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Foreword

B5 5400 is a document combining codes of practice to
cover the design and construction of steel, concrete and
compasite bridges and specifications for the loads,
materials and workmanship, It comprises the following :
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Part7
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Part9*

General statement

Specification for loads

Code of practice for design of steel bridges
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*In course of preparation
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British Standard

Steel, concrete and composite bridges

Part 4. Code of practice for design of concrete bridges '

1

1. Scope

This Part of this British Standard deals with the design of
concrete bridges. It contains much in common with
CP 110 'The structural use of concrete’.

After stating the objectives and requirements of design,
particular requirements are given for reinforced concrete,
prestressad concrete and composite concrete
construction,

Structural elements included are beams, slabs, columns and
walls, bases, tension members and connections between
precast concrete members,

2. References

The titles of the standards publications referred to in this
Part of this British Standard are listed on the inside back
cover.

3. Definitions and symbols

3.1 Definitions. For definitions see Part 1. For the sake of
clarity the factors which together comprise the partial
safety factor {or loads are restated as follows.

design loads are the loads obtained by multiplying the
characteristic loads by ¥y, the partial safety factor for
loads. ¥1 is a function of three individual factors, 1, Y12
and ¥t3, which take account of the following.

Y1 possible unusual increases in load beyond thase
considered in deriving the characteristic load:

Yiz reduced probability that, with combinations of
load, the individuat {oads would all be at thair
characteristic values;

Yi» inaccurate assessment of effects of loading,
unforeseen stress redistribution in siructure,
variation in dimensional accuracy achieved in
construction and the importance of the limit state
being considered.

The relevant values of the function ¥iL ( =¥1;.%1;) are given
in Part 2.

The values of Y15 are given in clause 5.

3.2 Symbols, The symbols in this Part of this standard
are as follows.

Area of concrete

Area of effective concrete flange

Area enclosed by the median wail lina

Area of prestressing tendons

Area of compression reinforcement

Area of compression reinforcement in the more
highly compressed face

Area of tension reinforcement

Area of reinforcement in other face

Area of longitudinal reinforcement (for columns)

m

- Cross-sectional area of longitudinal

reinforcement prowded for torsion
Cross-sectional area of the two legs of a link
Area of transverse reinforcement

Deflection ‘ .

Distance from compréssion face to point at
which the crack width is being calculated
Distance between bars

Distance of the centroid of the concrete flange
from the centroid of the composite section
Distance from the point (crack} considered to the
surface of nearest longitudinal bar

Distance of the centroid of the steel from the
centroid of the net concrete section

Width of section

Breadth of compression face

Width of contact surface (between in situ and
precast components)

Breadth of section at leve! of tension
reinforcement

Breadth of web or rib of a member

Torsional constant - o

Minimum cover to tension steel

Density of concrete at time of test

Effective depth of tension reinforcement
Depth to compression reinforcement

Depth of concrete in compression

Depth to additional reinforcement to resist
horizontal loading

Effective depth in shear

Depth to reinforcement

Static secant modulus of elasticity of concrete
Modulus of elasticity of flange concrete
Dynamic tangent modulus of elasticity of
concrete

Medulus of elasticity of steel

Base of Napierian logarithms

Eccentricity

Additional eccentricity due to deflections in
walls

Resultant eccentricity of load at right angles to
plane of wall

Resultant eccentricity calculated at top of wall
Resultant eccentricity calculated at bottom of
wall

Tensile bursting force

Tensile force due to ultimate loads in a bar or
group of bars

Maximum horizontal ultimate load

Maximum vertical ultimate load

Bond stress

Average compressive stress in the flexural
compressive zone

Concrete strength at (initial} transfer

Stress in concrete at application of an increment
of stress at time /

Riz 1305
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Stress in concrete at the level of the tendon due
1o initial prestress and dead load

Conipressive stress at the centrmdal axis due to
prestress

Characteristic concrete cube strength
Characteristic strength

Tensile stress in tendons at (beam) failure
Effective prestress (in tendon)

Stress due to prestress

Characteristic strength of prestressing tendons
Stress in reinforcement

Maximum principal tensile stress

Characteristic strength of reinforcement
Characteristic strength of longitudinal steel in
compression

Characteristic strength of Iongltudlnaf
reinforcement

Characteristic strength of link reinforcement
Overall depth of section (in plane of bendlng)
Thickness

Maximum size of aggregate

Effective thickness

Thickness of flange

Larger dimension of section

Smaller dimension of section

Wall thickness where the stress-is determined
Second moment of area

Radius of gyration

Number of days

Number of days of concrete hardening

Age at first loading

Number of days during which hardening takes
placeat 7 °C

Age at the end of the life of the structure

A constant (with appropriate subscripts)

A constant (with appropriate subscripts)
Depends on the composition of the concrete
Depends on the effective thickness of the
member

Covers the development of the deferred
deformation with time

Depends on the hardening (maturity) of the
concrete at the age of loading

Coefficient km for age at first loading

Depends on environmental conditions
Distance from face of support at the end of a
cantilever, or effective span of a beam or support
Effective height of a column or wall

Effective height for bending about the major
axis

Effective height for bending about the minor axis
Clear height of column between #nd restraints
Length of straight reinforcement beyond the
intersection with the stirup

Bending moment due to ultimate loads
Increased moment in column

Hogging restraint moment at an internal suppart
of a continuous composite beam and slab

. section due 1o differental shrinkage

Maximum initial mement in a column due to
ultimate loads (but not less than 0.05/VA)

Initial moment about the major axis of a slender
column due to ultimate {oads

Initial moment about the minor axis of a slender
column due to uitimate loads

Total moment in a column due to ultimate loads
Total moment about the major axis of a slender
column due to ultimate loads

