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Preface to second edition

Ten years have passed since the first edition of this book was published,
during which there has been considerable activity in drafting European and
International Codes of Practice. In particular, a Euro-code for the design of
structural concrete has been drafted, but there is as yet no extension of this
document into the field covered by this book.

BS 5337:1976 Code of Practice for the structural use of concrete for
retaining aqueous liquids was itself based on BSCP 110 for the design of
normal structural concrete. In 1987, a fresh edition of the British Standard for
normal concrete was issued as British Standard Code of Practice 8110
Structural use of Concrete. This was a replacement for BSCP 110. It was then
necessary to revise BS 5337 to correspond with the provisions of BS 8110, and
the revised code was published as BSCP 8007:1987. BS 5337 was the basis of
the first edition of this book, and this second edition is based on the provisions
of BS 8007. Reference is made to the USA and Australian Codes where
appropriate.

Acknowledgements (second edition)

In the ten years that have passed since the publication of the first edition of
this book, sadly, Professor Holmes and Alan Astill have died and many of my
colleagues mentioned below have retired. However, Professor Barry Hughes
has continued to add to my understanding of the subject, as have Andrew
Beeby and Ted Thorpe. In this edition, the calculation sheets have been
drawn by Chartwell Illustrators. To all my colleagues and friends, I give my
thanks. :

1992 R.D. Anchor



Preface to first edition

The design of any structure is a complicated matter—particularly so for civil
engineering structures where the designer normally acts as structural engineer
and ‘architect’. Not only does the designer prepare the engineering design of
the structure; he also has to consider the general layout, pipework, mechan-
ical and electrical services, and not least, the appearance.

In a book of this size devoted to the elements of design which are applicable
to liquid-retaining structures, it is not possible to deal with each separate type
of reservoir or tank, and it is certainly not practicable to consider the
non-structural details. I have aimed to give a full description of the design of
each structural element, so that the reader will be able to design each element
of any structure presented to him.

Detailed calculations are given for a range of structural types, and design
tables and charts have been included to make the book complete in itself. The
notation follows the international system, and metric units are used. The
choice of units follows current UK engineering practice rather than adhering
strictly to the SI system. The calculations are presented mostly to an accuracy
of three significant figures, which is adequate in relation to the accuracy of the
basic data and material strength. The author makes no apology for using a
value of 10 kN/m? for the weight of water rather than the more accurate value
of 9.81. The difference is less than 2%.

Acknowledgements (first edition)

I am conscious of the specific and indirect assistance that I have received from
my friends and fellow-engineers in writing this book and would like to
mention in particular Messrs. A. Allen, A. Astill, A. W. Hill, Professors M.
Holmes and B. P. Hughes, and Dr. R. Savidge.

I must also thank Anthony J. Harman who has drawn the figures and
calculation sheets with care and enthusiasm. Appendix A, together with the
design charts in Appendix B, are reproduced by permission of the Cement
and Concrete Association from Handbook to BS 5337 by R.D. Anchor,
A.W. Hill and B. P. Hughes (Viewpoint Publication 14-011). Figure 1.2 is
reproduced by kind permission of Thomas Garland and Partners, Consulting
Engineers, Dublin.

1981 R. D. Anchor
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Notation

distance between the point considered and the axis of the nearest
longitudinal bar

distance between the point considered and the surface of the nearest
longitudinal bar

distance between the compression face and the point at which the
crack width is being calculated

area of steel reinforcement

cross-sectional area of shear reinforcement

breadth (or width) of section

nominal cover to tension steel

minimum cover to the tension steel

effective depth of tension reinforcement; diameter of tank

modulus of elasticity of concrete:

modulus of elasticity of steel reinforcement

average bond strength between concrete and steel

characteristic cylinder strength of concrete at 28 days

direct tensile strength of the concrete; tensile stress in concrete

characteristic cube strength of concrete at 28 days

design steel stress in tension (allowable stress for limit-state design or
permissible stress for alternative design)

