
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Approximate Self-weights of Materials (ref. BS 648)

Material Self-weight (kN/m>)
Reinforced Concrete 24.0
Steel 78.5
Timber 7.9 (ave.)
Granite 25.1 -28.7
Sandstone 22.0-24.0
Slate 28.3
Self-weight (kN/m?)
Asphalt 2 layers (19 mm thick) 0.41
Mineral-surfaced bitumen roofing felt 0.034
Blockwork walling /(25 mm thick)
Hollow clay units 0.259
Medium-density clay units 0.283
High-density clay units 0.327
Solid concrete units 0.547
Hollow concrete units 0.347
Cellular concrete units 0.405
Brickwork /(25 mm thick)
Low-density 0.505
Solid Medium-density 0.547
High-density 0.591
Low-density 0.508
Perforated Medium-density 0.547
High-density 0.591
Gypsum Plaster and Partitions
Building panels (75 mm thick) 0.439
Dry partition (64 mm thick) 0.259
Solid-core plaster board (13 mm thick) 0.112
Two coats of 13 mm thick plaster 0.220
Glass
Sheet 4.0 mm thick 0.073
2.8 mm thick 0.098
Cast, clear plate and armoured plate | 3.2 mm thick 0.088
25.0 mm thick 0.649
Wired cast 6.4 mm 0.171
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Areas of Reinforcing Steel
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Areas for individual groups of bars

Bar diameter (mm) 6 8 10 12 16 20 25 32 40
Bar perimeter (mm) 18.9 | 25.1 | 314 | 37.7 | 50.3 | 62.8 | 78.5 | 101 126
Weight (kg/m) 0.222 | 0.395 | 0.616 | 0.888 | 1.58 | 247 | 3.85 | 6.31 | 9.86
No. of Bars
= 1 28.3 | 50.3 | 78.5 113 | 201 | 314 | 491 | 804 | 1260
S 2 56.6 101 157 226 | 402 | 628 | 982 | 1610 | 2510
;) 3 84.9 151 236 339 | 603 | 943 | 1470 | 2410 | 3770
[}
%NA 4 113 201 314 452 | 804 | 1260 | 1960 | 3220 | 5030
= g 5 142 252 393 566 | 1010 | 1570 | 2450 | 4020 | 6280
05 ~ 6 170 302 471 679 | 1210 | 1890 | 2950 | 4830 | 7540
5]
[P]
; 7 198 352 550 792 | 1410 | 2200 | 3440 | 5630 | 8800
e 8 226 402 628 905 | 1610 | 2510 | 3930 | 6430 | 10100
© 9 255 453 707 | 1020 | 1810 | 2830 | 4420 | 7240 | 11300
10 283 503 785 | 1130 | 2010 | 3140 | 4910 | 8040 | 12600
Areas/metre width for various pitches of bars
Bar diameter (mm) 6 8 10 12 16 20 25 32 40
Pitch (mm)
§ 50 566 | 1010 | 1570 | 2260 | 4020 | 6280 | 9820 | 16100 -
5.~ 75 377 | 671 | 1050 | 1510 | 2680 | 4190 | 6550 | 10700 | 16800
-E é 100 283 | 503 | 785 | 1130 | 2010 | 3140 | 4910 | 8040 | 12600
o N
‘g _‘§ 125 226 | 402 | 628 | 905 | 1610 | 2510 | 3930 | 6430 | 10100
=5 150 189 | 335 | 523 | 754 | 1340 | 2090 | 3270 | 5360 | 8380
§ 2 175 162 | 287 | 449 | 646 | 1150 | 1800 | 2810 | 4600 | 7180
] <
—_ Q
g ‘a 200 142 | 252 | 393 | 566 | 1010 | 1570 | 2450 | 4020 | 6280
'§ § 250 113 | 201 | 314 | 452 | 804 | 1260 | 1960 | 3220 | 5030
25 300 943 | 168 | 262 | 377 | 670 | 1050 | 1640 | 2680 | 4190
2 >
S
@) 400 71 126 | 196 | 283 | 503 | 786 | 1230 | 2010 | 3140
500 56.6 | 101 | 157 | 226 | 402 | 628 | 982 | 1610 | 2510
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Bolt and Weld Capacities
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Non-Preloaded Ordinary Bolts — Grade 4.6 in S 275
Diameter | Tensile Tension Shear
of Stress Capacity Capacity
Bolt Area Nominal | Exact | Single | Double
0.8Ap, Ap, Shear Shear
D Ay Poom P, P, 2P
(mm) (mm?) (kN) (KN) (kN) (kN)
12 84.3 16.2 20.2 135 27.0
16 157 30.1 37.7 25.1 50.2
20 245 47.0 58.8 39.2 78.4
22 303 58.2 72.7 48.5 97.0
24 353 67.8 84.7 56.5 113
27 459 88.1 110 734 147
30 561 108 135 89.8 180