Total moment about the minor axis of a slender
column due to ultimate loads

Ultimate resistance moment

Maximum moment capacity in a short column
assuming ultimate axial Ioad and bending about
the major axis only

Maximum moment capacity in a short column
assummg ultimate axial load and bendmg about
the minor axis anly

Moments about the major and minar axes of a
shert column due to ultimate loads

" Moment necessary to produce zero stress

Smaller initial end moment due to ultimate
loads (assumed negative if the column is bent
in double curvature)

Larger initial end moment due to ultimate loads
(assumed positive)

.Ultimate axia! lbad at section conmdered

Axial loading capacity of a column i |gnor|ng all
bending

Axial load per unit lenglh of wall

'Basic load in tendon SRR

Prestressing force in the tendon at thejackmg
end (or at tangent point near jacking end)
Prestressing force at distance x fram jack
Internal radius of bend |

Radius of curvature of a tendon

Curvature of a beam at midspan or, for
cantilevers, at the support section

Creep curvature :

Shrinkage curvature

Curvature of a beam at point x~

First moment of area of the concreta to one side
of the contact surfat.e about the neutral axis

of the transformed composite SEL.tIOI"I

Spacmg of bars

Spacing of links along the member

Torsional moment due to ultimate loads
Temperature {in degrees Celsms)

Time

Perimeter

Length of the critical perimeter

Shear force due to ultimate loads

Ultimate shear resistance of concrete |

Ultimate shear resistance of a section uncracked
in flexure ,
Ultimate shear resistance of a section cracked in
flexure

Total vertical shear due to des:gn service load
Shear stress

-Ultimate shear stress in concrete
. 'Horizontal shear stress per unit area of contact
‘surface

Torsional shear stress

Uhimate torsior.al shear stress

Neutral axis depth

Smaller dimension of a link

Half the side of end block

Half the side of loaded area

Larger dimension of a link

Lever arm

Orientation of the reinforcement in the transverse
direction :

Modular ratio

Angle of internal friction for concrete interfaces
Coefficient as a function of column axiat load
Ratio of total creep to elastic deformation

Ratio of the reduction in resistance moment
Ratio of the fonger to shorter base sides

Partial safety factor for load (the product ¥f;. Yiz.
Yta, see Part 1)

Product of Y. Y12

Partial safety factor for strength

Creep reduction coefficient

Degree of hardening at moment of loading

Strain , Documents
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€cs Shrinkage strain

€c1 Strain in concrete at the level of the tendon at
time of loading

€c2 Strain in concrete at the centroid of the section
at time of loading

ediff Differential shrinkage strain

€m Average strain

€ Strain at level considered

N Relaxation coefficient

s Angle between the compression face and the
tension reinforcement

Aw Coefficient for walls dependent upon dimensions
and concrete used

H Coefficient of friction

Es Depth of slab factor

r Geometrical ratio of remforcement is equal to
Aslbd

Po Coefficient which depends upnn the percentage
of tension and compression steel in the section

o Creep coefficient

i Creep coefficient at time ¢ for load applied at
time 7

ZAsy Area of shear reinforcement

Tus Sum of the effective perimeters of the tension
reinforcement

dee Concrete creep deformation

Aes Concrete shrinkage deformation

diw Change in stress i1, concrete due to creep at time
I

&b Bar size

4. Limit state philosophy

4.1 General. The limit states of 5,1.1 and 5.1.2 should be
considered in the design so as to ensure an adequate
degree of safety and serviceability. The usual approach will
be to design on the basis of the limit state expected to be
most critical and then to check that the remaining limit
states will not be reached and that all other requiremnents
will be met.

Other considerations such as deflection, fatigue and
durability might need to be made as referred to in 5.1.3.

4.2 Serviceability limit state. The design should be
such that the structure will not suffer local damage which
would shorten its intended life or incur excessive
maintenance costs. |n particular calculated crack widths
should not exceed ihose permitted in 5.1.1.1.

4.3 Ultimate limit state. The strength of the structure
shouid be sufficient to withstand the design loads, taking
due account of the possibility of overturning or buckling.
The assessment should ensure that collapse will not occur
as a result of rupture of one or more critical sections, by
overturning or by buckling caused by elastic or plastic
instability, having due regard to the effects of sway when
appropriate.

5, Design: general
5.1 Limit state requirements .
B.1.1 Serviceability limit states

5.1.1.1 Cracking. Cracking of concrete should not
adversely affect the appearance or durability of the
structure. The engineer should satisfy himself that any
cracking will not be excessive, having regard to the
requirements of the particular structure and the conditions
of exposure but, as a guide, the following may be
regarded as reasonable limits.

{a) Reinforced concrete. Design crack widths, when
calculated in accordance with 6.8.8.2, should not
exceed the values given in table 1.

(b) Prestressed concrete. Prestressed concrete

structures or elements under design loads appropriate to
the serviceability limit state may be considered in one of

BS 5400: Part4:1978

three separate categories corresponding to flexural tensile
stress limitations, Reference should be made to the
appropriate bridge authority for its classification
requirements. The categories are as follows:

class 1: no tensile stress permitted
class 2 : tensile stresses permitted, in accordance with
table 26, but no visible cracking
class 3: tensile stress permitted, in accordance with
table 27, but with design crack widths limited
. to the values of table 1.

Table 1, Design crack widths

Conditions of axposure

Dosigncrack
width

mim

Surfaces sheltered from 0.25
severe rain and against .
freezing whilst saturated
with water, e.g.

(1) surfaces protected by a
waterproof membrane

(2) internal surfaces,
whetlier subject to-
condensation or not

(3) buried concrete and
concrete continuously
under water

(1) Soffits - 0.20
(2) Surfaces exposed to
driving rain, alternate
wetting and drying, e.g. in’
contact with backfill and to
freezing whilst wet

{c) Very severe | (1) Surfaces subject tothe | 0.10
effects of de-icing saits or
salt spray, e.9. roadside
structures and marine
structures excluding soffits
(2) Surfaces exposed to
the action of sea water
with abraston or moorland
water having a pH of 4.5
or fess.

