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Preface

The purpose of this book is to demonstrate how to apply the 
recommendations of Eurocode 2, and other related standards, 
for a number of reinforced concrete structures. The examples 
have been chosen to include different structural elements and 
design procedures. The calculations cover the analysis of the 
structure and the design of the members.

Each step of the calculations, which are presented in 
a form suitable for design office purposes, is explained. 
References to specific clauses in the codes and standards that 
affect the design are included at each stage. For each struc-
tural element, a complete reinforcement detail is provided 
together with a commentary explaining the bar arrangement.

Chapter 1 is an introduction to the structural Eurocodes 
and explains how partial safety factors and action combination 
factors are incorporated in the design. The significance of the 
action combination to be used, when considering the cracking 
limitations for watertightness in tanks, is also examined.

Chapter 2 summarises the design of members with regard 
to durability, fire resistance, axial force, bending, shear, tor-
sion, deflection, cracking and other considerations that affect 
the design details. It refers particularly to the design infor-
mation given in Appendix A and in Reynolds’s Reinforced 
Concrete Designer’s Handbook.

The first two examples deal with the design of a multi-
storey framed building. For each example, three alternative 
forms of construction are considered. In Example 1, which 
covers the design of the superstructure, the floor takes alter-
native forms of beam and slab, flat slab and integral beam 
and ribbed slab, respectively. In Example 2, which deals with 
the design of the substructure including the basement, the 
foundations take alternative forms of a continuous raft, iso-
lated pad bases and pile foundations, respectively.

Example 3 is for a freestanding cantilever earth-retaining 
wall with two designs, for bases bearing on non-cohesive and 
cohesive soils, respectively.

The last three examples are for liquid-retaining structures 
in which the protection against leakage depends entirely on 
the integrity of the structure. Example 4 is for an underground 
service reservoir in which the wall and floor are formed of 
elements separated by movement joints. Example 5 is for a 
continuous rectangular tank bearing on an elastic soil with 
the interaction of the walls and the floor taken into account 
in the analysis. Example 6 is for a continuous cylindrical tank 
bearing on an elastic soil with both hydraulic and thermal 
actions considered in the design.

An important feature of this book is the collection of 
full-page tables and charts contained in three appendices. 
Appendix A has nine tables of general information relating to 
the design of members. Appendix B has 11 tables dealing with 
the analysis of beams on elastic foundations. Appendix C has 
14 tables for the analysis of rectangular and cylindrical tanks.

The examples in this book inevitably reflect the knowl-
edge and experience of the author. Writing the book has 
also given me the opportunity to investigate problems 
that I had found difficult to solve during my career. This 
applies particularly to the analysis of complex structures 
on elastic foundations for which text book solutions are not 
readily available. I hope that the information provided in 
Appendices B and C and the analyses that are included in 
the examples will be helpful to present-day design engineers 
faced with similar problems.

I owe a considerable debt of gratitude to many people from 
whose intellect and expertise I have benefited over the years.

Finally, my sincere thanks go to my dear wife, Joan, for 
her constant support and encouragement throughout the writ-
ing of this book.

Tony Threlfall
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Symbols and Notes

The symbols adopted in this book comply, where appropriate, 
with those in the relevant code of practice. Only the principal 
symbols are listed here: all other symbols are defined in the 
text and tables concerned.

Ac Area of concrete section
As Area of tension reinforcement
A′s Area of compression reinforcement 
Asc Area of longitudinal reinforcement in a column 
C Torsional constant 
Ec Static modulus of elasticity of concrete 
Es Modulus of elasticity of reinforcing steel 
F Action, force or load (with appropriate subscripts) 
G Shear modulus of concrete
Gk Characteristic permanent action or dead load 
I Second moment of area of cross-section
K A constant (with appropriate subscripts)
L Length; span
M Bending moment
N Axial force
Qk Characteristic variable action or imposed load
R Reaction at support
S First moment of area of cross-section
T Torsional moment; temperature
V Shear force
Wk Characteristic wind load

a Dimension; deflection
b Overall width of cross-section, or width of flange
d Effective depth-to-tension reinforcement
d′ Depth-to-compression reinforcement
f Stress (with appropriate subscripts)
fck Characteristic (cylinder) strength of concrete
fcu Characteristic (cube) strength of concrete
fyk Characteristic yield strength of reinforcement

gk Characteristic dead load per unit area
h Overall depth of cross-section
i Radius of gyration of concrete section
k A coefficient (with appropriate subscripts)
l Length; span (with appropriate subscripts)
m Mass
qk Characteristic imposed load per unit area
r Radius
1/r Curvature
t Thickness; time
u Perimeter (with appropriate subscripts)
v Shear stress (with appropriate subscripts)
x Neutral axis depth
z Lever arm of internal forces

α, β Angle; ratio
αe Modular ratio Es/Ec

γ Partial safety factor (with appropriate subscripts)
εc Compressive strain in concrete
εs Strain in tension reinforcement
ε ′s Strain in compression reinforcement
λ Slenderness ratio
ν Poisson’s ratio
ϕ Diameter of reinforcing bar
φ Creep coefficient (with appropriate subscripts)
ρ Proportion of tension reinforcement As/bd
ρ′ Proportion of compression reinforcement A′s/bd
σ Stress (with appropriate subscripts)
ψ Factor defining representative value of action

Note 1: In this book, the decimal point is denoted by 
a full stop rather than a comma as shown in the 
Eurocodes.

Note 2: In the calculation sheets, the references are to 
clauses in BS EN 1992-1-1 unless stated otherwise.
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Structural Eurocodes are an international set of unified codes 
of practice. They comprise the following standards generally 
consisting of a number of parts:

EN 1990 Basis of structural design
EN 1991 Actions on structures
EN 1992 Design of concrete structures
EN 1993 Design of steel structures
EN 1994 Design of composite steel and concrete 

structures
EN 1995 Design of timber structures
EN 1996 Design of masonry structures
EN 1997 Geotechnical design
EN 1998 Design of structures for earthquake resistance
EN 1999 Design of aluminium structures

National standards implementing the Eurocodes are issued 
in conjunction with a National Annex that contains informa-
tion on those parameters that are left open in the Eurocode for 
national choice. In addition, when guidance is needed on an 
aspect not covered by the Eurocode, a country can choose to 
publish documents containing non-contradictory information.

EN 1992 Eurocode 2: Design of concrete structures con-
tains four parts, each with its own National Annex, and addi-
tional documents as follows:

EN 1992-1-1 General rules and rules for buildings
EN 1992-1-2 General rules – Structural fire design
EN 1992-2 Reinforced and prestressed concrete bridges
EN 1992-3 Liquid retaining and containment structures
PD 6687-1 Background paper to the UK National 

Annexes to BS EN 1992-1
PD 6687-2 Recommendations for the design of structures 

to BS EN 1992-2

In the Eurocodes, design requirements are set out in rela-
tion to specified limit state conditions. Calculations to deter-
mine the ability of members to satisfy a particular limit state 
are undertaken by using design actions (loads or deformations) 
and design strengths. The design values are determined from 
representative values of actions and characteristic strengths of 
materials by the application of partial safety factors.

1.1 Actions

EN 1991 Eurocode 1: Actions on structures contains ten 
parts, each with its own National Annex, as follows:

1991-1-1 General actions – Densities, self-weight, imposed 
loads for buildings

1991-1-2 Actions on structures exposed to fire
1991-1-3 Snow loads
1991-1-4 General actions – Wind actions
1991-1-5 Thermal actions
1991-1-6 Actions during execution
1991-1-7 Accidental actions due to impact and explosions
1991-2 Traffic loads on bridges
1991-3 Actions induced by cranes and machinery
1991-4 Actions on silos and tanks

A variable action (e.g., imposed load, snow load, wind 
load, thermal action) can have the following representative 
values:

Characteristic value Qk

Combination value ψ0Qk

Frequent value ψ1Qk

Quasi-permanent value ψ2Qk

The characteristic and combination values are used for 
the verification of the ultimate and irreversible  serviceability 
limit states. The frequent and quasi-permanent values are 
used for the verification of ultimate limit states involving 
accidental actions, and reversible serviceability limit states. 
The quasi-permanent values are also used for the calculation 
of long-term effects.

Design actions (loads) are given by

 Design action (load) = γF × ψFk

where Fk is the specified characteristic value of the action, γF 
is the value of the partial safety factor for the action (γA for 
accidental actions, γG for permanent actions, γQ for variable 
actions) and the limit state being considered, and ψ is 1.0, ψ0, 
ψ1 or ψ2. Recommended values of γF and ψ are given in EN 
1990 Eurocode: Basis of structural design.

