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Preface to the Third Edition

The third edition conforms to BS 8110 and includes a new Chapter 12 on
microcomputer programs. Like the earlier editions, it is intended as an
easy-to-read main text for university and college courses in civil and struc-
tural engineering. The threefold aim of the book remains as before,
namely:

(a) To explain in simple terms the basic theories and the fundamental
behaviour of structural concrete members.

(b) To show with worked examples how to design such members to
satisfy the requirements of BS 8110.

(c¢) To explain simply the technical background to the BS 8110 require-
ments, relating these where appropriate to more recent research.

Students will find the new edition helpful in their attempts to get to grips
with the why as well as the what and the how of the subject.

For the convenience of those readers who are interested mainly in
structural design to BS 8110, most of the chapters begin with a Preliminary
note which lists those parts of the chapter that are directly concerned with
BS 8110. However, structural design is not just BS 8110; hence the
university or college student should pay attention also to the rest of the
book, which has been written with the firm belief that the emphasis of an
engineering degree course must be on a sound understanding of the
fundamentals and an ability to apply the relevant scientific principles to the
solution of practical problems. The authors wish to quote from a letter by
Mr G. J. Zunz, co-Chairman of Ove Arup and Partners:

You will see that generally my comments tend to place emphasis on
getting the fundamentals straight. As my experience and that of my
colleagues develops, I find more and more that it is the fundamentals
that matter and those without a sound training in them suffer for the
rest of their careers.
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Notation

The symbols are essentially those used in current British design practice;
they are based on the principles agreed by the BSI, ACI, CEB and others.

A = cross-sectional area of member

A = area of concrete

Aps = area of prestressing tendons

A = area of tension reinforcement; in eqns (6.9-1) and

(6.11-6), A, = area of longitudinal torsion
reinforcement

A = area of compression reinforcement

Ay = area of longitudinal reinforcement in column; in Chapter
7'» Asc = Ail + AsZ

A = area of both legs of a link

¢i = area of reinforcement near the more highly compressed

face of a column section

Ao = area of reinforcement in the less compressed face of a
column section

a = deflection; moment arm

ay, = clear distance between bars (Fig. 5.4-1)

a. = corner distance (Fig. 5.4-1)

a, = additional eccentricity of slender column (eqn 7.4-5)

a, = shear span

b = width of beam or column; effective flange width; width of
slab considered

b, = width of beam (see eqns 6.2-1 and 6.4-1), to be taken as b
for a rectangular beam and as b,, for a flanged beam

b, = width of rib or web of beam

d = effective depth; in Chapter 7, d = h — d’' = h — d, for

symmetrically reinforced columns
d' = depth from compression face to centroid of compression
steel; in Chapter 7, d' = concrete cover to centroid of

sl

d. = depth of concrete stress block

d; = concrete cover to centroid of A,
E = modulus of elasticity

E. = modulus of elasticity of concrete



X1V Notation

B = modulus of elasticity of steel

e = eccentricity

€.dd = additional eccentricity due to slender column effect

€min = design minimum eccentricity (= 0.054 < 20 mm in
BS 8110)

€ = eccentricity of line of pressure from centroidal axis of
beam (sign convention: downwards is positive)

@, = eccentricity of tendon profile from centroidal axis of beam
(sign convention: downwards is positive)

e, = eccentricity of transformation profile from centroidal axis
of beam

F = design load

f = stress; strength; frequency

Faivax amin) maximum (minimum) allowable concrete stress under
service conditions, compressive stress being positive

famaxt (famine) = maximum (minimum) allowable concrete stress at

transfer, compressive stress being positive

fo = anchorage bond stress
£ = concrete compressive stress at compression face of beam;
compressive stress in concrete
. = concrete cylinder compressive strength

Feu = characteristic cube strength of concrete

fx = characteristic strength (eqn 1.4-1)

Fri = mean strength (eqn 1.4-1)

Tob = tensile stress in prestressing tendons at beam failure

foo = effective tensile prestress in tendon

Tpa = characteristic strength of prestressing tendon

fs = tensile stress in tension reinforcement; steel tensile stress
in service

fi = compressive stress in compression reinforcement

fa = compressive stress in column reinforcement A,

© = compressive stress in column reinforcement A,

fi = cylinder splitting tensile strength of concrete; principal
tensile stress

Iy = characteristic strength of reinforcement; in eqns (6.9-1)
and (6.11-6), f, = characteristic strength of
longitudinal torsion reinforcement