{a) Moderate

{b) Severe

Notwithstanding class 2 or class 3 being acceptable under
combination 1 to 4 design toads, all structures should be
checked as being in ¢lass 7 under design dead and
superimposed dead loading (see 5.2.2.1).

5.1.1.2 Vibration serviceability requirements. The dynamic
effects of standard highway or railway loading on
commonly occurring types of bridges is deemed to be
covered in the allowance for impact which is included in
the characteristic live load ; the requirements of Part 2
need only be applied to foot-bridges or to the structural
components of bridges whose prime function is to carry
footway loading.

5.1.1.3 Steelstress limitations. To prevent unacceptable
strains occurring in reinforcement (see figures 2 to 4) at
the serviceability limit state, flexural stresses calculated by
elastic moments for the combination 1 to 4 loadings
should be not greater than the following values.

{a) Reinfarcement in tension and compression : 0.8/
(b) Prestressing tendons in tension:

(1) tendons complying with the requirements of

BS 2691 : 1969 : sections two and three, BS 3617

1971 : sections two and three, BS 4486: 1969 and
BS$.4757:1971 : section three: 0.8fau

(2) tendons complying with the requirements of
8S 2691 : 1969 : section four and BS 4757 :
1971 : section two: DO
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5.1.1.4 ' Concrete stress limitations. For the serviceability
limit states, the uniaxial compressive stress in the concrete
should not exceed 0.5fcu. Particular stress limitations are
givenin clauses 6, 7and 8.
5.1.2 Ultimate limit states
5.1.2.1 Rupture orinstability. The assessment of the
structure under the design loads appropriate to this limit
state should ensure that prior coliapse does not occur as a
result of rupture of one ar more critical sections, buckling
caused by elastic or plastic instability, or overturning.

5.1.2.2 Vibration ultimate limit state requirements. The
criterion for.vibration serviceability requirements should be
deemed to satisfy this cfause.
_5.1.3 Other considerations
5.1.3.1 Deflections. The deflection of the structure, or any
part of it, should not be such as to affect adversely the
appearance or efficiency of the structure.
The appearance and function of concrete superstructures
are normally unaffected although calculations may be
required in the following circumstances:
(a) where minimum specified clearances may be
violated ;
(b) where drainage difficulties might ensue;
(c) where the method of construction may require
careful controf of profile, e.g. at discontinuities in serial
construction, and where decks comprise abutting
prestressed concrete beams.

5.1.3.2 Fatigue. The fatigue life of all bridges should

comply with the requirements of Part 10 (but see also 5.7).

5.1.3.3 Durability. The recommendations in this code
regarding concrete cover to the reinforcement and
acceptable crack widths (see 5.1.1.1) in association with
the cement contents given in Part 8 are intended to meet
the durability requirements of almost all structures. Whete
more severe environments are encountered, however,
additiona! precautions may be necessary, and specialist
literature should be consulted.

5.2 Loads

5.2.1 General. The characteristic values of loads (and
imposed deformations) are given in Part 2.

5.2.2 Values for the serviceability limit states. The
partial safety factors, YL, for the individual loadings
comprising combinations 1 to 5 are given in Part 2.

The design loadings appropriate to the individual
serviceability limit states are given in 5.2.2.1 and 5.2,2.2.

5.2.2.1 Cracking
{a) Reinforced concrete. In calculating crack widths to
check the requirements of 5.1.1.1, the loading should
comprise only dead loading, superimposed dead loading,
HA loading (with the HA wheel load excluded except

for cantilever slabs and the top flanges in beam and slab),

voided slab and box-beam construction, and/or

pedestrian loading. In arriving at the design value for the:

various loads, the partial safety factors, ¥, and ¥z,
appropriate to load combination 1 should be used with
Yi.=1.0 except that for HA and HB loading the total
partial safety factor, ¥i,.¥f2.¥ia, should be taken as 1.0,
i.e. the characteristic loading is adopted.

For spans fess than 6.5m, 25 units of HB loading with
associated HA loading should also be considered.

For railway loading, the value of ¥t given in Part 2, with
Yi3=1.0, should be used.

{b) Prestressed concrete. In structures designated as
being in class 1, 2 or 3, the appropriate stress limitation
of 5.1.1.1 should be checked under load combinations 1
to § with the total partial safety factor, Y11, ¥12. Yia.
taken as 1.0 for both HA and HB loading, i.e. the
design imposed loads are the characteristic values.

In addition, and irrespective of the classification
designation, all structures should be checked for
conformity with class 1 limitations under a design'
loading comprising dead and superimposed dead
loading, the partial safety factors of load combination 1
being applied with ¥13=1.0.

For railway loading, the value of 5L given in Part 2, with
Y3:=1.0, should be used.

b.2,2.2 Stress limitations. In checking agamsl the stress

limitations of 5.1.1.3 and 5.1.1.4 the full load combination

-1 and 2 should be applied.

5.2.3 Values for the ultimate limit state. The partial
safety factors YsL for load combinations 1 to 5 are givenin
Part 2. The values of the partial safety factor ¥i; should
ideally be taken as 1.15 for dead load and superimposed
dead load for all methods of analysis and should be related

to the method of analysis for the imposed loads {c.f. Part 1),

Thus
Y12=1.1 for elastic methods of analysis and for lower
bound collapse methods of analysis, i.e. equilibrium
methods such as the strip methods for slabs. Yield

line analysis for slabs, although theoretically upper

bound solutions, have been shown experimentaily
to be, effectively, lower bound solutions and may
therefore be used with ¥fy==1.1.