design steel stress in shear reinforcement (i.e. allowable stress for
limit-state design or permissible stress for alternative design)

characteristic strength

ring tension per unit length

characteristic strength of the reinforcement

ring tension

overall depth of member

depth of liquid

diameter of column or column head

length of panel in the direction of span, measured from the centres of
columns

width of a panel measured from the centres of columns

average of /; and [,

length, span

bending moment per unit width
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Notation xi

bending moment

design (service) moment of resistance

ultimate moment of resistance

total load per unit area (BS 8110 ultimate load)

number of bars in width of section

distributed imposed load per unit length or per unit area

radius of tank

spacing

estimated maximum crack spacing

estimated minimum crack spacing

thickness of wall of tank

fall in temperature from hydration peak to ambient

seasonal fall in temperature

shear stress; shear force per unit length

critical concrete shear stress for ultimate limit state

total shear force

unit weight

estimated maximum crack width

depth of the neutral axis

lever arm

coefficient of thermal expansion of mature concrete; coefficient

modular ratio

coefficient

partial safety factor for load

partial safety factor for material strength

estimated shrinkage strain

average strain at the level at which cracking is being considered,
allowing for the stiffening effect of the concrete in the tension zone
(see Appendix A)

estimated total thermal contraction strain after peak temperature due
to heat of hydration

strain at the level considered, ignoring the stiffening effect of the
concrete in the tension zone

strain due to stiffening effect of concrete

ultimate concrete tensile strain

steel ratio based on bd; density of liquid

steel ratio based on gross concrete section

critical steel ratio, based on gross concrete section (pronounced ‘rho
crit’)

bar size

Metric units

The units of measure used in this book are those which are currently widely
used in the United Kingdom. They are based on the metric SI system but are
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not quite ‘pure’. For the benefit of readers who are not used to metric units,
an approximate conversion is given below.

Quantity Unit
Length metre (m)
Member sizes, etc. millimetre (mm)
Force Newton (N)
kilonewton (kN)
Stress, pressure N/mm?, kN/mm?, kN/m?
Volume m°, litres

Approximate conversions

1 metre = 39 inches

100 mm = 4 inches

300 mm = 1 foot

10 kKN = 1 ton

7 N/mm? = 1000 lb/sq. in.

100 kN/m? = 1 ton/sq. ft.

lm? = 1000 litres

1 litre = (.22 Imperial gallons

= 0.2642 US gallons
Note: 1 N/'mm? = 1 MN/m? = 1 MPa

Concrete strength

The formulae used in this book are based on British practice, where concrete
strength is evaluated using test cubes rather than cylinders.
The relation between cube and cylinder strength is usually taken as

fe =(0.78

f cu

but the ratio varies widely according to the type of aggregate.

Loads

Characteristic loads and strengths are those values used for design purposes
and are based on a statistical evaluation.

Service loads and stresses are calculated with applied characteristic loads
and generally with a partial safety factor for loads equal to 1.0.

Ultimate loads and stresses are calculated with applied characteristic loads
and a partial safety factor for loads which is generally 1.4.
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Introduction

1.1 Scope

It is common practice to use reinforced or prestressed concrete structures for
the storage of water and other aqueous liquids. Similar design methods may
also be used to design basements in buildings where ground water must be
excluded, and Chapter 8 deals with methods of preventing vapour transmis-
sion through concrete structures. Concrete is generally the most economical
material of construction and, when correctly designed and constructed, will
provide long life and low maintenance costs. The types of structure which are
covered by the design methods given in this book are: storage tanks,
reservoirs, swimming pools, elevated tanks, ponds, settlement tanks, base-
ment walls, and similar structures (Figs 1.1 and 1.2). Specifically excluded
are: dams, structures subjected to dynamic forces; and pipelines, aqueducts
or other types of structure for the conveyance of liquids.