Fou = characteristic strength of links

fi (f2) = concrete compressive prestress at bottom (top)face of
beam section in service

fiu (fo1) = concrete compressive prestress at bottom (top) of beam
section at transfer

G = shear modulus

Gy = characteristic dead load

8x = characteristic dead load (distributed)

h = overall depth of beam or column section; overall
thickness of slab; in Sections 7.4 and 7.5, h = overall
depth of column section in the plane of bending

h¢ = overall thickness of flange



hmux (hmin)

Mim;nx (Mimin)

M()

Notation XV

larger (smaller) overall dimension of rectangular section
second moment of area
second moment of area of cracked section
second moment of area of uncracked section
= M/f..bd* (see eqn 4.6-4 and Tables 4.6-1 and 4.7-2);
torsion constant (see eqn 6.8-3 and Table 6.8-1);
optional reduction factor in slender column design (see
eqns 7.4-6 and 7.5-5)
M, /f..bd* (see eqns 4.6-5 and 4.7-5)
characteristic ratios of stress block (see Figs 4.2-1, 4.4-1,
4.4-4 and 4.4-5)
span length; anchorage bond length; (eqn 6.6-3a) column
height; length of yield line
= effective column height (Table 7.2-1)
=L, +5L+ 5L+ ... wherel, b, etc. are the vectors
representing the yield lines that form the boundary to a
rigid region
= ultimate anchorage bond length (Table 4.10-2 and eqn
6.6-3b)
bending moment (sign convention if required: sagging
moments are positive)
additional moment due to lateral deflection of a slender
column
sagging moment due to dead load in prestressed beam
bending moment computed from elastic analysis
initial bending moment in column; sagging moment due
to imposed load in prestressed beam
= maximum (minimum) sagging moment at section
considered, due to imposed load
= ultimate strength in pure bending
= bending moment due to permanent load; plastic moment
of resistance
= Mimax — Mimin
= bending moment due to total load; total bending moment
including additional moment due to slender column
effect
capacity of singly reinforced beam (see eqn 4.6-5);
ultimate moment of resistance
primary moment (sagging) in prestressed beam
secondary moment (sagging) in prestressed beam
resulting moment (sagging) in prestressed beam: M3 =
M, + M,
yield moment per unit width of slab
= yield moment per unit width of slab due to reinforcement
band number 1 (number 2) alone
normal moment per unit length along yield line
twisting moment per unit length along yield line
compressive axial load
= compressive axial load corresponding to the balanced

([ T

(1 Il

o
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condition (eqn 7.5-8)

capacity of column section under pure axial compression
(eqn 7.5-6)

prestressing force at transfer

effective prestressing force

= maximum permissible (minimum required) effective

I

Il

prestressing force

point load

characteristic imposed load

distributed load

characteristic imposed load (distributed)

radius of curvature; internal radius of hook or bend (see
Fig. A-21)

curvature

shrinkage curvature

instantaneous curvature due to permanent load
instantaneous curvature due to total load
long-term curvature due to permanent load

maximum curvature; curvature at critical section

reinforcement spacing

longitudinal spacing of links or shear reinforcement

torsional moment

torsional moment resisted by a typical component
rectangle

ultimate strength in pure torsion

shear force (see Fig. 9.2-5 for sign convention where such
is required)

shear force resisted by aggregate interlock

shear resistance of bent-up bars (eqn 6.4—4)

shear force resisted by concrete; (in Section 9.6) ultimate
shear resistance of concrete section

ultimate shear resistance of concrete section which is
uncracked (cracked in flexure)

shear force resisted by concrete compression zone

shear force resisted by dowel action; dead load shear
force

shear force due to prestressing (sign convention as in Fig.
9.2-5)

shear force resisted by the web steel

design shear stress (V/b,d)

design shear stress for concrete only (= V. /b,d)

torsional shear stress
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Notation Xvii