_ {percentage redistribution —10Q)
}’fg-—‘l.‘l + ) 200

for efastic

methods of analysis with redistribution of the
derived bending moments.

However, to simplify application in practice, a value of

Yi3=1.15 may be adopted for all types of load and ail
methods of analysis with redistribution of moments limited
to 20 %.

The effects of creep, shrinkage, temperature restraint at the
bearings and settlement of foundations need not be
considered.

5.2.4 Values for deflection. Where, in the judgement of
the designer, deflection needs to be considered, the
selection of the relevant components of Ioading
appropriate to the calculation of deflection is left 1o the
discretion of the desngner ¥13 should be taken as unity and
the values of YiL given in Part 2 for the serviceability limit
states may be adopted for the relevant load.

Special regard should be given to the possible long term
effects of creep and shrinkage including an assessment of .
those fractions of the imposed {oad which may be regarded
as being permanently applied,

5.3 Properties of materials

5.3.1 General. The characteristic strengths of materials
are given in 6.1.4 and 7.1.4. In general, in analysing a
structure to determine load effects, the material properties
appropriate to the characteristic strength should be used,
irrespective of the limit state being considered. For the
analysis of sections, the design strength to be used for a
given material and limit state is obtained by dividing the
characterislic strength fi,, by the appropriate partial safety
factor for materials ¥m, i.e.:

design strength=Fk/¥m
The material properties associated with characteristic
strengths are given in 5.3.2. The appropriate ¥m values for
each material and for each limit state are given in 5.3,3
to 5.3.6. ' ‘
5.3.2 Material properties
5.3.2.1 Concrete. The characteristic short term stress-
strain relation for normal weight concrete may be taken
trom figure 1, with Ym=1. i
Where elastic analysis is used, and in the absence of
detailed information, values for the short term elastic '
modulus may be obtained from table 2.

@
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Table 2. Modulus of elasticity of concreiﬁelgnder

short term loading S

Characteristic cuba strength
of concrote at tho approprinte
ago or stage considered

Modulus of elasticity
of concrete

For lightweight concrete having a density between :
1400 kg/m? and 2300 kg/m?, the values given intable 2

should be multiplied by (-2%%) ’ where D¢ is the density

of the concrete in kg/m3. Alternatively, the value of the
elastic modulus for a specific strength may be obtained
from the lightweight aggregate producer.

For long term loading, appropriate allowance for shrinkage
and creep should be made and information on creep and
drying shrinkage, based on CEB/FIP International
Recommendations, is given in appendix C. However, in
some instances, e.g. the calculation of long term
deflections, particular recommendations for assessing
material properties are made in the method of computation
(see appendix A).

For elastic anpalysis, Poisson’s ratio may be taken as 0.2.
The coefficient of thermal expansion may be taken as

12 x 10-6/°C for normal weight concrete. For lightweight
concrete and limestone aggregate concrete the value can
be aslow as 7 x 10-6/°C,

8.3.2.2 Reinforcement and prestressing steel. The
characteristic short term stress-strain relations may be
taken as follows : _

(a) for reinforcement, from figure 2, with Ym=1:

(b) for prestressing steel, from figures 3 or 4, with

Ym=1.
For reinforcement, the modulus of elasticity may be taken
as 200 kN/mm2 for both short and fong term loading. For
prestressing steel, the short and long term modulus may be
taken from figure 3 or 4 as the appropriate tangent modulus
at zero load.

5.3.3 Values of Ym far serviceability limit states

5.3.3.1 General. For all serviceability limit states, ¥m for
reinforcement and prestressing steel may be taken as 1.0
for both analysis of structure and analysis of sections. For
concrete, Ym may also be taken as 1.0, except in those
cases specifically listed below. :

5.3.3.2 Cracking. Where crack widths in reinforced
concrete members are calculated using the elastic methods
of section analysis ¥m should be taken as 1.0 for both steel
and concrete. Howaver, the value taken for the modulus of
elasticity of the concreie should be half the appropriate
instantaneous value given in table 2,

The limiting stress levels given in 7.3.2.4 for the three
classes of prestressed concrete are design values, i.e.
allowance having been made for ¥m=1.3.

5.3.3.3 Stresslimitations. The stress limitations in 5,1.1.4
and table 25 are design values, i.e. allowance having bean
made for Ym==1.3.

5.3.3.4 Vibration. Ym should be taken as 1.0 for both
concrete and reinforcing and prestressing steel.

5,3.4 Values of Ym for the ultimate limit state: In
analysis of the structure to determine the effects of loading
and imposed deformations, the material properties related
to the characteristic strengths should be used, i.e. ¥m=1.0
for both concrete and steet,

BS5400: Part4:1978

When assessing the strength of critical sections within the
structure, the appropriate values for ¥m are 1.5 for
concrete and 1.15 for steel.

5.3.5 Values of ¥m for deflection. For calculating
short term deflections for reinforced and prestressed
concrete members, ¥m should be taken as 1.0 for both
concrete and steel. |n the calculation of long term
deflections of reinforced concrete members using the
methods given in appendix A, the particular methods given
for assessing material properties should be adopted. The
modulus of elasticity for concrete used in calculating long
term deflections of prestressed concrete should be
calculated using appendix C. " L

5.3.6 Values of ¥m for fatigue, Ymisequalto 1.0 for
reinforcement and prestressing steels and 1.3 for concrete.

. i~

5.4 Analysis of structure ‘

5.4.1 General. The requirements of methods of analysis
appropriate to the determination of the distribution of
forces and deformations which are to be used in
ascertaining that the limit state criteria are satisfied are
described in Part 1.

5.4.2 Analysis for serviceability limit state

5.4.2.1 General. When elastic analysis is used to
determine internal forces and deformations, the flexural
stiffness constants (second moment of area) for sections of
discrete members or unit widths of slab elements may be
based throughout on any ane of the following.