It is convenient to discuss designs for the retention of water, but the
principles apply equally to the retention of other aqueous liquids. In
particular, sewage tanks are included. The pressures on a structure may have
to be calculated using a specific gravity greater than unity, where the stored
liquid is of greater density than water. Throughout this book it is assumed
that water is the retained liquid unless any other qualification is made. The
term ‘structure’ is used in the book to describe the vessel or container that
retains or excludes the liquid.

The design of structures to retain oil, petrol and other penetrating liquids is
not included and is dealt with in specialist literature?). Likewise, the design of
tanks to contain hot liquids is not discussed®**).

1.2 General design objectives

A structure that is designed to retain liquids must fulfil the requirements for
normal structures in having adequate strength, durability, and freedom from
excessive cracking or deflection. In addition, it must be designed so that the
liquid is not allowed to leak or percolate through the concrete structure. In
the design of normal building structures, the most critical aspect of the design
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Fig. 1.1

is to ensure that the structure retains its stability under the imposed loads. In
the design of structures to retain liquids, it is usual to find that, if the structure
has been proportioned and reinforced so that the liquid is retained without
leakage, then the strength is more than adequate. The requirements for
ensuring a reasonable service life for the structure without undue main-
tenance are more onerous for liquid-retaining structures than for normal
structures, and adequate concrete cover to the reinforcement is essential.
Equally, the concrete itself must be of good quality, and be properly
compacted: good workmanship during construction is critical.

Potable water from moorland areas may contain free carbon dioxide or
dissolved salts from the gathering grounds which attack normal concrete.
Similar difficulties may occur with tanks which are used to store sewage or
industrial liquids. After investigating by tests the types of aggressive elements
that are present, it may be necessary to increase the cement content of the
concrete mix, use special cements or, under severe conditions, use a special
lining to the concrete tank®¥.

1.3 Fundamental design methods

Historically, the design of structural concrete has been based on elastic
theory, with specified maximum design stresses in the materials at working
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Fig. 1.2 Elevated water tower, Dublin. Architect: Andrzej Wejchert in association with
Robinson, Keefe and Devane. Structural Engineers: Thomas Garland and Partners, Consulting
Engineers
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loads. More recently, limit state philosophy has been introduced, providing a
more logical basis for determining factors of safety. In ultimate design, the
working or characteristic loads are enhanced by being multiplied by a partial
safety factor. The enhanced or ultimate loads are then used with the failure
strengths of the materials to design the structure. Limit state design methods
are now widely used throughout the world for normal structural design®-%7.

Formerly, the design of liquid-retaining structures was based on the use of
elastic design, with material stresses so low that no flexural tensile cracks
developed. This led to the use of thick concrete sections with copious
quantities of mild steel reinforcement. The probability of shrinkage and
thermal cracking was not dealt with on a satisfactory basis, and nominal
quantities of reinforcement were specified in most codes of practice. More
recently, analytical procedures have been developed to enable flexural crack
widths to be estimated and compared with specified maxima®. A method of
calculating the effects of thermal and shrinkage strains has also been
published®. These two developments enable limit state methods to be
extended to the design of liquid-retaining structures.

Limit state design methods enable the possible modes of failure of a
structure to be identified and investigated so that a particular premature form
of failure may be prevented. Limit states may be ‘ultimate’ (where ultimate
loads are used) or ‘serviceability’ (where design or service loads are used).

In the UK, limit state design has been used successfully for over 10 years
for the design of liquid retaining structures. The former BS 5337 allowed a
designer to choose between elastic design and limit state design. However, as
nearly all designers decided to use limit state design, BS 8007 solely recom-
mends limit state design. In Australia and the USA, design methods based on
elastic theory are specified in the national codes. Elastic design is a simpler
process, but with the widespread use of computer facilities, there is no
difficulty in preparing limit state designs.