1.2 MAteriAl ProPerties

The characteristic strength of a material fk means the value 
of either the cylinder strength fck or the cube strength fck,cube 
of concrete, or the yield strength fyk of steel reinforcement, 
below which not more than 5% of all possible test results are 
expected to fall. The concrete strength is selected from a set 
of strength classes, which in Eurocode 2 are based on the 
cylinder strength. The deformation properties of concrete are 
summarised in Reynolds, Tables 4.2 and 4.3. The application 
rules in Eurocode 2 are valid for reinforcement in accordance 
with EN 10080, whose specified yield strength is in the range 
400–600 MPa.

1 Eurocodes and Design Actions
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Design strengths are given by

 Design strength = fk/γM

where fk is either fck or fyk as appropriate and γM is the value 
of the partial safety factor for the material (γC for concrete, γS 
for steel reinforcement) and the limit state being considered.

1.3 Buildings

Details of the design requirements and partial safety factors 
for buildings are summarised in Reynolds, Table 4.1.

The design action combinations to be considered and val-
ues of the factor ψ to be used are shown in Table 1.1.

1.3.1 Ultimate limit State

The design ultimate actions to be taken for structural design 
are shown in Table 1.2. Either option 1 or the less favour-
able of options 2a and 2b may be used. For option 2b, the 
value of the unfavourable multiplier for permanent actions is 
given by ξγG = 0.925 × 1.35 = 1.25. For all permanent actions 
from one source, for example, the self-weight of the struc-
ture, either the unfavourable or the favourable value should 
be used for all parts. When variable actions are favourable, 
Qk = 0 should be used. Where necessary, each variable action 
in turn should be considered as the leading action.

If Qk,1 relates to a storage area, for which ψ0 = 1.0, 
options 1 and 2 are identical. In other cases, it is advanta-
geous to use option 2, where option 2b governs for values 
of Gk ≤ 4.5Qk when ψ0 = 0.7, and for values of Gk ≤ 7.5Qk 
when ψ0 = 0.5.

In this book, option 2b has been used in Examples 1 and 2.

1.3.2 Serviceability limit StateS

In EN 1992-1-1, a check under quasi-permanent loading is 
normally allowed when considering cracking and deflection. 
This appears to comply with the recommendation in EN 1990 
with regard to appearance. With regard to function including 
possible damage to elements of the structure, a check under 
characteristic loading is indicated. In this book, to avoid pos-
sible damage to partitions, characteristic loading has been 
used for the deflection check in Example 1.

1.4 contAinMent structures

Silos and tanks are different from many other structures in 
that they can be subjected to the full loads from particulate 
solids or liquids for most of their life. The actions to be con-
sidered are detailed in Eurocode 1: Part 4: Silos and tanks, 
where the contents of informative annexes A and B are 
replaced by the recommendations given in the UK National 
Annex. Values of the combination factor appropriate to each 
design action are shown in Table 1.3.

1.4.1 Ultimate limit State

In tanks, γQ = 1.2 may be used for the loads induced by the 
stored liquid, at the maximum design liquid level. During 
testing, at the maximum test liquid level, and for acciden-
tal design situations, γQ = 1.0 may be used. In silos, γQ = 1.5 
should be used for loads induced by stored particulate solids.

1.4.2 Serviceability limit StateS

For the serviceability limit state of cracking, a classifica-
tion of liquid-retaining structures in relation to the required 
degree of protection against leakage and the corresponding 
design requirements as given in Eurocode 2: Part 3 are sum-
marised in Table 1.4. Silos containing dry materials may gen-
erally be designed as Class 0.

tABle 1.1
design considerations, Action combinations and 
Values of ψ for Variable Actions on Buildings

limit state and design 
considerationa

combination of design Actions 
(see en 1990)

Ultimate (persistent and 
transient actions)

ΣγG,j Gk,j + γQ,1 Qk,1 + ΣγQ,i ψ0,i Qk,i

(j ≥ 1, i > 1)

Ultimate (accidental action) Ad + ΣGk,j + (ψ1,1 or ψ2,1) Qk,1 + Σψ2,i Qk,i

(j ≥ 1, i > 1)

Serviceability (function, 
including damage to 
structural and non-structural 
elements, e.g., partition walls)

ΣGk,j + Qk,1 + Σψ0,i Qk,i

(j ≥ 1, i > 1)

Serviceability (comfort to user, 
use of machinery, avoiding 
ponding of water, etc.)

ΣGk,j + ψ1,1 Qk,1 + Σψ2,i Qk,i

(j ≥ 1, i > 1)

Serviceability (appearance) ΣGk,j + Σψ2,i Qk,i  (j ≥ 1, i ≥ 1)

imposed loads (category and type, 
see en 1991-1-1) ψ0   ψ1 ψ2

A: domestic, residential area, B: office area 0.7 0.5 0.3
C: congregation area, D: shopping area 0.7 0.7 0.6
E: storage area 1.0 0.9 0.8
F: traffic area (vehicle weight ≤ 30 kN) 0.7 0.7 0.6
G: traffic area (30 kN < vehicle 
  weight ≤ 160 kN) 0.7 0.5 0.3
H: roof  0.7 0 0

snow loads (see en 1991-1-3)
Sites located at altitude >1000 m above
 sea level 0.7 0.5 0.2
Sites located at altitude ≤1000 m above 
 sea level  0.5 0.2 0
Wind loads (see EN 1991-1-4)  0.5b 0.2 0

Thermal actions (see EN 1991-1-5)  0.6 0.5 0

Note: In the combination of design actions shown above, Qk,1 is the leading 
variable action and Qk,i are any accompanying variable actions. 
Where necessary, each action in turn should be considered as the 
leading variable action.

a Serviceability design consideration and associated combination of design 
actions as specified in the UK National Annex.

b As specified in the UK National Annex.
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It is implied but not clearly stated in Eurocode 2: Part 
3 that the cracking check may be carried out under quasi-
permanent loading. In this case, since ψ2 = 0.3 for hydro-
static load, the cracking check is less onerous than the design 
ultimate requirement. This is a significant departure from 
previous United Kingdom practice, in which characteristic 
loading was used for the cracking check, and this check was 
nearly always critical.

   It also appears that thermal actions have no effect on 
the cracking check, since ψ2 = 0 in this case. Since thermal 
actions can usually be ignored at the ultimate limit state, on 
the basis that ‘elastic’ stresses reduce with increasing strain, 
it would appear that the effect of thermal actions can be dis-
counted altogether in the design.

   The author of this book considers that the check for 
cracking should be carried out under the frequent loading, and 
that the recommended values of ψ2 need to be reviewed. In 
Examples 4 and 5, a conservative approach has been adopted 
and the characteristic value has been taken for the hydrostatic 
load. In Example 6, the frequent loading combination has been 
taken and ψ2 = 0.9 has been applied to the hydrostatic load.

1.5 geotechnicAl design

Eurocode 7: Geotechnical design provides in outline all the 
requirements for the design of geotechnical structures. It 
classifies structures into three categories according to their 
complexity and associated risk, but concentrates on the 
design of conventional structures with no exceptional risk. 
These include spread, raft and pile foundations, retaining 
structures, bridge piers and abutments, embankments and 
tunnels. Limit states of stability, strength and serviceability 
need to be considered. The requirements of the ultimate and 
serviceability limit states may be met by several methods, 
alone or in combination. The calculation method adopted in 
the United Kingdom for the ultimate limit state requires the 
consideration of two combinations of partial safety factors 
for actions and soil parameters, as shown in Table 1.5.

Generally, combination 2 determines the overall size of 
the structure and combination 1 governs the structural design 
of the members. Characteristic soil parameters are defined as 
cautious estimates of the values affecting the occurrence of a 
limit state. Thus, for combination 2, design values for the soil 
strength at the ultimate limit state are given by

tABle 1.2
design ultimate Actions for Buildings

option en 1990

Permanent Actions Variable Actions

unfavourable Favourable leading others (i > 1)

1 Equation 6.10 1.35Gk 1.0Gk 1.5Qk,1 1.5∑ψ0,i Qk,i

2a Equation 6.10a 1.35Gk 1.0Gk 1.5ψ0,1 Qk,1 1.5∑ψ0,i Qk,i

2b Equation 6.10b 1.25Gk 1.0Gk 1.5Qk,1 1.5∑ψ0,i Qk,i

tABle 1.3
Values of ψ for Variable Actions on silos and tanks (as specified in the uK national Annex)

Action ψ0 ψ1 ψ2 Action ψ0 ψ1 ψ2

Liquid loads 1.0 0.9 0.3 Foundation settlement 1.0 1.0 1.0

Solids filling 1.0 0.9 0.3 Imposed loads or deformation 0.7 0.5 0.3

Solids discharge 1.0 0.3 0.3 Snow loads 0.5 0.2 0

Thermal actions 0.6 0.5 0 Wind action 0.5 0.2 0

tABle 1.4
classification of Water-tightness and cracking limitations in en 1992-3

class leakage requirements design Provisions

0 Leakage acceptable or irrelevant. The provisions in EN 1992-1-1 may be adopted.

1 Leakage limited to small amount. Some 
surface staining or damp patches 
acceptable.

The width of any cracks that can be expected to pass through the full thickness of the 
section should be limited to wk1 given by 0.05 ≤ wk1 = 0.225(1 − hw/45h) ≤ 0.2 mm

 where hw/h is the hydraulic gradient (i.e., head of liquid divided by thickness of section) at 
the depth under consideration. Where the full thickness of the section is not cracked, the 
provisions in EN 1992-1-1 apply.