(a} Concrete section. The entire member cross sectian,
ignoring the presence of reinforcement.

{b) Gross section. The entire member cross section,
including the reinforcement :rl.in the basis of modular ratio.

(¢) Transformed section. Tha area of the cross section
which is in compression comnbined with the
reinforcement on the basis &f modular ratio.

Axial, torsional and shearing stiffness constants, when
required by the method of analysis, may be determined for
the entire member cross section ignoring the presence of
reinforcement, : ‘

Moduli of elasticiiy and shear moduii values should he
appropriate to the characteristic strength of the concrete.

5.4.2.2 Methods of analysis and their requirements. The
method of analysis should ideally take account of all the
significant aspects of behaviour of a structure governing its
response to loads and imposed deformations.

In certain cases shear lag effects may be of importance,
e.g. in box section and beam and slab decks having thin
flanges the width of which is censiderable in relation to
the length. In such cases the specialist literature should
be consulted and refeience made to Part § of this
standard, :

5.4.3 Analysis for ultimate limiit state

5.4.3.1 General. Elastic methods may he used to
determine the distribution of forces and deformations
throughout the structure. Ultimate load methods are
available for slab type structures and may be used, e.g.
yield line methods and strip methods, but methods for
other forms of struciure are not yet well established.

5.4.3.2 Methods of analysis and their requirements. The
application of elastic methods of analysis in association
with the design loads for the ultimate limit state in general
leads to safe lower bound solutions ; these may be refined,
and made less conservative, by reference to the specialist
literature which covers cases where experiment, and
experience, have indicated where redistribution of the
elastically derived moments and simplifications in the
simulation of the structures are possible.
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When treating local effects, elastic methods may be
applied to derive the in plane forces and moments due

to out of plane loading ; alternatively vield line methods
may be used for the local wheel loads. The section

should then be detailed according to clauses 6, 7 and 8,
as appropriate, It should be noted that the worst loading
case for this particular aspect occurs in the regions of
sagging moment of the structure as a whole and only load
combination 1 need be considered.

5.5 Analysis for compliance with limit state
raquirements

5.5.1 Serviceability limit state. At any section the
analysis should be carried out for the most severe
combination of forces derived from the analysis of the
structure. The material properties for both steel and
concrete should be those given in 5.3.2 and 5.3.3.

5.5.2 Ultimate limit state. The strength of critical
sections should be assessed by inelastic analysis using
the short term stress-strain curves of figures 1 to 4.

5.6 Deflection. Deflection should be calculated from
the most unfavourable distributions of bending moments

0671,

for the member (or strip of slab) derived from the analysis
of the structure usmg the material properties of 5.3.2
and 5.3.5. -

5.7 Fatigue. The effect of repeated live loading on the
fatigue strength of a bridge should be considered in
respect of reinforcing bars which have been subjected to
welding ; details of complrance requirements are given in
Part 10.

Welding may be used to connect bars subjected to
fatigue loading provided the following requirements are
met:

(a) the connection is made to standard workmanshnp
levels as given in Part 7 ;

'(b) the welded bar is not part of a deck slab spanning
between longitudinal and/or transverse members and
subjected to the effect of concentraled wheel loads in a
traffic Iane :

(c) the llve load stress range is below that value as
ascertained by Part10; ‘

(d) lap welding should not be used.

Ym
Parabolic curve

5.5 :Yf—cy kN /mm?

m

2.&::10-

Strain
cu

Ym

*0.67 lakes account of the ratio between the characteristic cube strength and the hending strenglh ina_

flexural member.
NOTE. feyis in N/mm?2,

Figure 1, Short term design stress-strain curve for normal weight concrete
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Figure 2. Short term design strass-strain curve for reinforcement
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200 kN/mm? for wire o BS 2691 sections 2 and 3
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Figure 3. Short term design stress-strgin curve for normal and low relaxation products
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200 kN/mm? for wire to BS 2691 seclion 4
175 kN/mm? for 19-wire strand to BS 4757 section 2

0.005 Strain

Figure 4, Short term design stress-strain curve for ‘as drawn’ wire and ‘as spun’ strand

For unwelded reinforcing bars, the stress range under
load combinations 1 to 5 for the serviceability limit state
should be limited to 325 N/mm? for high yield bars and
1o 265 N/mm2 for mild steel bars.

5.8 Local effacts. In addition to the global analysis of
the structure, it is necessary to consider the local efiects
induced in the top slab of box and beam and slab
structures. In general, the magnitude of the local effects
will be assessed using an elastic analysis for those loads
relevant to the ultimate limit state, i.e. load combination 1,
with account being taken of any fixity existing batween
the slabs and webs (see 6.4.1). Alternatively, the logal
effects may be derived from yield line or other plastic
analysis (see 6.4.1), Section design and reinforcement
requirements should be determined using the methods
given in 6.4 by considering the tocal effects alone or the
local effects plus relevant global effects as appropriate.

in checking serviceabifity requirements, cracking should
be contralled in accordance with 6.8.8.2.4 and the stress
in the reinforcement, under local and global effects,
limited in accordance with 6.1.1.3. In limiting the
comprassive stress in the top slab, due to local plus
global effects, in a direction parallel to the main beams
or webs in accordance with 5.1.1.4, advantage may be
taken of any shear lag effects as indicated in 5.4.2.2,

6. Design and detailing : reinforced concrete
6.1 General

6.1.1 Introduction This clause gives methods of
design which will in general ensure that, for reinforced
concrete structures, the requirements set out in clause 5
are met, Other mathods may be used provided they can be
shown to be satisfactory for the type of structure or
member cunsidered. In certain cases the assumptions
made in this clause may be inappropriate and the
angineer should adopt a more stitable method having
regard to the nature of the structure in question.