permissible torsional shear stress for concrete only
= maximum permissible torsional shear stress for reinforced
section
maximum permissible shear stress for reinforced section
characteristic wind load
characteristic wind load (distributed)
neutral axis depth
smaller centre-to-centre dimension of a link
= larger centre-to-centre dimension of a link
= elastic sectional modulus
= elastic sectional modulus referred to bottom (top) face of
section
= lever-arm distance
= N/f.,bh; aratio; an angle; prestress loss ratio
= N(concrete)/f.,bh
=modular ratio EJ/E.
=N (AL)/feubh
= N(Asz)/ftubh
= M/f.,bh*; biaxial bending coefficient (Table 7.3-1); bond
coefficient (Table 6.6-1); a ratio; an angle; inclination
of shear reinforcement or prestressing tendon
= slender column coefficient (eqn 7.4-5 and Table 7.5-1)
moment redistribution ratio (eqns 4.7-1 and 4.7-2)
M (concrete)/f.,bh*
= M (All)/fcubh
M (As?.)/fcubhz
a ratio; an angle; a partial safety factor
partial safety factor for loads
= partial safety factor for materials
= strain
= concrete compressive strain at compression face of
section
= concrete creep strain
concrete shrinkage; shrinkage strain
ultimate concrete strain in compression (= 0.0035 for
BS 8110)
concrete strain when peak stress is reached
tensile strain in tension reinforcement
compressive strain in compression reinforcement
compressive strain in column reinforcement A,
compressive strain in column reinforcement A,
angle of torsional rotation per unit length
vector representing rotation of rigid region A (sign
convention: left-hand screw rule)
= Poisson’s ratio
tension steel ratio (A./bd)
compression steel ratio (A!/bd)
web steel ratio (A,,/bd)

Il
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o = standard deviation

) = bar size; an angle; creep coefficient

ol = torsion function (eqns 6.8-1 to 6.8-3); acute angle
measured anticlockwise from yield line to moment
axis



Contents

Preface
Notation

1 Limit state design concepts

1.1 The aims of structural design [/

1.2 Limit state design philosophy 2

1.3 Statistical concepts 3

1.4 Characteristic strengths and loads 12

1.5 Partial safety factors I3

1.6 Limit state design and the classical reliability theory 15
References 17

2 Properties of structural concrete
2.1 Introduction /8
2.2 Cement I8
2.3 Aggregates 2/
2.4 Water 24
2.5 Properties of concrete 24
2.5(a) Strength of concrete 25
2.5(b) Creep and its prediction 28
2.5(c) Shrinkage and its prediction 33
2.5(d) Elasticity and Poisson’s ratio 37
2.5(e) Durability of concrete 38
2.5(f) Failure criteria for concrete 40
2.5(g) Non-destructive testing of concrete 44
2.6 Assessment of workability 46
2.7 Principles of concrete mix design 49
2.7(a) Traditional mix design method 50
2.7(b) DoE mix design method 54
2.8 Statistics and target mean strength in mix design 6/
2.9 Computer programs 65
References 65



vi Contents

3 Axially loaded reinforced concrete columns

3.1 Introduction 68

3.2 Stress/strain characteristics of steel and concrete 68
3.3 Real behaviour of columns 71

3.4 Design of axially loaded short columns (BS 8110) 76
3.5 Design details (BS 8110) 76

3.6 Design and detailing—illustrative examples 78

3.7 Computer programs &3

References &3

4 Reinforced concrete beams—the ultimate limit state
4.1 Introduction &85
4.2 A general theory for ultimate flexural strengths 86
4.3 Beams with reinforcement having a definite yield point 89
4.4 Characteristics of some proposed stress blocks 92
4.5 BS 8110 design charts—their construction and use 96
4.6 Design formulae and procedure—BS 8110 simplified stress
block 104
4.6(a) Derivation of design formulae 704
4.6(b) Designing from first principles 108
4.6(c) Design procedure for rectangular beams
(BS 8110/1.Struct.E. Manual) 110
4.7 Design formulae and procedure—BS 8110 simplified stress block
(up to 30% moment redistribution) 179
4.8 Flanged beams 127
4.9 Moment redistribution—the fundamental concepts 133
4.10 Design details (BS 8110) 742
4.11 Design and detailing—illustrative example 147
4.12 Computer programs 151/
Problems 15/
References 154

S Reinforced concrete beams—the serviceability limit states

5.1 The serviceability limit states of deflection and cracking 156

5.2 Elastic theory: cracked, uncracked and partially cracked sections 157
5.3 Deflection control in design (BS 8110) 168

5.4 Crack control in design (BS 8110) 173

5.5 Calculation of short-term and long-term deflections (BS 8110) 175
5.6 Calculation of crack widths (BS 8110) 187

5.7 Design and detailing—illustrative examples 191/
5.8 Computer programs /94

Problems 194

References 196

6 Shear, bond and torsion

6.1 Shear 198

6.2 Shear failure of beams without shear reinforcement 798
6.3 Effects of shear reinforcement 204



Contents

6.4 Shear resistance in design calculations (BS 8110) 209
6.5 Shear strength of deep beams 218
6.6 Bond and anchorage (BS 8110) 220
6.7 Equilibrium torsion and compatibility torsion 224
6.8 Torsion in plain concrete beams 224
6.9 Effects of torsion reinforcement 228
6.10 Interaction of torsion, bending and shear 23/
6.10(a) Design practice (BS 8110) 231
6.10(b) Structural behaviour 232
6.11 Torsional resistance in design calculations (BS 8110) 234
6.12 Design and detailing—illustrative example 243
6.13 Computer programs 244
Problems 244
References 245