2 Leakage minimal. Appearance not to be 
impaired by staining.

Cracks that might be expected to pass through the full thickness of the section should be 
avoided, unless measures such as liners or water bars are included.

3 No leakage permitted. Special measures (e.g., liners or prestress) are required to ensure water-tightness.
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 tan ϕ ′d = (tan ϕ ′)/1.25 and c′d = c′/1.25

where c′ and ϕ′ are characteristic values for the cohesion inter-
cept and the angle of shearing resistance (in terms of effective 
stress), respectively.

Design values for shear resistance at the interface of 
the base and the sub-soil, for the drained (base friction) 

and undrained (base adhesion) conditions, respectively, are 
given by

 tan δd = tan ϕ ′d (for cast in situ concrete) and cud = cu/1.4

where cu is the undrained shear strength.
Free-standing earth-retaining walls need to be checked 

for the ultimate limit state regarding overall stability, ground 
bearing resistance and sliding. For bases on clay soils, the 
bearing and sliding resistances should be checked for both 
long-term (drained) and short-term (undrained) conditions. 
In Example 3, designs for bases on both sand and clay are 
shown.

The traditional practice in which characteristic actions 
and allowable bearing pressures are considered, to limit 
ground deformation and check bearing resistance, may be 
adopted by mutual agreement. In this case, a linear varia-
tion of ground bearing pressure is assumed for eccentric 
loading.

tABle 1.5
Partial safety Factors for the ultimate limit state for 
geotechnical design

safety Factor on 
Actionsa, γF

safety Factor on soil 
Parameters, γM

combination γg γQ γϕ′ γc′ γcu

1 1.35 1.5 1.0 1.0 1.0

2 1.0 1.3 1.25 1.25 1.4

a If the action is favourable, values of γG = 1.0 and γQ = 0 should be used.
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2.1 PrinciPles And reQuireMents

In the European structural codes, a limit state design con-
cept is used. Ultimate limit states (ULS) and serviceability 
limit states (SLS) are considered, as well as durability and, 
in the case of buildings, fire resistance. Partial safety fac-
tors are included in both design loads and material strengths, 
to ensure that the probability of failure (i.e., not satisfying 
a design requirement) is acceptably low. Members are first 
designed to satisfy the most critical limit state, and then 
checked to ensure that the other limit states are not reached.

In buildings, for most members, the critical consideration 
is the ULS, on which the required resistances of the members 
in bending, shear and torsion are based. The requirements of 
the various SLS, such as deflection and cracking, are consid-
ered later.

Since the selection of a suitable span/effective depth ratio 
to prevent excessive deflection, and the choice of a suitable 
bar spacing to avoid excessive cracking, is affected by the 
stress level in the reinforcement, limit state design is an inter-
active process. Nevertheless, it is normal to begin with the 
ULS requirements.

In the following section, the concrete cover to the first 
layer of bars, as shown in the drawings, is described as the 
nominal cover. It is defined as a minimum cover plus an 
allowance in the design for deviation. A minimum cover is 
required to ensure the safe transmission of bond forces, the 
protection of steel against corrosion and an adequate fire 
resistance. To transmit the bond forces safely and to ensure 
adequate concrete compaction, the minimum cover should 
be not less than the bar diameter or, for bundled bars, should 
be not less than the equivalent diameter of a notional bar 
having the same cross-sectional area as the bundle.

2.2 durABility

Concrete durability is dependent mainly on its constituents, 
and limitations on the maximum free water/cement ratio and 
the minimum cement content are specified according to the 
conditions of exposure. These limitations result in minimum 
concrete strength classes for particular types of cement. For 
reinforced concrete, protection of the reinforcement against 
corrosion depends on the concrete cover.

2.2.1 expoSUre claSSeS

Details of the classification system used in BS EN 206-1 and 
BS 8500-1, with informative examples applicable in the United 
Kingdom, are shown in Reynolds, Table 4.5. When the con-
crete can be exposed to more than one of the actions described 
in the table, a combination of the exposure classes will apply.

2.2.2 concrete Strength claSSeS and coverS

The required thickness of the cover is related to the exposure 
class, the concrete quality and the intended working life of 
the structure. Information taken from the recommendations 
in BS 8500 is shown in Reynolds, Table 4.6. The values for 
the minimum cover apply for ordinary carbon steel in con-
crete without special protection, and for structures with an 
intended working life of at least 50 years.

The values given for the nominal cover include an allowance 
for tolerance of 10 mm, which is recommended for buildings 
and is also normally sufficient for other types of structures. 
The cover should be increased by at least 5 mm for uneven 
concrete surfaces (e.g., ribbed finish or exposed aggregate).

If in situ concrete is placed against another concrete ele-
ment (precast or in situ), the minimum cover to the rein-
forcement at the interface needs to be not more than that 
recommended for an adequate bond, provided the following 
conditions are met: the value of fck ≥ 25 MPa, the exposure 
time of the concrete surface to an outdoor environment is not 
more than 28 days, and the interface has been roughened.

The nominal cover should be at least 50 mm for con-
crete cast against prepared ground (including blinding), and 
75 mm for concrete cast directly against the earth.

2.3 Fire resistAnce

2.3.1 bUilding regUlationS

The minimum periods of fire resistance required for the ele-
ments of the structure, according to the purpose group of a 
building and its height or, for a basement, the depth relative 
to the ground are shown in Reynolds, Table 3.12. Insurers 
require longer fire periods for buildings containing storage 
facilities.

2.3.2 deSign procedUreS

BS EN 1992-1-2 contains prescriptive rules, in the form of 
both tabulated data and calculation models, for the standard 
fire exposure. A procedure for a performance-based method 
using fire-development models is also provided.

The tabulated data tables give minimum dimensions for 
the size of a member and the axis distance of the reinforce-
ment. The axis distance is the nominal distance from the cen-
tre of the main reinforcing bars to the surface of the concrete 
as shown in Figure 2.1.

Tabulated data are given for beams, slabs and braced col-
umns, for which provision is made for the load level to be taken 
into account. In many cases, for fire periods up to about 2 h, the 
cover required for other purposes will be the controlling factor.

2 Design of Members



6 Worked Examples for the Design of Concrete Structures to Eurocode 2

2.4 Bending And AxiAl Force

Typically, beams and slabs are members subjected mainly 
to bending while columns are subjected to a combination of 
bending and axial force. In this context, a beam is defined 
as a member whose span is not less than 3 times its overall 
depth. Otherwise, the member is treated as a deep beam for 
which different design methods are appropriate. A column 
is defined as a member whose greater overall cross-sectional 
dimension does not exceed 4 times the smaller dimension. 
Otherwise, the member is considered as a wall. In this case, 
bending in the plane of the wall is treated in a different way.

2.4.1 baSic aSSUmptionS

For the analysis of the section at the ULS, the tensile strength 
of concrete is neglected, and strains are based on the assump-
tion that plane sections before bending remain plane after 
bending. The strain distribution to be assumed is shown in 
Figure 2.2.

For sections subjected to pure axial compression, the 
strain is limited to εc2. For sections partly in tension, the com-
pressive strain is limited to εcu. For intermediate conditions, 
the strain diagram is obtained by taking the compressive 
strain as εc2 at a level equal to 3/7 of the section depth from 
the more highly compressed face. For values of fck ≤ 50 MPa, 
the limiting strains are εc2 = 0.002 and εcu = 0.0035.

Reinforcement stresses are determined from bilinear 
design stress–strain curves. Two alternatives are prescribed 
in which the top branch of the curve is taken as either hori-
zontal with no limit to the strain (curve A), or rising to a 
specified maximum strain (curve B).