6.1.2 Limit state design of reinforced concrete

6.1.2.1 Basis of design. Clause 6 follows the limit state
philosophy set out in clause 5 and in accardance with 4.1
it is assumed that, for reinforced concrete structures, the
critical limit state will normally be the ultimate limit state.
The design methods, therefore, take account of the partia!
safety factors appropriate to the ultimate limit sta.e and
are followed by recommendations to ensure that the
serviceability limit state of cracking is not reached.

6.1.2,2 Durability. In 6.8.2 guidance is given on the
minimum cover to reinforcement that should be provided
1o ensure durability.

6.1.2.3 Otherlimil states and considerations, Clause 6
does not make recommendatians concerning ‘vibration’
or “aother limit states' and, for these and other
considerations reference should be made 10 5.1.1.2
and 5.1.3.

6.1.3 Loads. Inclause 6 the design load for the ultimate
limit state is referred to as "the ultimate load’ to avoid
confusion with the design load for the serviceability limit
states.

The values of the ultimate loads to be used in design are
those given in Part 2, as amended by 5.2.3.

6.1.4 Strength of materials

6.1.41 Definition of strengths. In clause 6 the design
strengths of materials for the ultimate limit state are
expressed in all the tables and equations in terms of the
‘characieristic strength’ of the material, Unless
specifically stated otherwise, all equations and tablas
include allowances for ¥m, the partial safaty factor for
material strength.

6.1.4.2 Characteristic strength of concrete. The
characteristic cube strengths of concrate are given in
Part 7, and those which may be specified for reinforced
concrate are quoted in table 3, together with their related
cube strengths at other ages.

Dasign should be based on the characterictic siren

10
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Table 3. Strength of concrete
Grada

Charactaristic
atrength feu

Cube strength at an age of

7 days 2 montha 3 months

N/mm?2 N/mm? N/mm?
20 20.0 13.5 23

25 25.0 16.5 29

30 30.0 20 35

40 40.0 28 45,5
50 50.0 36 55.5

N/mm?

6.1.4.3 Characteristic strength of reinforcement. The -
characteristic strengths of reinforcement are given in the
appropriate British Standards and are quoted in table 4.

Table 4. Strength of reinforcement

Designation Nominal sizos Specified
characteristic

strenqth fy

N/mm?2
250

mm
Hot rolled mild steel | All sizes
(BS 4449)

Hot rolled high yield
(BS 4449)

Cold worked high
yield (BS 4461)
Hard drawn steel
wire (BS 4482)

Ali sizes

410

460
425
485

Up to and including 16
Over 16
Up to and including 12

6.2 Structures and structural frames

6.2.1 Analysis of structures. Structures may be
analysed in accordance with the recommendations of 5.4,

6.2.2 Redistribution of moments. Redistribution of
the moments in prismatic beams obtained by a rigorous
elastic analysis when considering the ultimate limit state
may be carried out provided the following conditions are
satisfied :

{a) Equilibrium hetween the internal {orces and the
external loads must be maintained under each
appropriate combination of ultimate loads.

(b) The ultimate resistance moment provided at any
section of a member should be not less than 70 % of
the moment at that section obtained from an elastic

maximum moments diagram covering all appropriate
combinations of uftimate loads.

(c) The elaslic moment at any section in a member due
to a particular combination of ultimate loads should not
be reduced by more than 30 % of the numerically
largest moment at a section given anywhere by the
elastic maximum moments diagram for that particular
member, covering ail appropriate combinations of
uitimate loads.

(d) Where, as a result of redistribution, the ultimate
resistance moment at a seclion is reduced the neutral
axis depth, x, of the section resisting the reduced
moment should be not greater than:

x=(0.6—[fed)d

where

d isthe effective depth;

[hred is the ratio of the reduction in resistance moment,
to the numerically largest moment given anywhere
by the efastic maximum moments diagram for that
particular membe, covering all appropriate
combinations of ultimate loads,

In general, condition (d) will rule out the possibiiity in
columns of a redistribution involving a reduction in
moment, unless the axia! load on the column is small.

6.3 Beams
6.3.1 General

6.3.1.1 FEffective span. The effective span of a s:mply
supported member should be taken as the smaller of
(a) the distance between the centres of bearmgs or
other supports, or
{b) the clear distance between suppons plus tha
effective depth.
The effective span of a member framing into supporting
members should be taken as the distance batween the
shear centres of the supporting member,

The effective span of a continucus member should be
taken as the distance between centres of supports except
where, in the case of beams on wide columns, the effect
of column width is included in the analysis.

The effective length of a cantilever should be taken as its
length from the face of the support plus half its effective
depth except where it is an extension of a continuous beam
when the length to the centre 6f the support should be
used.

6.3.1.2 Effective width of flanged beams, In analysmg
structures, the effective flange width for a T- or L-beam
should be taken as the actual width of the flange. In
analysing sections and in the absence of any more accurate
determination the effective flange width for a T-heam
should not exceed the lesser of :

the width of the web plus one-fifth of the distance
between the points of zero moment, or the actuval width
of the fiange,
and for an L-beam, the effective flange shouid not exceed
the esser of ;

the width of the web plus one-tenth of the distance
batween points of zero moment, or the actual width of
the flange.
For a continuous beam the distance between the points of
zero moment may be taken as 0.7 times the effective span.

6.3.1.3 Slenderness limits for beams, To ensure lateral
stability a simply supported or continuous beam should be
so proportioned that the ciear distance between lateral
restraints does not exceed 60b¢ or 26053/d whichever is
the lesser,

where

d is the effective depth;
be is the breadth of the compression face of the beam
midway between restraints.