At the time of writing, there is much activity in drafting ‘European
standards’ and a final draft of EC2 for normal concrete structural design is in
existence. Although there is a ‘European’ liquid retaining design code in the
programme of work, no committee has yet been set up. The design of
liquid-retaining structures in Europe is clouded in mystery. The author has
unsuccessfully attempted to discover how such structures are designed in a
number of European countries but without any detailed success. However,
any design system that enables a serviceable structure to be constructed with
due economy is acceptable. As has often been said ‘A structure does not
know how it has been designed’.

1.4 Codes of practice

Structural design is often governed by a Code of Practice appropriate to the
location of the structure. Whilst the basic design objectives are similar in each
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code, the specified stresses and factors of safety may vary. It is important to
consider the climatic conditions at the proposed site, and not to use a code of
practice written for temperate zones in parts of the world with more extreme
weather conditions.
Three widely used codes are:
1. British Standard Code of Practice BS 8007:1987 Design of concrete
structures for retaining aqueous liquids'?.
2. American Concrete Institute ACI 350 R-83: Concrete Sanitary En-
gineering Structures'?.
3. Australian Standard AS 3735 — 1991 Concrete structures for retaining
aqueous liquids.
All three codes include material specifications, joint details and design
procedures to limit cracking.

BS 800719

British Standard Code of Practice BS 8007:1987 is a revised version of
BS 5337:1976, which itself derives from BSCP 2007. The relation between the
normal concrete codes and the liquid retaining codes is shown below:

Normal code Liquid retaining code
BSCP 114 BSCP 2007
BSCP 110 BSCP 5337
BSCP 8110 BSCP 8007

ACI 350 R-831V

The original report appeared in 1971 and was amended for the 1977 edition,
and again in 1983. Structural design is included, with special emphasis on
minimizing the possibility of cracking.

1.5 Impermeability

Concrete for liquid-retaining structures must have low permeability. This is
necessary to prevent leakage through the concrete and also to provide
adequate durability, resistance to frost damage, and protection against
corrosion for the reinforcement and other embedded steel. An uncracked
concrete slab of adequate thickness will be impervious to the flow of liquid if
the concrete mix has been properly designed and compacted into position.
The specification of suitable concrete mixes is discussed in Chapter 2. The
minimum thickness of concrete for satisfactory performance in most struc-
tures is 200 mm. Thinner slabs should only be used for structural members of
very limited dimensions or under very low liquid pressures.

Liquid loss may occur at joints that have been badly designed or con-
structed, and also at cracks or from concrete surfaces where incomplete
compaction has been achieved. It is nearly inevitable that some cracking will
be present in all but the simplest and smallest of structures. If a concrete slab
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cracks for any reason, there is a possibility that liquid may leak or that a wet
patch will occur on the surface. However, it is found that cracks of limited
width do not allow liquid to leak" and the problem for the designer is to
limit the surface crack widths to a predetermined size. Cracks due to
shrinkage and thermal movement tend to be of uniform thickness through the
thickness of the slab, whereas cracks due to flexural action are of limited
depth and are backed up by a depth of concrete that is in compression.
Clearly, the former type of crack is more serious in allowing leakage to occur.

1.6 Site conditions

The choice of site for a reservoir or tank is usually dictated by requirements
outside the structural designer’s responsibility, but the soil conditions may
radically affect the design. A well-drained site with underlying soils having a
uniform safe bearing pressure at foundation level is ideal. These conditions
may be achieved for a service reservoir near to the top of a hill, but at many
sites where sewage tanks are being constructed, the subsoil has a poor bearing
capacity and the ground water table is near to the surface. A high level of
ground water must be considered in designing the tanks in order to prevent
flotation (Fig. 1.3), and poor bearing capacity may give rise to increased
settlement. Where the subsoil strata dip, so that a level excavation intersects
more than one type of subsoil, the effects of differential settlement must be
considered (Fig. 1.4). A soil survey is always necessary unless an accurate