For concrete in compression, alternative design stress–
strain curves give stress distributions forming either a parabola 

and a rectangle, or a triangle and a rectangle. Another option 
is to assume a uniform stress distribution. Whichever alterna-
tive is used, the proportions of the stress block and the maxi-
mum strain are constant for values of fck ≤ 50 MPa. In reality, 
the alternative assumptions lead to only minor differences in 
the values obtained for the resistance of the section.

For a rectangular concrete area of width b and depth x, the 
total compressive force can be written as k1 fck bx and the dis-
tance of the force from the compression face can be written 
as k2 x. If a uniform stress distribution is assumed, then, for 
fck ≤ 50 MPa, values of k1 = 0.453 and k2 = 0.4 are obtained.

2.4.2 beamS and SlabS

Beams and slabs are generally subjected to only bending, but 
can also be required to resist an axial force, for example, in a 
portal frame, or in a floor acting as a prop between basement 
walls. Axial thrusts not greater than 0.12fck times the area of 
the cross section may generally be ignored, since the effect of 
the axial force is to increase the moment of resistance.

If, as a result of moment redistribution allowed in the analy-
sis of a member, the design moment is less than the maximum 
elastic moment at any section; the necessary ductility may be 
assumed without explicit verification if, for fck ≤ 50 MPa, the 
neutral axis satisfies the condition x/d ≤ (δ − 0.4).

d is the effective depth, x the neutral axis depth, δ the ratio 
of the design moment to the maximum elastic moment for val-
ues of 1.0 > δ ≥ 0.7 for ductility class B or C reinforcement 
and values of 1.0 > δ ≥ 0.8 for ductility class A reinforcement.

Where plastic analysis is used, the necessary ductil-
ity may be assumed without explicit verification if, for 
fck ≤ 50 MPa, the neutral axis at any section satisfies the con-
dition x/d ≤ 0.25.

2.4.2.1 singly reinforced rectangular sections
The lever arm between the forces indicated in Figure 2.3 is 
given by z = (d − k2x), from which x = (d – z)/k2.

Taking moments for the compressive force about the line 
of action of the tensile force gives

 M = k1 fckbxz = k1 fckbz(d − z)/k2 

The solution of the resulting quadratic equation in z gives

 
z d k k M bd f/ / where / ck= + − =0 5 0 25 2 1

2. . ( )µ µ
 

h ≥ b

a a

b

b
asd

Figure 2.1 Cross section showing the nominal axis distances.

εc2

εc2

h

0

0

εcu

(3/7)h

Figure 2.2 Strain diagram at the ultimate limit state.

0.0035

k1 fckbx

0.85fck/γc

εc

As
As fs

k2 x

d

x

b

Figure 2.3 Strain diagram and forces on a singly reinforced 
section.
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Taking moments for the tensile force about the line of 
action of the compressive force gives

 M = As  fsz, from which As = M/fsz

The strain in the reinforcement εs = 0.0035(1 − x/d)/(x/d) 
and from the design stress–strain curves, the stress is given by

 fs = εsEs = 700(1 − x/d)/(x/d) ≤ ksfyk/1.15

If the top branch of the design stress–strain curve is taken 
as horizontal (curve B), ks = 1.0 and fs = fyk/1.15 for values of

 x/d ≤ 805/(805 + fyk) = 0.617 for fyk = 500 MPa

2.4.2.2 doubly reinforced rectangular sections
The forces provided by the concrete and the reinforcement 
are indicated in Figure 2.4. Taking moments about the line of 
action of the tensile force gives

 M k f bx d k x A f d d= − + ′ ′ − ′1 2ck s s( ) ( )

The strain in the reinforcement ′ − ′=εs 1 /0 0035. ( )d x  and 
from the design stress–strain curve B, the stress is given by

 
′ ′ − ′ ≤= =f d x fEss s yk700(1 / /ε ) .1 15

Thus, ′ =f fs yk /1 15.  for values of

 x/d ≥ [805/(805 − fyk)](d′/d) = 2.64(d′/d) for fyk = 500 MPa

Equating the tensile and the compressive forces gives

 A f k f bx A fs s ck s s= + ′ ′1

where the stress in the tension reinforcement is given by the 
expression derived for singly reinforced sections.

2.4.2.3 design Formulae for rectangular sections
No design formulae are given in the code but the following 
are valid for values of fck ≤ 50 MPa and fyk ≤ 500 MPa. The 
formulae are based on the rectangular stress block for the 

concrete and stresses of 0.87fyk in tension and compression 
reinforcement. The compression reinforcement requirement 
depends on the value of K = M/bd2fck compared to K′ where

 K′ = 0.210 for δ ≥ 1.0

 K′ = 0.453(δ − 0.4) − 0.181(δ − 0.4)2 for δ < 1.0

δ is the ratio of the design moment to the maximum elastic 
moment, where δ ≥ 0.7 for class B and class C reinforcement, 
and δ ≥ 0.8 for class A reinforcement.

For K ≤ K′, compression reinforcement is not required and

 As = M/0.87fykz

where

 z d K x d z= + − = −{ . . . } ( ) .0 5 0 25 0 882 0 4and /

For K > K′, compression reinforcement is required and

 

′

′

= − −

= +

A

A

K K bd f f d d

A K bd f f z

s

s

ck yk

s ck yk

/

/

( ) . ( )

.

′ ′

′

2

2

0 87

0 87

where

 z d x d z= + − = −{ . . . } ( ) .0 5 0 25 0 40 882 and /K ′

For d′/x > 0.375 (for fy = 500 MPa), ′As  should be replaced 
by 1 6 1. ( )− ′ ′d x A/ s  in the equations for ′As  and As.

A design table, based on the formulae, is given in Table 
A1. In the table, the lever arm factor z/d is limited to a maxi-
mum value of 0.95. Although not a requirement of Eurocode 
2, this restriction is common in UK practice.

2.4.2.4 Flanged sections
In monolithic beam and slab construction, where the web of 
the beam projects below the slab, the beam is considered as a 
flanged section for sagging moments. The effective width of 
flange, over which uniform stress conditions can be assumed, 
may be taken as beff = bw + b′, where

 b′ = 0.1(aw + l0) ≤ 0.2l0 ≤ 0.5aw for L beams

 b′ = 0.2(aw + l0) ≤ 0.4l0 ≤ 1.0aw for T beams

In the above expressions, bw is the web width, aw is the 
clear distance between the webs of adjacent beams and l0 
is the distance between successive points of zero-bending 
moment for the beam. If leff is the effective span, l0 may 
be taken as 0.85leff when there is continuity at one end of 
the span, and 0.7leff when there is continuity at both ends. 
For up-stand beams, when considering hogging moments, 
l0 may be taken as 0.3leff at internal supports and 0.15leff at 
end supports.

b

d

x
d′ ε ′s

εs

0.0035 0.85fck/γc

A′c

As fs

k2x

As

A′  s f ′  s

k1 fckbx

Figure 2.4 Strain diagram and forces on a doubly reinforced 
section.
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In sections where the flange is in compression, the depth of 
the neutral axis will generally be not greater than the thick-
ness of the flange. In this case, the section can be consid-
ered to be rectangular with b taken as the flange width. The 
condition regarding the neutral axis depth can be confirmed 
initially by showing that M ≤ k1  fckbhf (d − k2hf), where hf is 
the thickness of the flange. Alternatively, the section can be 
considered to be rectangular initially, and the neutral axis 
depth can be checked subsequently.

Figure 2.5 shows a flanged section in which the neutral 
axis depth exceeds the flange thickness, and the concrete 
force is divided into two components.

The required area of the tension reinforcement is given by

 As = As1 + k1fck (b − bw)hf/0.87fyk

where As1 is the area of reinforcement required to resist a 
moment M1 applied to a rectangular section of width bw, where

 M1 = M − k1  fck (b − bw)hf (d − k2hf) ≤ μ′bd 2fck

Using the rectangular concrete stress block in the forgoing 
equations gives k1 = 0.45 and k2 = 0.4. This approach gives 
solutions that are ‘correct’ when x = hf, but becomes slightly 
more conservative as (x − hf) increases.

2.4.2.5 Analysis of a given section
The analysis of a section of any shape, with any arrangement 
of reinforcement, involves a trial-and-error process. An initial 
value is assumed for the neutral axis depth, from which the 
concrete strains at the positions of the reinforcement can be 
calculated. The corresponding stresses in the reinforcement 
are determined, and the resulting forces in the reinforcement 
and the concrete are obtained. If the forces are out of balance, 
the value of the neutral axis depth is changed and the process 
is repeated until equilibrium is achieved. Once the balanced 
condition has been found, the resultant moment of the forces 
about the neutral axis, or any convenient point, is calculated.