Non-Preloaded Ordinary Bolts — Grade 8.8 in S 275
Diameter | Tensile Tension Shear
of Stress Capacity Capacity
Bolt Area Nominal | Exact | Single | Double
0.8Ap, APy Shear Shear
D A, Poom P, Py 2P
(mm) (mm?) (kN) (KN) (kN) (kN)
12 84.3 37.8 47.2 31.6 63.2
16 157 70.3 87.9 58.9 118
20 245 110 137 91.9 184
22 303 136 170 114 227
24 353 158 198 132 265
27 459 206 257 172 344
30 561 251 314 210 421

Fillet Weld Capacities with E35 Electrode — S 275

Leg Length | Throat Thickness | Longitudinal Capacity | Transverse Capacity
S a PL PT
(mm) (mm) (kN/mm) (kN/mm)
3.0 2.1 0.462 0.577
4.0 2.8 0.616 0.770
5.0 3.5 0.770 0.963
6.0 4.2 0.924 1.155
8.0 5.6 1.232 1.540
10.0 7.0 1.540 1.925
12.0 8.4 1.848 2.310
15.0 10.5 2.310 2.888
18.0 12.6 2.772 3.465
20.0 14.0 3.080 3.850
22.0 15.4 3.388 4.235
25.0 17.5 3.850 4.813
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Non-Preloaded H.S.F.G. Bolts — General Grade in S 275

Diameter Tensile Tension Shear

of Stress Capacity Capacity

Bolt Area Nominal Exact Single Double

0.8Ap, Ap, Shear Shear

D A, Poom P, Py 2P,

(mm) (mm’) (kN) N | (&N (kN)
12 84.3 39.8 49.7 33.7 67.4
16 157 74.1 92.6 62.8 126
20 245 116 145 98.0 196
22 303 143 179 121 242
24 353 167 208 141 282
27 459 189 236 161 321
30 561 231 289 196 393

Preloaded H.S.F.G. Bolts:Non-Slip in Service — General Grade in S 275

Diameter | Tensile Bolt Tension Shear Slip Resistance
of Stress Proof Capacity Capacity for u=0.5
Bolt Area Load Single | Double | Single | Double
Shear Shear Shear Shear
D Ay P, 1.1P, | Ap:

(mm) mm>) | &N) | kN) | &kN) | (kN) (kN) (kN) (kN)
12 84.3 494 54.3 49.7 33.7 674 27.2 54.3
16 157 92.1 101 92.6 62.8 126 50.7 101
20 245 144 158 145 98.0 196 79.2 158
22 303 177 195 179 121 242 97.4 195
24 353 207 228 208 141 282 114 228
27 459 234 257 236 161 321 129 257
30 561 286 315 289 196 393 157 315

Preloaded H.S.F.G. Bolts:Non-Slip under Factored Loads — General Grade in S 275

Diameter | Bolt Bolt Slip Resistance P,
of Bolt | Proof | Tension u=02 =03 u=04 u=05
Load | Capacity | Single | Double | Single | Double | Single | Double | Single | Double
Shear | Shear | Shear | Shear | Shear | Shear | Shear | Shear

D Po | 09P, | (N) | kN) | kN) | KN) | (N) | (kN) | (KN) [ (kN)

(mm) (kN) (kN)
12 49.4 44.5 8.89 17.8 13.3 26.7 17.8 35.6 222 44.5
16 92.1 82.9 16.6 33.2 24.9 49.7 33.2 66.3 41.4 82.9
20 144 130 259 51.8 38.9 77.8 51.8 104 64.8 130
22 177 159 31.9 63.7 47.8 95.6 63.7 127 79.7 159
24 207 186 37.3 74.5 55.9 112 74.5 149 93.2 186
27 234 211 42.1 84.2 63.2 126 84.2 168 105 211
30 286 257 51.5 103 77.2 154 103 206 129 257
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accidental damage, 111
braced frames, 106
cellular construction, 110
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diaphragm action, 111
robustness, 111