+—ground level

empty structure
tends to float =

s
~  sand — =
—
— - ///
= - -

_--Stiffclay _ —— -

_-—""softclay _ -~ rock

-~ //

// //

Fig. 1.4 Effect of varying strata on settlement
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record of the the subsoil is available. Boreholes of at least 150 mm diameter
should be drilled to a depth of 10 m, and soil samples taken and tested to
determine the sequence of strata and the allowable bearing pressure at
various depths. The information from boreholes should be supplemented by
digging trial pits with a small excavator to a depth of 3—4 metres.

The soil investigation must also include chemical tests on the soils and
ground water to detect the presence of sulphates or other chemicals in the
ground which could attack the concrete and eventually cause corrosion of the
reinforcement®. Careful analysis of the subsoil is particularly important
when the site has previously been used for industrial purposes, or where
ground water from an adjacent tip may flow through the site. Further
information is given in Chapter 2.

When mining activity is suspected, a further survey may be necessary and a
report from the mineral valuer or a mining consultant is necessary. Deeper,
randomly located boreholes may be required to detect any voids underlying
the site. The design of a reservoir to accept ground movement due to future
mining activity requires the provision of extra movement joints or other
measures to deal with the anticipated movement and is outside the scope of
this textbook"®. In some parts of the world, consideration must be given to
the effects of earthquakes, and local practice should be ascertained.

1.7 Influence of construction methods

Any structural design has to take account of the constructional problems
involved and this is particularly the case in the field of liquid-retaining
structures. Construction joints in building structures are not normally shown
on detailed drawings but are described in the specification. For liquid-
retaining structures, construction joints must be located on drawings, and the
contractor is required to construct the works so that concrete is placed in one
operation between the specified joint positions. The treatment of the joints
must be specified, and any permanent movement joints must be fully detailed.
All movement joints require a form of waterstop to be included, but
construction joints may generally be designed without using a waterstop.
Details of joint construction are given in Chapter 5. In the author’s opinion,
the detailed design and specification of joints is the responsibility of the
designer and not the contractor. The quantity of distribution reinforcement in
a slab and the spacing of joints are interdependent. Casting one section of
concrete adjacent to another section, previously cast and hardened, causes
restraining forces to be developed which tend to cause cracks in the newly
placed concrete. It follows that the quantity of distribution reinforcement also
depends on the degree of restraint provided by the adjacent panels.

Any tank which is to be constructed in water-bearing ground must be
designed so that the ground water can be excluded during construction. The
two main methods of achieving this are by general ground de-watering, or by
using sheet piling. If sheet piling is to be used, consideration must be given to
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the positions of any props that are necessary, and the sequence of construc-
tion which the designer envisages!?.

1.8 Design procedure

As with many structural design problems, once the member size and

reinforcement have been defined, it is relatively simple to analyse the strength
of a structural member and to calculate the crack widths under load: but the
designer has to estimate the size of the members that he proposes to use
before any calculations can proceed. With liquid-retaining structures, crack-
width calculations control the thickness of the member, and therefore it is
impossible to estimate the required thickness directly unless the limited stress

DESIGN
METHOD limit state
design
ultimate limited
limit state slre_ss
STRENGTH design
limit state
of cracking
CRACK
CONTROL direct use of tables limited
calculation or charts stress
design

Fig. 1.5 Design methods
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method of design is used. Because of these difficulties, design charts have
been prepared which allow designers to choose directly the section thickness
and quantity of reinforcement required. The design charts enable limit state
designs to be prepared quickly and accurately (see Appendix A).

An intermediate method of design is also possible where the limit state of
cracking is satisfied by limiting the reinforcement stress rather than by
preparing a full calculation. This procedure is particularly useful for sections
under combined flexural and direct stresses. Figure 1.5 illustrates the options
available to the designer.