For cantilevers with lateral restraint provided only at the
support, the clear distance from the end of the cantilever to

- the face of the support should not exceed 254 or 100b%/d,

whichever is the lesser.
6.3.2 Resistance moment of beams
6.3.2.1 Analysis of sections. When analysing a cross
section (o determine ils ultimate moment of resistance the
following assumptions should be made.
(a) The strain distribution in the cancrete in compression
and the strains in the reinforcement, whether in tension
or compression, are derived from the assumption that
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(b) The stresses in the concrate in compression are either
derived from the stress-strain curve in figure 1 with
Ym=1.5 or may be taken as equal to 0.4/, over the
whole compression zone. In both cases the strain at the
outermost compression fibre at failure is taken as 0.0035
and in the case of beams reinforced only in tension the
depth of concrete in compression is limited to haif the
effective depth of the beam.

(c) The tensile strength of the concrete is ignored.

{d) The stresses in the reinforcement are derived from
the stress-strain curves in figure 2 with Ym=1.15.

In the analysis of a cross section of a beam which has to
resist a small axial thrust, the effect of the ultimate axiai
force may be ignored if it does not exceed 0.1/ times the
cross-sectional area.

6.3.2.2 Design charts. The design charts which form
Parts 2 and 3 of CP 110 include charts, based on figure 1,
figure 2 and the assumptions in 6.3.2.1, which may be
used for the design of beams reinforced in tension only or
in tension and comprassion,

6.3.2.3 Design formulae. Provided that the amount of
redistribution of the elastic ultimate moments has been less
than 10 % the following formulae may be used to caiculate
the ultimate momant of resistance of a solid slab, or
rectangular beam or of a flanged beam, ribbed slab or
voided slab when the neutral axis lies within the flange.

For sections without compression reinforcement the
ultimate moment of resistance may be taken as the lesser
of the values obtained from equations 1 and 2.

Equations 3 and 4 may be used for sections with
compression reinforcement.

A rectangular stress block of maximum depth 0.5¢ and a
uniform compression stress of 0.4/ has been assumed.

My = (0.87) Asz equation 1

My = 015fcubd2 ".quatiOﬂ 2

My = 0.15fcybd? + 0.72,A’s/ (d — d”) nquation 3

(0.87fy)As = 0.2fcubd + 0.72fyA's auquation 4
where

My is the ultimate resistance moment;

As is the area of tension reinforcement;

A’s is the area of compression reinforcement ;

& is the width of the section ;

d s the effective depth to the tension reinforcement ;
d’ isthe depth to the compraession reiisforcement ;

fy is the characteristic strength of the reinforcement :
z isthe lever arm;

feu is the characteristic strength of the concrete,

When o'/d is greater than 0.2, equation 3 should not be
used and the resistance moment should be calculated
with the aid of 6,3.2.1,

The term 0.72f, in equations 3 and 4 is a simplification of
the expression ;
fy
m{)—shown on figure 2.

The [ever arm, z, in equation 1 may be calculated from the
equatijon:

1.1/A
. ( 1__1';%'&3_) d equation 5
The value z should not be taken as greater than 0.954.

The ultimate resistance moment of a flanged beam may be
taken as the lesser of the values given hy equations 6 and
7, where /11 is the thickness of the flange:
Mu = (0.874)As (& — h1/2) eguation 6
My = 0.4fcy bhi (d — hi/2) equation 7

Where it is necessary for the resistance moment to exceed

* The values of shear stress in table 5 may seem to imposse a severe limitation compared with previous practice. However, thB@c u m e ntS
based on an extonsive study of test data by the Shear Study Group of the Institution of Structural Engineers.

the value given by equation 7, the section should be
analysed in accordance with 6.3.2,1.

~ 6,3.3 ' Shear resistance of beams

6.3.3.1 Shear stresses and shear reinforcement in beams.
The shear stress, v, at any cross section in a beam, shouid
be calculated from:

v=:3—/-5 equatio_n 8
where
V is the shear force due to ultimate loads ;.
b is the breadth of the section which, for a flanged beam
should be taken as the rib width:
d is tha effective depth.

Where the shear stress exceeds the appropriate value of
vec from table 5*, shear reinforcement in the form of links,
or links combined with bent-up bars, should be provided,
(but see 6.8.4.3 for minimum provision of links). In no
case, even with shear reinforcement, should v exceed the
values given in table 6.

Table 5. Ultimate shear stress in beams ve

100As Concrate grada
_bd 20 25 ".30 “40 ormare
N/mm?2 N/mm2 [ N/mm2 | N/mm2

€025 |035 0.35 0.35 0.35
0.50 0.45 0.50 0.55 0.55
1.00 0.60 0.65 0.70 0.75
2.00 0.80 0.85 0.90 0.95

=3.00 0.85 . 0.90 0.95 | 1.00

The term As in table 5 is that area of Jongitudinal tension
reinforcement which continues at least an effective depth
beyond the section being considered, excapt at supports
where the full area of tension reinforcement may be used
in ali cases provided the requirements of 6.8.7 are met.

Near points of contraflexure, where both top and bottom
reinforcement are present, a moment, associated with

the shear force being considered, will have been
calculated ; the value taken for Ag will depend on the sign
of this moment according to which reinforcement is
acting as the tensile reinforcement. At sections near points
of contraflexure where only nominal tensile reinforcement
is needed for the minimum mement, the shear force may
be taken as 0.8 times the maximum shear force associated
with the primary tensile reinforcement,

Tabie 6. Maximum value of shear stress in beams

Concrete grada

20 25 30 40 or more
N/mm? N/mm?2 N/mm? MN/mm?
3.35 3.75 4.10 4,75

When links are used for shear reinforcement, the spacing
of the legs, in the direction of the span and at right angles
toit, should not exceed 0.75d and the following
requirement should be satistied :
Agy _ b{v—vg) equation 9
sv © 0.87Fy
where
fyv is the characteristic strength of the link
rainforcement which shouid not he taken as more
than 425 N/mm?2;
Agy is the cross-saectional area of the two legs of a link ;
sy is the spacing of the links along the member.