shear cores, 108

shear walls, 108

unbraced frames, 107
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beam deflections,
equivalent UDL technique, 32
McCaulay’s method, 25— 31
bending moment diagrams, 16 —25
elastic shear stress, 33, 34

elastic bending stress, 36 — 38

determinacy, 42
indeterminacy, 42

moment distribution, 42 — 62

bending stiffness, 44

carry-over moment, 45, 50, 53, 58
distribution factor, 53

fixed bending moments, 45 —47
free bending moments, 45 — 47

pin-jointed frames, 1-10

deflection (unit load), 6 —10

joint-resolution, 4,5

method of sections, 1-4

shear force diagrams, 10— 16
transformed sections, 39, 40
Structural Instability, 86

lateral torsional buckling, 100 -103

effective length
lateral restraint, 101
torsional restraint, 102

local buckling, 100

overall buckling, 86

critical stress, 90,

Euler stress, 91— 94

European column curves, 99
intermediate elements, 88
Perry-Robertson formula, 95— 98
secondary stresses, 88

short elements, 87

slender elements, 87

slenderness, 87,90

tangent modulus theorem, 94

Structural Loading, 74
dead loads, 74

floor load distribution, 75 — 85

one-way spanning slabs, 76
secondary beams, 78
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two-way spanning slabs, 77 sections,
243 — 244
imposed floor loads, 74 durability, 120
nominal cover, 120
imposed roof loads, 75 spacer, 123
wind loads, 75 flanged beams, 188 — 195
deflection, 189
Reinforced Concrete, 113 effective flange width, 188

transverse reinforcement, 189
anchorage, 170
flexural cracking, 114
beam deflection, 156 — 163
flexural strength, 126 — 146

bending moment envelope, 200 doubly-reinforced, 130, 140 — 146
effective depth, 128
bond, 170 lever arm, 129
rectangular-parabolic stress block,
columns, 246-255 rectangular stress block, 127
braced, 246 127, 128
design charts singly-reinforced, 130-135
design charts, 248
effective height, 246 foundations, 256-281
end conditions, 246, 247 base pressure, 259, 260
short, 246, 249 combined foundations, 256,
slender, 246 275 — 281
slenderness, 248 dowel bars, 261
unbraced, 246 pad foundations, 256, 263 — 274
piled foundations, 258
concrete, 116 — 120 raft foundations, 257
compressive strength, 116 strip footings, 257
modulus of elasticity, 118
Poisson’s ratio, 118 lap length, 172
stress—strain characteristics, 116
tensile strength, 116 neutral axis, 113,115
curtailment, 173 redistribution of bending moments,
203 - 206

effective span, 163
ribbed slabs,221-229

design charts, 243 hollow block former, 221
combined axial and bending ribs, 221, 223

moments, structural topping, 222
248
doubly reinforced rectangular shear cracking, 114

sections, 245
singly-reinforced rectangular shear links, 115



632 Design of Structural Elements

shear stirrups, 115

shear strength, 147 — 155
aggregate interlock, 149
concrete (critical) shear stress, 149
designed links, 150
link spacing, 148, 149
minimum links, 151

steel reinforcement, 118 — 120
maximum areas, 167
maximum spacing, 168
minimum areas, 164
minimum spacing, 167
modulus of elasticity, 120
secondary steel, 135
stress-strain characteristics, 118
transverse, 189
yield strength, 118

sub-frames, 196 — 199

two-way spanning slabs, 229 — 242
restrained, 231, 237 —242
simply-supported, 230, 233 — 237
torsion, 232, 241

Structural Steelwork, 282

axially loaded elements, 302 — 325
column base plates, 321 — 325
compression members, 312 — 321
concentrically loaded column, 319
double angle, 316, 317
eccentric connections, 306 — 308
single angle, 314, 315

single-storey side column, 318, 319

slenderness, 313

staggered holes, 309 — 310
tension members, 306 —311
wind bracing, 303

combined axial and flexural loads,
375 -398
change formula, 378
columns in simple construction,
387

interaction equation, 376 — 380, 388
interaction surface, 376, 377,379
multi-storey columns, 392 — 398
nominal moments, 388

reduced moment capacity, 377
reduced plastic moment capacity,
377

connections, 399 — 438
black bolts, 407
bolted connections, 407
block shear capacity, 306
bolt bearing capacity, 410
bolt shear capacity, 408
bolt spacing, 407
bolt tension capacity, 411
butt welds, 421
edge distance, 407, 408
end distance, 408
fillet welds, 419 —421
fin plates, 425
flexible end plates, 424
high-strength friction-grip bolts,
412 - 415
load-indicating washers, 413
moment connections, 401, 406
part-turning, 413
plate bearing capacity, 410
plate shear capacity, 408
prying force, 411
simple connections, 400
torque wrench, 413
web cleats, 424

continuous design, 399

cross-sectional properties, 295 — 302
effective cross-sectional area, 297,
300
effective plastic section modulus,
297 - 300
effective section modulus,