2.4.3 colUmnS

Columns are compression members that can bend about any 
axis. In design, an effective length and a slenderness ratio are 
determined in relation to major and minor axes of bending. 
The effective length of the column is a function of the clear 

height and depends upon the restraint conditions at the ends. 
A slenderness ratio is defined as the effective length divided 
by the radius of gyration of the uncracked concrete section.

Columns should generally be designed for both first-order 
and second-order effects, but second-order effects may be 
ignored provided the slenderness ratio does not exceed a par-
ticular limiting value. This can vary considerably and has 
to be determined from an equation involving several factors. 
These can be calculated but default values are also given.

Columns are subjected to combinations of bending 
moment and axial force, and the cross section may need to 
be checked for more than one combination of values. Several 
methods of analysis, of varying complexity, are available 
for determining second-order effects. Many columns can 
be treated as isolated members, and a simplified method of 
design using equations based on an estimation of curvature 
is commonly used. The equations contain a modification fac-
tor Kr, the use of which results in an iterative process with Kr 
taken as 1.0 initially. The procedures are shown in Reynolds, 
Tables 4.15 and 4.16.

In the code, for sections subjected to pure axial load, the 
concrete strain is limited to 0.002 for values of fck ≤ 50 MPa. 
In this case, the design stress in the reinforcement should be 
limited to 400 MPa. However, in other parts of the code, the 
design stress in this condition is shown as fyd = fyk/γs = 0.87fyk. 
In the derivation of the charts in this chapter, which apply for 
all values of fck ≤ 50 MPa and fyk ≤ 500 MPa, the maximum 
compressive stress in the reinforcement was taken as 0.87fyk. 
The charts contain sets of Kr lines to aid the design process.

2.4.3.1 rectangular columns
Figure 2.6 shows a rectangular column section in which the 
reinforcement is disposed equally on two opposite sides of a 
horizontal axis through the mid-depth. By resolving forces 
and taking moments about the mid-depth of the section, the 
following equations are obtained for 0 < x/h ≤ 1.0:

 N/bhfck = k1(x/h) + 0.5(As  fyk/bhfck)(ks1 − ks2)

 M/bh2fck = k1(x/h){0.5 − k2(x/h)} + 0.5(As  fyk/bhfck)(ks1 + ks2)
 × (d/h − 0.5)

The stress factors, ks1 and ks2, are given by

 ks1 = 1.4(x/h + d/h − 1)/(x/h) ≤ 0.87

b

d

x

As(0.87fyk)
As

k1 fckbw x

k2 hf

hf

k2 x

k1 fck(b–bw)hf

bw

Figure 2.5 Forces on flanged section with x > hf.

b (h – d)

d
h k2x

(As/2)ks2 fyk

(As/2)ks1 fyk

k1 fckbx

As

As

2

2
x0.5 h

Axis
of bending

Figure 2.6 Forces acting on a rectangular column section.
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 ks2 = 1.4(d/h − x/h)/(x/h) ≤ 0.87

The maximum axial force Nu is given by the equation

 Nu/bhfck = 0.567 + 0.87(As  fyk/bhfck)

Design charts, based on the rectangular stress block for the 
concrete, and for the values of d/h = 0.8 and 0.85, are given 
in Tables A2 and A3, respectively. On each curve, a straight 
line has been taken between the point where x/h = 1.0 and 
the point where N = Nu. The charts, which were determined 
for fyk = 500 MPa, may be safely used for fyk ≤ 500 MPa. In 
determining the forces in the concrete, no reduction has been 
allowed for the area of concrete displaced by the compression 
reinforcement. In the design of slender columns, the Kr factor 
is used to modify the deflection corresponding to a load Nbal 
at which the moment is at maximum. A line corresponding to 
Nbal passes through a cusp on each curve. For N ≤ Nbal, the K 
value is taken as 1.0. For N > Nbal, K can be determined from 
the lines on the chart.

2.4.3.2 circular columns
Figure 2.7 shows a circular column section in which six bars 
are equally spaced around the circumference. Solutions based 
on six bars will be slightly conservative if more bars are used. 
The bar arrangement relative to the axis of bending affects the 
resistance of the section, and some combinations of bending 
moment and axial force can result in a slightly more critical 
condition, if the arrangement shown is rotated through 30°. 
These small variations can reasonably be ignored.

The following analysis is based on a uniform stress block 
for the concrete, of depth λ x and width h sin α at the base (as 
shown in Figure 2.7). Negative axial forces are included to 
cater for members such as tensile piles. By resolving forces 
and taking moments about the mid-depth of the section, the 
following equations are obtained, where α = cos−1(1 − 2λ x/h) 
for 0 < x ≤ 1.0, and hs is the diameter of a circle through the 
centres of the bars:

 N/h2fck = kc(2α − sin 2α)/8 + (π/12)(As  fyk/Ac  fck)
 × (ks1 − ks2 − ks3)

 M/h3fck = kc(3sin α − sin 3α)/72 + (π/27.7)(As  fyk/Ac  fck)(hs/h)
 × (ks1 + ks3)

Since the width of the compression zone decreases in the 
direction of the extreme compression fibre, the design stress 
in the concrete has to be reduced by 10%. Thus, in the above 
equations: kc = 0.9 × 0.567 = 0.51 and λ = 0.8.

The stress factors, ks1, ks2 and ks3, are given by

 −0.87 ≤ ks1 + 1.4(0.433hs/h − 0.5 + x/h)/(x/h) ≤ 0.87

 −0.87 ≤ ks2 + 1.4(0.5 − x/h)/(x/h) ≤ 0.87

 −0.87 ≤ ks3 = 1.4(0.5 + 0.433hs/h − x/h)/(x/h) ≤ 0.87

To avoid irregularities in the charts, the reduced design 
stress in the concrete is used to determine the maximum 
axial force Nu, which is given by the equation:

 Nu/h2fck = (π/4){0.51 + 0.87(As  fyk/Ac  fck)} 

The minimum axial force Nmin is given by the equation:

 Nmin/h2fck = −0.87(π/4)(As  fyk/Ac  fck) 

Design charts for the values of hs/h = 0.6 and 0.7, are given 
in Tables A4 and A5, respectively. The previous statements 
on the derivation and use of the charts for rectangular sec-
tions also apply to those for circular sections.

2.4.3.3 Analysis of a given section
Any given cross-section can be analysed by a trial-and-error 
process. For a section bent about one axis, an initial value is 
assumed for the neutral axis depth, from which the concrete 
strains at the positions of the reinforcement can be calculated. 
The resulting stresses in the reinforcement are determined, 
and the forces in the reinforcement and concrete are evalu-
ated. If the resultant force is not equal to the design axial 
force N, the value of the neutral axis depth is changed and the 
process is repeated until equality is achieved. The resultant 
moment of all the forces about the mid-depth of the section is 
then the moment of resistance appropriate to N.

2.4.3.4 example
The column section shown in Figure 2.8 is reinforced with 
8H32 arranged as shown. The moment of resistance about the 
major axis is to be obtained for the following requirements:

 N = 2300 kN, fck = 32 MPa, fyk = 500 MPa
h sin α

α

λx

0.433 hs
Axis of bending

Fc

(As/3)ks1 fyk

(As/3)ks2 fyk

(As/3)ks3 fyk

hs

h

0.433 hs

Figure 2.7 Forces acting on a circular column section.
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Figure 2.8 Forces acting on a given column section.
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Consider the bars in each half of the section to be replaced 
by an equivalent pair of bars. The depth to the centroid of the 
bars in one-half of the section = 60 + 240/4 = 120 mm. The 
section is now considered to be reinforced with four equiva-
lent bars, where d = 600 − 120 = 480 mm.