7 Eccentrically loaded columns and slender columns
7.1 Principles of column interaction diagrams 248
7.2 Effective column height (BS 8110) 264
7.3 Eccentrically loaded short columns (BS 8110) 265
7.3(a) BS 8110 design procedure 265
7.3(b) Biaxial bending—the technical background 271
7.4 Additional moment due to slender column effect 273
7.5 Slender columns (BS 8110) 278
7.6 Design details (BS 8110) 286
7.7 Design and detailing—illustrative example 286
7.8 Computer programs 287
Problems 287
References 290

8 Reinforced concrete slabs and yield-line analysis
Flexural strength of slabs (BS 8110) 292
Yield-line analysis 293

Johansen’s stepped yield criterion 294

Energy dissipation in a yield line 301

Energy dissipation for a rigid region 308
Hillerborg’s strip method 379

Shear strength of slabs (BS 8110) 324

.8 Design of slabs (BS 8110) 325

8.9 Design and detailing—illustrative example 328
8.10 Computer programs 328

Problems 329

References 331

9 90 90 90 96 90 90 90
NS NE WN -

9 Prestressed concrete simple beams

9.1 Prestressing and the prestressed section 333
9.2 Stresses in service: elastic theory 335

9.3 Stresses at transfer 346

9.4 Loss of prestress 348

vil



viii Contents

The ultimate limit state: flexure (BS 8110) 354

The ultimate limit state: shear (BS 8110) 362

The ultimate limit state: torsion (BS 8110) 368
.8 Short-term and long-term deflections 368

9.9 Summary of design procedure 374

9.10 Computer programs 375

Problems 375

References 378

wewe
WPXIN W

10 Prestressed concrete continuous beams

10.1 Primary and secondary moments 380

10.2 Analysis of prestressed continuous beams: elastic theory 382
10.3 Linear transformation and tendon concordancy 387

10.4 Applying the concept of the line of pressure 39/

10.5 Summary of design procedure 393

Problems 398

References 400

11 Practical design and detailing (in collaboration with
Dr B. Mayfield, University of Nottingham)
11.1 Introduction 401
11.2 Loads—including that due to self-mass 40/
11.3 Materials and practical considerations 405
11.4 The analysis of the framed structure 407
11.4(a) General comments 407
11.4(b) Braced frame analysis 412
11.4(c) Unbraced frame analysis 479
11.5 Design and detailing—illustrative examples 425
11.6 Typical reinforcement details 453
References 454

12 Computer programs (in collaboration with
DrH.H.A. Wong, Ove Arup and Partners, London)
12.1 Notes on the computer programs 456
12.1(a) Purchase of programs and disks 456
12.1(b) Program language and operating systems 456
12.1(c) Program layout 456
12.1(d) How to run the programs 469
12.1(e) Program documentation 470
12.1(f) Worked example 471
12.2 Computer program for Chapter 2 473
12.2(a) Program NMDDOE 473
12.3 Computer program for Chapter 3 475
12.3(a) Program SSCAXL 475
12.4 Computer programs for Chapter 4 475
12.4(a) Program BMBRSR 475
12.4(b) Program BMBRPR 475
12.5 Computer programs for Chapter 5 477



Contents iX

12.5(a) Program BDFLCK 477
12.5(b) Program BCRKCO 478

12.6 Computer programs for Chapter 6 479
12.6(a) Program BSHEAR 479
12.6(b) Program BSHTOR 480

12.7 Computer programs for Chapter 7 481
12.7(a) Program RCIDSR 48/
12.7(b) Program RCIDPR 482
12.7(c) Program CTDMUB 483
12.7(d) Program SRCRSR 484
12.7(e) Program SRCRPR 485

12.8 Computer programs for Chapter 8 486
12.8(a) Program SDFLCK 486
12.8(b) Program SCRKCO 486
12.8(c) Program SSHEAR 487

12.9 Computer programs for Chapter 9 488
12.9(a) Program PSBPTL 488
12.9(b) Program PBMRTD 489
12.9(c) Program PBSUSH 489
References 491

Appendix 1 How to order the program listings and the
floppy disks 492

Appendix 2 Design tables and charts 494
Index 500