1.9 Code requirements (UK)

BS 8007 is based on the recommendations of BS 8110 for the design of normal
structural concrete, and the design and detailing of liquid-retaining structures
should comply with BS 8110 except where the recommendations of BS 8007
vary the requirements. The main variations are:

(a) Section 2 of BS 8007 takes precedence over Section 2 of BS 8110 in
respect of the basis of design.

(b) The design ultimate anchorage bond length for horizontal bars in
sections subject to direct tension should not exceed 0.7 times the
values obtained from clause 3.12.8.4 of BS 8110.

(¢) The maximum calculated design crack widths are either 0.2 mm or
0.1 mm depending on the exposure conditions, rather than an
assumed value of 0.3 mm.

(d) The basis of design is the serviceability limit state of cracking rather
than the ultimate limit state.

(e) For the design of flat slab roofs at serviceability limit states, the
simplified method of design in clause 3.7.2.7 of BS 8110 may be used
(with a proviso on the size of the column heads).

(f) The provisions of BS 8007 in respect of joints are to be used.

(g) The provisions of BS 8007 in respect of nominal cover are to be used.

(h) The provisions of BS 8007 in respect of exposure conditions are to be
used.

(/) The provisions of BS 8007 in respect of minimum areas of reinforce-
ment are to be used.

(k) BS 8007 contains restrictions relating to the spacing of bar reinforce-
ment.



Basis of design and materials

2.1 Structural action

It is necessary to start a design by deciding on the type and layout of structure
to be used. Tentative sizes must be allocated to each structural element, so
that an analysis may be made and the sizes confirmed.

All liquid-retaining structures are required to resist horizontal forces due to
the liquid pressures. Fundamentally there are two ways in which the pressures
can be contained:

(a) By forces of direct tension or compression (Fig. 2.1).
(b) By flexural resistance (Fig. 2.2).

-3
—
e
—_—
section
section i
~a &
f tension compression
I ]
et -
plan plan
a) b)

Fig. 2.1 Direct forces in circular tanks
(a) Tensile forces
(b) Compressive forces
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Fig. 2.2 Direct forces of tension in wall panels of rectangular tanks

Structures designed by using tensile or compressive forces are normally
circular and may be prestressed. Rectangular tanks or reservoirs rely on
flexural action using cantilever walls, propped cantilever walls or walls
spanning in two directions. A structural element acting in flexure to resist
liquid pressure reacts on the supporting elements and causes direct forces to
occur. The simplest illustration (Fig. 2.3) is a small tank. Additional
reinforcement is necessary to resist such forces unless they can be resisted by
friction on the soil.

2.2 Exposure classification

Structural concrete elements are exposed to varying types of environmental
conditions. The roof of a pumphouse is waterproofed with asphalt or roofing
felt and, apart from a short period during construction, is never exposed to
wet or damp conditions. The exposed legs of a water tower are subjected to
alternate wetting and drying from rainfall but do not have to contain liquid.
The lower sections of the walls of a reservoir are always wet (except for brief
periods during maintenance), but the upper sections may be alternately wet
and dry as the water level varies. The underside of the roof of a closed
reservoir is damp from condensation. These various conditions are illustrated
in Figure 2.4.

—_— —> — < — €— < —
friction friction

Fig. 2.3 Tension in floor of a long tank with cantilever walls
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Fig. 2.4 Exposure to environmental conditions
(a) Pumphouse roof
(b) Water tower
(c}) Reservoir
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Fig. 2.6 Effect of cracks

Experience has shown that, as the exposure conditions become more
severe, precautions should be taken to ensure that moisture and air do not
cause carbonation in the concrete cover to the reinforcement thus removing
the protection to the steel and causing corrosion which, in turn, will cause the
concrete surface to spall’™. Adequate durability can be ensured by providing
a dense well-compacted concrete mix (see Section 2.5.2) with a concrete
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cover of 40 mm, but it is also necessary to control cracking in the concrete,
and prevent percolation of liquid through the member (see Fig. 2.5).