 As  fyk/bhfck = 6434 × 500/(300 × 600 × 32) = 0.56

 N/bhfcu = 2300 × 103/(300 × 600 × 32) = 0.40

From the design chart for d/h = 480/600 = 0.8,

 Mu/bh2fck = 0.18 (Table A2)

 Mu = 0.18 × 300 × 6002 × 32 × 10−6 = 622 kN m

The solution can be checked using a trial-and-error pro-
cess to analyse the original section, as follows:

The axial load on the section is given by

 N = k1  fckbx + (As1ks1 − As2ks2 − As3ks3)fyk

where
d/h = 540/600 = 0.9, and ks1, ks2 and ks3 are given by
ks1 = 1.4(x/h + d/h − 1)/(x/h) ≤ 0.87
ks2 = 1.4(0.5 − x/h)/(x/h) ≤ 0.87
ks3 = 1.4(d/h − x/h)/(x/h) ≤ 0.87

With x = 300 mm, x/h = 0.5, ks1 = 0.87, ks2 = 0 and ks3 = 0.87

N = 0.45 × 32 × 300 × 300 × 10−3 = 1296 kN (< 2300)

With x = 360 mm, x/h = 0.6, ks2 = −0.233 and ks3 = 0.7

 N = 0.45 × 32 × 300 × 360 × 10−3 + (2413 × 0.87 + 1608
× 0.233 − 2413 × 0.7) × 500 × 10−3

= 1555 + 392 = 1947 kN (< 2300)

With x = 390 mm, x/h = 0.65, ks2 = −0.323 and ks3 = 0.538

N = 0.45 × 32 × 300 × 390 × 10−3

+ (2413 × 0.87 + 1608 × 0.323 – 2413 × 0.538)
× 500 × 10−3

= 1685 + 660 = 2345 kN (> 2300)

With x = 387 mm, x/h = 0.645, ks2 = −0.315 and ks3 = 0.553

N = 0.45 × 32 × 300 × 387 × 10−3

+ (2413 × 0.87 + 1608 × 0.315 – 2413 × 0.553)
× 500 × 10−3

= 1672 + 636 = 2308 kN

Since the internal and external forces are now sensibly 
equal, taking moments about the mid-depth of the section gives

Mu = k1fckbx(0.5h − k2x) + (As1ks1 + As3ks3)(d − 0.5h)fyk

= 0.45 × 32 × 300 × 387 × (300 – 0.4 × 387) × 10−6

+ (2413 × 0.87 + 2413 × 0.553)(540 – 300) × 500 × 10−6

= 243 + 412 = 655 kN m (> 622 obtained earlier)

The method in which the reinforcement was replaced 
by four equivalent bars can be seen to give a conservative 
estimate.

2.5 sheAr

In an uncracked section, shear results in a system of mutually 
orthogonal diagonal tension and compression stresses. When 
the diagonal tension stress reaches the tensile strength of the 
concrete, a diagonal crack occurs. This simple concept rarely 
applies to reinforced concrete, since members such as beams 
are already cracked in flexure, and sudden failure can occur 
in members without shear reinforcement. Resistance to shear 
can be increased by adding shear reinforcement but, at some 
stage, the resistance is limited by the capacity of the inclined 
struts that form within the web.

2.5.1 memberS withoUt Shear reinforcement

The design resistance at any cross-section of a member not 
requiring shear reinforcement can be calculated as

 VRd,c = vRd,cbwd

where
bw is the minimum width of the section in the tension zone
d is the effective depth to the tension reinforcement and
vRd,c is the design concrete shear stress.

The design concrete shear stress is a function of the con-
crete strength, the effective depth and the reinforcement 
percentage at the section considered. To be effective, this rein-
forcement should extend for a minimum distance of (lbd + d) 
beyond the section, where lbd is the design anchorage length.

At a simple support, for a member carrying predominantly 
uniform load, the length lbd may be taken from the face of the 
support. The design shear resistance of members with and 
without axial load can be determined from the information 
provided in Reynolds, Table 4.17.

In the UK National Annex, it is recommended that for val-
ues of fck > 50 MPa, the shear strength of the concrete should 
be determined by tests, unless there is evidence of satisfac-
tory past performance of the particular concrete mix includ-
ing the aggregates used. Alternatively, the shear strength 
should be limited to that given for fck = 50 MPa.

2.5.2 memberS with Shear reinforcement

The design of members with shear reinforcement is based on 
a truss model, shown in Figure 2.9, in which the compression 
and tension chords are spaced apart by a system consisting of 
inclined concrete struts and vertical or inclined reinforcing 
bars. Angle α between the reinforcement and the axis of the 
member should be ≥ 45°.

Angle θ between the struts and the axis of the member may 
be selected by the designer within the limits 1.0 ≤ cot θ ≤ 2.5 
generally. However, for elements in which shear co-exists 
with externally applied tension, cot θ should be taken as 1.0.
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The web forces are V sec θ in the struts and V sec α in the 
shear reinforcement over a panel length l = z(cot α + cot θ), 
where z may normally be taken as 0.9d. The width of each 
strut is z(cot α + cot θ) sin θ, and the design value of the 
maximum shear force VRd,max is limited by the compressive 
resistance provided by the struts, which includes a strength 
reduction factor for concrete cracked in shear. The least shear 
reinforcement is required when cot θ is such that V = VRd,max.

The truss model results in a force ΔFtd in the tension 
chord that is additional to the force M/z due to bending, but 
the sum ΔFtd + M/z need not be taken greater than Mmax/z, 
where Mmax is the maximum moment in the relevant hog-
ging or sagging region. The additional force ΔFtd can be 
taken into account by shifting the bending moment curve on 
each side of any point of maximum moment by an amount 
al = 0.5 z(cot θ − cot α).

For members without shear reinforcement, al = d should 
be used. The curtailment of the longitudinal reinforcement 
can then be based on the modified bending moment diagram. 
A design procedure to determine the required area of shear 
reinforcement, and details of the particular requirements for 
beams and slabs, are shown in Reynolds, Table 4.18.

For most beams, a minimum amount of shear reinforce-
ment in the form of links is required, irrespective of the mag-
nitude of the shear force. Thus, there is no need to determine 
VRd,c.

In members with inclined chords, the shear components 
of the design forces in the chords may be added to the design 
shear resistance provided by the reinforcement. In checking 
that the design shear force does not exceed VRd,max, the same 
shear components may be deducted from the shear force 
resulting from the design loads.

2.5.3 Shear Under concentrated loadS

In slabs and column bases, the maximum shear stress at the 
perimeter of a concentrated load should not exceed vRd,max. 
Shear in solid slabs under concentrated loads can result in 
punching failures on the inclined faces of truncated cones 
or pyramids. For design purposes, a control perimeter 
forming the shortest boundary that nowhere comes closer 
to the perimeter of the loaded area than a specified distance 
should be considered. The basic control perimeter may gen-
erally be taken at a distance 2d from the perimeter of the 
loaded area.

If the maximum shear stress here is not greater than 
vRd,c, then no shear reinforcement is required. Otherwise, 

the position of the control perimeter at which the maxi-
mum shear stress is equal to vRd,c should be determined, 
and shear reinforcement should be provided in the zone 
between this control perimeter and the perimeter of the 
loaded area.

For flat slabs with enlarged column heads (or drop panels), 
where dH is the effective depth at the face of the column and 
the column head (or drop) extends a distance lH > 2dH beyond 
the face of the column, a basic control perimeter at a distance 
2dH from the column face should be considered. In addition, 
a basic control perimeter at a distance 2d from the column 
head (or drop) should be considered.

Control perimeters (in part or as a whole) at distances 
less than 2d should also be considered where a concentrated 
load is applied close to a supported edge, or is opposed by 
a high pressure (e.g., soil pressure on bases). In such cases, 
values of vRd,c may be multiplied by 2d/a, where a is the 
distance from the edge of the load to the control perimeter. 
For bases, the favourable action of the soil pressure may be 
included when determining the shear force acting at the con-
trol perimeter.

Where a load or reaction is eccentric in relation to a shear 
perimeter (e.g., at the edge of a slab, and in cases of moment 
transfer between a slab and a column), a magnification factor 
is included in the calculation of the maximum shear stress. 
The details of the design procedures for shear under concen-
trated loads are shown in Reynolds, Table 4.19.

2.5.4 bottom-loaded beamS

Where load is applied near the bottom of a section, sufficient 
vertical reinforcement to transmit the load to the top of the 
section should be provided in addition to any reinforcement 
required to resist shear.

2.6 torsion

In normal beam-and-slab or framed construction, calcula-
tions for torsion are not usually necessary, since adequate 
control of any torsional cracking in beams will be provided 
by the required minimum shear reinforcement. When it is 
judged as necessary to include torsional stiffness in the anal-
ysis of a structure, or torsional resistance is vital for static 
equilibrium, members should be designed for the resulting 
torsional moment.

The torsional resistance may be calculated on the basis of 
a thin-walled closed section, in which equilibrium is satisfied 

A

D C

d

s

B Fcd V (cotθ – cotα)
α θ

Ftd

z/2
z

N M

VV z/2

Figure 2.9 Truss model and notation for members with shear reinforcement. A–compression chord, B–concrete strut, C–tension chord 
and D–shear reinforcement.
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by a plastic shear flow. A solid section may be modelled as 
an equivalent thin-walled section. Complex shapes may be 
divided into a series of sub-sections, each of which is modelled 
as an equivalent thin-walled section, and the total torsional 
resistance is taken as the sum of the resistances of the indi-
vidual elements. When torsion reinforcement is required, this 
should consist of rectangular closed links together with longi-
tudinal reinforcement. Such reinforcement is additional to the 
requirements for shear and bending. The details of a design 
procedure for torsion are shown in Reynolds, Table 4.20.