300, 302

elastic modulus, 290, 291

gross cross-sectional properties,
295

net cross-sectional area, 295, 296



plastic modulus, 290, 291

flexural elements, 326-374
buckling parameter, 337
buckling resistance moment, 336 —
353
co- existent shear,
deflection, 354
destabilizing load, 330
effective length, 330
equivalent slenderness, 336
equivalent uniform moment factor,
336
moment capacity, 329 — 335
normal load, 330
section classification, 327
shear capacity, 327 — 329
slenderness factor, 337
stiff bearing length, 358, 359
torsional index, 337
web bearing, 357, 358
web buckling, 357, 359

329

sag rod, 304

section classification, 287-295
aspect ratio, 288
compact sections, 288, 290, 291
plastic sections, 288, 290, 291
semi-compact sections, 288, 290,
291
slender sections, 288, 290, 292

semi- continuous design, 399
shape factor, 291
simple design, 399

steel, 282
Charpy value, 284
coefficient of thermal expansion
designation, 284 — 287
ductility, 284
fatigue, 287
modulus of elasticity,
Poisson’s ratio, 287

287
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shear modulus, 287
steel grades, 283
stress-strain characteristics, 283

Structural Timber, 439
air seasoning, 440

axially loaded members, 487 —498
compression members, 489 — 495
slenderness, 490
effective length, 491
tension members, 487

classification, 442
machine strength grading, 444
visual strength grading, 443

combined axial and flexural loads, 496 —
504
bending and compression, 499, 500
bending and tension, 496, 497

defects, 441
bowing, 440
cracking, 440
cupping, 440
knot, 441
shake, 442
shrinkage, 440
twisting, 440
wane, 441, 456

flexural members, 451 — 487
bearing, 455, 456
bending, 454, 471
deflection, 454, 473,474
effective span, 453
glued laminated beams,

adhesives, 480
finger joints, 480
preservative treatment, 481
surface finishes, 481
lateral stability, 456, 474
ply-web beams, 468 —478
panel shear, 469

rolling shear, 470

479 — 486
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web stiffeners, 468, 471
shear, 453, 457 —459

solid rectangular beams, 453 — 467

kiln drying, 440

material properties, 444 — 446
anisotropy, 445
compression wood, 445
creep, 445
density, 444
durability, 446
fire resistance, 445
moisture content, 439
stress- strain characteristics, 447

mechanical fasteners, 505 — 512
modification factors, 448 —450

sawing patterns, 441, 442
billet sawing, 442
plain sawing, 442
quarter sawing, 441
radial sawing, 441

service class, 450
Structural Masonry, 513

axially loaded walls, 525 — 552
capacity reduction factor, 540
cavity walls, 558 — 563
eccentricity, 540
effective height, 534
effective length, 535
effective thickness, 532
horizontal supports, 536 — 538
openings, 535
single- leaf walls, 525,
slenderness, 533
stiffened walls, 555 — 558
thickness, 532
vertical supports, 538

columns, 552 —555
eccentricity, 541

effective height, 534
effective thickness, 532

concentrated loads, 577 — 586

bearing types, 578 — 581
enhanced characteristic strength,
577, 580

padstone, 577

spreader beam, 577

laterally loaded walls, 564 — 576

aspect ratio, 566

edge support conditions, 567
limiting dimensions, 569
orthogonal ratio, 565

pre- compression, 565

materials, 514 — 520

bonds, 516,517

common brick, 513
damp-proof courses, 518, 519
dimensions and sizes, 514
engineering brick, 513
facing brick, 513

joint finishes, 517, 518
mortar, 515

rendering, 519

special brick, 513
structural units, 514, 542
wall ties, 520

material properties, 521 — 525

coefficient of friction, 525
compressive strength of masonry,
521

compressive strength of mortar,
529

compressive strength of unit, 526 —
528

creep, 525

flexural strength, 522

modulus of elasticity, 524
moisture movement, 525

shear strength, 523

tensile strength, 523

thermal expansion, 525

partial safety factor, 529