Up to 50 % of the shear rein forcement may be in the form

of bent-up bars, which should be assumed to form the:
tension members of one or more single systems of lattice

S
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girders in which the concrete forms the compression
members. The maximum stress in any bar should be taken
as 0.87fyv. The shear resistance at any vertical section
shouid be taken as the sum of the vertical components of
the tension and compression forces cut by the section.
Bars should be checked for anchorage (see 6.8.6.3) and
bearing (see 6.8.6.8).

6.3.3.2 Concentrated loads near supports of beams.
When the distance av from the face of a support to the
nearest edge of the principal load is less than 24, ali the
main reinforcement should continue to the support and be
provided with an anchorage equivalent to 20 times the bar
size. Any concentrated load should be treated as a principal
load when it contributes more than 70 % of the total shear
force at a support. Shear reinforcement as described

in 6.3.3.1 shouid be provided over the length av but, in
equation 9, (the term ve may be replaced by ve x 2d/ay
p-ovided this does not exceed the maximum value of v
al'owed.

For cantilever beams and corbels when ay is less than 0.6d
horizontal links should normally be provided and special
attention should be given to the anchorage of the main
reinforcement.

6.3.4 Torsion

6.3.4.1 General. Torsion does not usually decide the
dimension cf members, therefore torsion design should be
carried out as a check, after the flexural design. This is
particularly relevant to some members in which the
maximum torsional moment does not occur under the
same loading as the maximum flexural moment. Under
such circumstances reinforcement in excess of that
required for flexure and other forces may be used in
torsion.

6.3.4.2 Torsionless systems. In general, where the
torsional resistance or stiffness of members has not been
taken into account in the analysis of the structure, no
specific calculations for torsian will be necessary, adequate
control of any torsional cracking being provided by the
required nominal shear reinforcement. However, in
applying this clause it is essential that sound englneenng
judgemenl has shown that torsion plays only a minor role
in the behaviour of the structure, otherwise torsional
stiffness should be used in analysis.

6.3.4.3 Stresses and reinforcement. Where torsion in a
section increases substantially the shear stresses, the
torsionat shear stress should be calculated assumlng a
plastic stress distribution.

Where the torsional shear stress, vy, exceeds the value
vimin from table 7, reinforcement should be provided. In
no case should the sum of the shear stresses resulting from
shear force and torsion (v+vt) exceed the value viy from
table 7 nor, in the case of smali sections {y, < 550 mm)
should the torsional shear stress, vi, exceed vy ¥, /550,
where v, is the larger dimension of a link.

Torsion reinforcement should consist of rectangular
effectively closed links together with longitudinal
reinforcement. This reinforcement is additional to any
requirements for shear or bending.

6.3.4.4 Treaiment of various cross sections
(a) Rectangular sections. The torsional stresses should
be calculated from the equation :

2T
= hmin (Pmax —Amin/3)
where
T isthe torsional moment due to the ultimate loads;
Amin is the smaller dimension of the section;

hmax is the larger dimension of the section.
Torsion reinforcement should be provided such that :

equation 10
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where

Asy is the total area of the legs of closed links ata
section ;

AsL is the area of longitudinal reinforcement ;

fyv is the characteristic strength of the links;

fyL is the charactersitic strength of the longitudinal
reinforcement;

Sv is the spacing of the links ;.

X, isthe smaller dimension of the links ;

y: is the larger dimension of the links.

In the above equation fyv and fyL should not be taken as
greater than 426 N/mmz=. .

Care should be taken to prevent a detailing failure due to
the diagonal compressive forces in adjacent faces of a
beam spalling the section corner. The closed links
should be detailed to have minimum cover, and a pitch
less than the smallest of {x,+¥,) /4, 16 longitudinal '
corner bar diameters and 300 mm, The longitudinal
reinforcement should be positioned uniformly and such
that there is a bar at each corner of the links. The
diameter of the corner bars should be not less than the
diameter of the links.

{b) T. L and I sections. Such sections should be divided
into component rectangles for purposes of torsional
design. This should be done in such a way as to
maximize the function Z(fimax fdhin), whera Amax
and hmin are the larger and smaller dimensions of each
component rectangle. Each rectangle should then be
considered subject to a torque :

T (fmax fidin)

E(hmax Pdiin)
Reinforcement should be so detailed as to tie the
individual rectangles together. Where the torsional shear
stress in a minor rectangle is less than Vimin, no
torsion reinforcement need be provided in that
rectangle.

{c) Box sections, Box sections may be treated inthe
same way as rectangular sections, except that the
torsional shear stress should be calculated as:
=T/2hwo Ao equation 10{a)

where

hwo is the wall thicknass where the stress is

determined ; ‘

Ao is the area enclosed by the median wall line.
The reinforcement derived from equations 11 and 12
for large thin walled box sections may, however, be in
excess of that actually required. In such cases equations
11 and 12 may be madified as follows: '

Aw T
S 7 Ao (087w

Asv__yy (perimeter of Ao) S
sy Fl —— equation 12(a)

The detailing requirements of 6.3.4.4(a) should still be
observed. in detailing the longitudinal reinforcement to
cater for torsional stresses account may be taken of those
areas of the cross section subjected to simultaneous
flexural compressive stresses and a tesser amount of
reinforcement provided. The reduction in the amount of
reinforcement in the compressive zone may be taken as:

Reduction in steel area==
fcav{Area of section subject to flexural compression)
0.87fye

where feav is the average comprassive stress in the
flexural compressive zone.

equation 11

equation 12

equation 11(a)

AsL =
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