2.7 deFlection

The behaviour of a reinforced concrete beam under service 
loading can be divided into two basic phases: before and 
after cracking. During the uncracked phase, the member 
behaves elastically as a homogeneous material. This phase 
ends when the load reaches a value at which the first flexural 
crack forms. The cracks result in a gradual reduction in stiff-
ness with increasing load during the cracked phase. The con-
crete between the cracks continues to provide some tensile 
resistance though less, on average, than the tensile strength 
of the concrete. Thus, the member is stiffer than the value 
calculated on the assumption that concrete carries no tension. 
These concepts are illustrated in Figure 2.10.

The deflections of members under the service loading 
should not impair the function or the appearance of a struc-
ture. In buildings, the final deflection of members below 
the support level, after an allowance for any pre-camber, is 
limited to span/250. To minimise possible damage to non-
structural elements such as finishes, cladding and partitions, 
deflection that occurs after the construction stage should also 
be limited to span/500.

Generally, explicit calculation of the deflections is unneces-
sary to satisfy the code requirements, and simple rules in the 
form of limiting span/effective depth ratios are provided. These 
are considered adequate for avoiding deflection problems in 
most circumstances and, subject to particular assumptions 

made in their derivation, give a useful basis for estimating 
long-term deflections of members in buildings, as follows:

 
Deflection

actual span/effective depth ratio
limitingspan/eff

=
eective depth ratio

span/× 250

Although a check under quasi-permanent loading is nor-
mally allowed, the author of this book believes that a check 
under characteristic loading is advisable when the need to 
minimise possible damage to the elements of a building is a 
consideration, as explained in Chapter 1.

In special circumstances, when the calculation of deflec-
tion is considered necessary, an adequate prediction can be 
made by calculating the curvature at positions of maximum 
bending moment, and then assuming that the curvature 
variation along the member is proportional to the bending 
moment diagram. Some useful deflection coefficients are 
given in Reynolds, Table 3.42.

The deformation of a section, which could be a curvature 
or, in the case of pure tension, an extension, or a combination 
of these, is evaluated first for a homogeneous uncracked sec-
tion, δ1, and second for a cracked section ignoring tension in 
the concrete, δ2. The actual deformation of the section under 
the design loading is then calculated as

 δ = ζ δ2 + (1 − ζ ) δ1

where ζ is a distribution coefficient that takes into account 
the degree of cracking according to the nature and duration 
of the loading, and the stress in the tension reinforcement 
under the load causing first cracking in relation to the stress 
under the design service load.

When assessing long-term deflections, allowances need to 
be made for the effect of concrete creep and shrinkage. Creep 
can be taken into account by using an effective modulus of 
elasticity Ec,eff = Ec/(1 + φ), where Ec is the short-term value 
and φ is a creep coefficient. Shrinkage deformations can be 
calculated separately and added to those due to loading.

Careful consideration is needed in the case of cantilevers, 
where the usual formulae assume that the cantilever is rigidly 
fixed and remains horizontal at the root. Where the cantilever 
forms the end of a continuous beam, the deflection at the end 
of the cantilever is likely to be either increased or decreased 
by an amount lθ, where l is the cantilever length measured to 
the centre of the support, and θ is the rotation at the support. 
If a cantilever is connected to a substantially rigid structure, 
the effective length should be taken as the length to the face 
of the support plus half the effective depth.

The details of span/effective depth ratios and explicit calcu-
lation procedures are shown in Reynolds, Tables 4.21 and 4.22.

2.8 crAcKing

Cracks in members under service loading should not impair 
the appearance, durability or water tightness of a structure. In 
buildings, the calculated crack width under quasi-permanent 

Deflection assuming a
maximum tensile stress
equal to tensile strength
of the concrete

Deflection assuming
concrete has no
tensile strength

Actual
response

Deflection

Deflection assuming 
a homogeneous
uncracked section

Load

Cracking
load

Figure 2.10 Load−deflection behaviour.
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loading, or as a result of restrained deformations, is generally 
limited to 0.3 mm.

To control cracking, it is necessary to ensure that the 
tensile capacity of the reinforcement at yielding is not less 
than the tensile force in the concrete just before cracking. 
As a result, a minimum amount of reinforcement is required, 
according to the strength of the steel, and the tensile strength 
of the concrete at the time when cracks are likely to form. 
Cracking due to restrained early thermal effects can occur in 
continuous walls and slabs within a few days of the concrete 
being placed. In other cases, it can be several weeks before 
the applied load reaches a level at which cracking occurs.

Where minimum reinforcement is provided, the crack 
width requirements may be met by direct calculation, or by 
limiting either the bar size or the bar spacing. The details of 
the design procedures are shown in Reynolds, Tables 4.23 
and 4.24.

For the calculation of crack widths due to restrained 
imposed deformation, information is provided in PD 6687. 
The mean strain may be taken as 0.8Rεimp, where R is a 
restraint factor and εimp is the imposed strain due to early 
thermal shortening or drying shrinkage. Values of the 
restraint factor R are given for various pour configurations.

For structures containing liquids, the design requirements 
are related to leakage considerations. Where a small amount 
of leakage and the associated surface staining or damp 
patches is acceptable, the calculated crack width, for cracks 
that can be expected to pass through the full thickness of the 
section, is limited to a value that depends on the hydraulic 
gradient (i.e., head of the liquid divided by thickness of the 
section). The limits are 0.2 mm for hydraulic gradients ≤ 5, 
reducing uniformly to 0.05 mm for hydraulic gradients ≥ 35.

Although a cracking check under quasi-permanent load-
ing is implied in the UK National Annex, the author of this 
book considers that either the frequent or the characteristic 
load combination should be taken, as explained in Section 
1.4.2. For members in axial tension, where at least the mini-
mum reinforcement is provided, the limiting values for either 
the bar size or the bar spacing may be obtained from that are 
shown in Reynolds, Table 4.25.

In sections subjected to bending, with or without axial 
force, where the full thickness of the section is not cracked, 
and at least 0.2 times the section thickness ≤ 50 mm remains 
in compression, the crack width limit may be taken as 0.3 mm.

For cracking due to the restraint of imposed deformations 
such as shrinkage and early thermal movements, an esti-
mate needs to be made of the effective tensile strength of the 
concrete when the first cracks are likely to occur. For walls 
and slabs less than 1 m in thickness, it is often assumed that 
such cracking will occur within 3 days of the concrete being 
placed.

The nature of the cracking depends on the type of restraint. 
For an element restrained at the ends (e.g., an infill bay with 
construction joints between the new section of concrete and 
the pre-existing sections), the crack formation is similar to 
that caused by external loading. For effective crack control, 
reinforcement can be determined from Reynolds, Table 4.26.

For a panel restrained along one edge (e.g., a wall cast 
onto a pre-existing stiff base), the formation of the crack only 
influences the distribution of stresses locally, and the crack 
width becomes a function of the restrained strain rather than 
the tensile strain capacity of the concrete.

In EN 1992-3, the mean strain contributing to the crack 
width is taken as Rax εfree. For early thermal movements, 
εfree = α ΔT, where α is the coefficient of thermal expan-
sion for concrete and ΔT is the temperature fall between 
the hydration peak and ambient at the time of construc-
tion. Typical values of ΔT can be estimated from the data in 
Reynolds, Table 2.18. The restraint factor Rax may be taken 
as 0.5 generally, or may be obtained from Reynolds, Table 
3.45, where the values are shown for particular zones of pan-
els restrained along one, two or three edges, respectively. 
For effective crack control, reinforcement can be determined 
from Reynolds, Table 4.27.

It will be found that the calculated strain contributing to 
the crack width for a panel restrained at its ends is normally 
more than Rax εfree. Thus, the reinforcement required to limit 
a crack width to the required value is greater for a panel 
restrained at its ends than for a panel restrained along one or 
two adjacent edges.

2.9  considerAtions AFFecting design 
detAils

Bars may be set out individually, or grouped in bundles of 
two or three in contact. Bundles of four bars may also be 
used for vertical bars in compression, and for bars in a lapped 
joint. For the safe transmission of bond forces, the cover pro-
vided to the bars should be not less than the bar diameter or, 
for a bundle of bars, the equivalent diameter (≤ 55 mm) of a 
notional bar with a cross-sectional area equal to the total area 
of the bars in the bundle.

Gaps between bars (or bundles of bars) generally should 
be not less than the greatest of (dg + 5 mm) where dg is the 
maximum aggregate size, the bar diameter (or equivalent 
diameter for a bundle) or 20 mm. The minimum and maxi-
mum amounts for the reinforcement content of different 
members are shown in Reynolds, Table 4.28.

Additional rules for large diameter bars (> 40 mm in the 
UK National Annex), and for bars grouped in bundles, are 
given in Reynolds, Table 4.32.

At intermediate supports of continuous flanged beams, 
the total area of tension reinforcement should be spread over 
the effective width of the flange, but a greater concentration 
may be provided over the web width.

2.9.1 tieS in StrUctUreS

Building structures not specifically designed to withstand 
accidental actions should be provided with a suitable tying 
system, to prevent progressive collapse by providing alter-
native load paths after local damage. Where the structure is 
divided into structurally independent sections, each section 
should have an appropriate tying system. The reinforcement 
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providing the ties may be assumed to act at its characteristic 
strength, and only the specified tying forces need to be taken 
into account. Reinforcement required for other purposes 
may be considered to form part of, or the whole of the ties. 
The details of the tying requirements specified in the UK 
National Annex are shown in Reynolds, Table 4.29.

2.9.2 anchorage lengthS

At both sides of any cross section, bars should be provided 
with an appropriate embedment length or other form of end 
anchorage. The basic required anchorage length, assuming a 
constant bond stress fbd, is given by

 lb,rqd = (ϕ/4) × (σsd/fbd)

where σsd is the design stress in the bar at the particular sec-
tion, and fbd is the design the ultimate bond stress, which 
depends on the bond condition. This is considered as either 
‘good’ or ‘poor’, according to the position of the bar during 
concreting.

The design anchorage length, measured along the cen-
treline of the bar from the section in question to the end of 
the bar, is given by

 lbd = α1 α2 α3 α4 α5 lb,rqd ≥ lb,min

where α1, α2, α3, α4 and α5 are coefficients depending on 
numerous factors. Conservatively, lbd = lb,rqd can be taken.

As a simplified alternative, a tension anchorage for a stan-
dard bend, hook or loop may be provided as an equivalent 
length lb,eq = α1 lb,rqd (see Figure 2.11), where α1 is taken as 
0.7 for covers perpendicular to the bend ≥ 3ϕ. Otherwise, 
α1 = 1.0.

Bends or hooks do not contribute to compression anchor-
ages. The anchorage requirements are shown in Reynolds, 
Table 4.30.

2.9.3 lapS in barS

Forces can be transferred between reinforcement by lapping, 
welding or joining bars with mechanical devices (couplers). 
Laps should be located, if possible, away from positions of 
maximum moment and should generally be staggered. The 
design lap length is given by

 l0 = α1 α2 α3 α4 α5 α6 lb,rqd ≥ l0,min

where α6 is a coefficient that varies between 1.0 and 1.5, 
depending on the percentage of lapped bars relative to the 
total area of bars at the section. Conservatively, l0 = α6 lb,rqd 
can be taken.

Transverse reinforcement is required at each end of the lap 
zone to resist transverse tension forces. In some minor cases, 
transverse reinforcement or links required for other purposes 
may be assumed as sufficient. The details of lap lengths are 
shown in Reynolds, Table 4.31.

2.9.4 bendS in barS

The radius of any bend in a reinforcing bar should conform 
to the minimum requirements of BS 8666, and should ensure 
that failure of the concrete inside the bend is prevented. For 
bars bent to the minimum radius according to BS 8666, it is 
not necessary to check for concrete failure if the anchorage 
of the bar does not require a length more than 5ϕ beyond the 
end of the bend. A check for concrete failure is also unnec-
essary where the plane of the bend is not close to a concrete 
face, and there is a transverse bar of at least the same size 
inside the bend. A shear link may be considered as fully 
anchored, if it passes around another bar not less than its 
own size, through an angle of 90°, and continues beyond the 
end of the bend for a length not less than 10ϕ ≥ 70 mm. The 
details of the minimum bends in bars are given in Reynolds, 
Table 2.19.

In other cases when a bend occurs at a position where 
the bar is highly stressed, the bearing stress inside the bend 
needs to be checked, and the radius of the bend will need 
to be more than the minimum value given in BS 8666. This 
situation occurs typically at monolithic connections between 
members; for example, the junction of a beam and an end 
column, and in short members such as corbels and pile caps.

The design bearing stress depends on the concrete 
strength, and the containment provided by the concrete per-
pendicular to the plane of the bend. The details of designed 
bends in bars are given in Reynolds, Table 4.31.

2.9.5 cUrtailment of reinforcement

In flexural members, it is generally advisable to stagger the 
curtailment points of the tension reinforcement as allowed by 
the bending moment envelope. Bars to be curtailed need to 
extend beyond the points where in theory they are no longer 
needed for flexural resistance. The extension al is related to 
the shear force at the section. For members with upright shear 
links, al = 0.5 z cot θ where z is the lever arm, and θ is the 
slope of the concrete struts assumed in the design for shear. 
For members with no shear reinforcement, al = d is used.

No reinforcement should be curtailed at a point less than a 
full anchorage length lbd from a section where it is required to 
be fully stressed. Curtailment rules are shown in Reynolds, 
Table 4.32, and illustrated in Figure 2.12.

At a simple end support, bottom bars should be provided 
with a tension anchorage beyond the face of the support, where 
the tensile force to be anchored is given by F = 0.5V cot θ.

≥ 5ϕ

lb,eq

Figure 2.11 Equivalent anchorage length for a standard bend.
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2.10 reinForceMent

Reinforcement for concrete generally consists of steel bars, 
or welded steel mesh fabric, which depend upon the provision 
of a durable concrete cover for protection against corrosion. 
The essential properties of bars to BS 4449 and wires to BS 
4482 are summarised in Reynolds, Table 2.19.

2.10.1 barS

BS 4449 provides for bars with a characteristic yield strength 
of 500 MPa in ductility classes A, B and C. Class A ductility 
is not suitable where more than 20% moment redistribution 
is assumed in the design. The bars are round in cross section, 
with sets of parallel transverse ribs separated by longitudinal 
ribs. The nominal size is the diameter of a circle with an area 
equal to the effective cross-sectional area of the bar. Values 

of the total cross-sectional area of the reinforcement in a con-
crete section, according to the number or spacing of the bars, 
for different bar sizes, are given in Table A9.

In BS 8666, a reference letter is used to identify bar types 
and grades. Reference H allows the reinforcement supplier 
to use ductility class A, B or C for bars ≤12 mm diameter, 
and ductility class B or C for larger bars. Reference B is used 
if it is imperative, or considered desirable, to use ductility 
class B or C in all sizes. The details of standard bar shapes, 
designated by shape codes, are shown in Reynolds, Tables 
2.21 and 2.22.

2.10.2 fabric

BS 4483 provides for fabric produced from bars to BS 4449 
or, for wrapping fabric, wire produced to BS 4482. The 
details of the standard fabric types are given in Table A9.

Envelope of M/z + N lbd

lbd

lbd

lbd

Ftd

Ftd

lbd

lbd

al

al

Acting tensile force

Resisting tensile force
lbd

lbd

Figure 2.12 Curtailment of longitudinal reinforcement taking into account the resistance within the anchorage lengths.
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3 Example 1: Multi-Storey Building
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Columns  300 × 300
Beams     450 × 300
Slabs        150 thick
Walls        200 thick
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3rd floor slab
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Note: Elevations of remaining walls are not shown but reinforcement details
are similar to those for walls on gridlines C and 2.
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4 Example 2: Foundations to Multi-Storey 
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From Tables B3 to B5 and B10,
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Table A1  Design Formulae for Rectangular Beams

Redistribution
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Table A2  Design Chart for Rectangular Columns – 1
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Table A3  Design Chart for Rectangular Columns – 2
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Table A4  Design Chart for Circular Columns – 1
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Table A5  Design Chart for Circular Columns – 2



213Appendix A

Table A6  Elastic Properties of Cracked Rectangular Sections in Flexure

As is the area of tension reinforcement to resist M or M1
M is the bending moment due to design service loading
N is the direct tension due to design service loading
Ec is the modulus of elasticity of concrete
Es is the modulus of elasticity of reinforcement

b is the breadth of section
d is the effective depth of tension reinforcement
h is the overall depth of section
x is the neutral axis depth

s is the stress in tension reinforcement

the the
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Table A7  Early Thermal Cracking in End Restrained Panels
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Note:

Note:

Note:

Table A8  Early Thermal Cracking in Edge Restrained Panels
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Table A9  Cross-Sectional Areas of Reinforcing Bars and Fabric

( () ( ) ( ) ( () ))

Notes:
×
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