For design purposes, it is convenient to classify exposure conditions, and in
previous codes this was achieved by using classes A, B, and C for various
situations. However, some simplification has been achieved and both faces of
a liquid-retaining structure are now to be designed for a crack width of
0.2 mm except where the element is visible and the appearance is important.
In this case a design crack width of 0.1 mm is recommended. Where the
environmental conditions are more demanding, then the concrete grade and
the cover should be adjusted in accordance with the recommendations of
BS 8110. Where aggressive ground water conditions exist the concrete mix to
be specified will also need to be specially considered. Table 2.1 specifies the
various exposure conditions which are recommended in BS 8110 (Table 3.2 of
BS 8110). BS 8007 requires that all liquid-retaining structures should be
designed for at least ‘severe’ conditions of exposure. Where appropriate the
‘very severe’ and ‘extreme’ categories should be used. As an example, a water
tower near to the sea coast and exposed to salt water spray would be designed
for ‘very severe’ exposure.

Table 2.1 Exposure conditions

Environment Exposure conditions

Mild Concrete surfaces protected against weather or
aggressive conditions

Moderate Concrete surfaces sheltered from severe rain or
freezing whilst wet

Concrete subject to condensation
Concrete surfaces continuously under water

Concrete in contact with non-aggressive soll

Severe Concrete surfaces exposed to severe rain,
alternate wetting and drying or occasional
freezing or severe condensation

Very severe Concrete surfaces exposed to sea water spray,
de-icing salts (directly or indirectly), corrosive
fumes or severe freezing conditions whilst wet

Extreme Concrete surfaces exposed to abrasive action,
e.g. sea water carrying solids or flowing water
with pH=4.5 or machinery or vehicles

For situations where aesthetic conditions demand an even higher safety
margin against the possibility of leakage or unsightly cracking, it is possible to
design for no cracking to occur (see Section 3.9). As previously stated, in



14  Basis of design and materials

practice, this does not mean that cracking will be completely avoided, but any
cracks which do occur should be very narrow.

Table 2.2 Examples of exposure classification

Crack width
Exposure (mm) Element
Severe 0.2 Walls, floor and roof of underground tank {no
aggressive soil)
Severe 0.1 Elevated water tower
Very severe 0.2 Tank exposed to wind-blown sea spray
Very severe 0.1 Elevated water tank exposed to wind-blown sea

spray

2.3 Structural layout

The layout of the proposed structure and the estimation of member sizes must
precede any detailed analysis. Structural schemes should be considered from
the viewpoints of strength, serviceability, ease of construction, and cost.
These factors are to some extent mutually contradictory, and a satisfactory
scheme is a compromise, simple in concept and detail. In liquid-retaining
structures, it is particularly necessary to avoid sudden changes in section,
because they cause concentration of stress and hence increase the possibility
of cracking.

It is a good principle to carry the structural loads as directly as possible to
the foundations, using the fewest structural members. It is preferable to
design cantilever walls as tapering slabs rather than as counterfort walls with
slabs and beams. The floor of a water tower or the roof of a reservoir can be
designed as a flat slab. Underground tanks and swimming-pool tanks are
generally simple structures with constant-thickness walls and floors.

It is essential for the designer to consider the method of construction and to
specify on the drawings the position of all construction and movement joints.
This is necessary as the detailed design of the structural elements will depend
on the degree of restraint offered by adjacent sections of the structure to the
section being placed. Important considerations are the provision of ‘kickers’
(or short sections of upstand concrete) against which formwork may be
tightened, and the size of wall and floor panels to be cast in one operation
(Figs 2.8 and 2.9).

2.4 Influence of construction methods

Designers should consider the sequence of construction when arranging the
layout and details of a proposed structure. At the excavation stage, and
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Fig. 2.6 Cracking due to restraint by frictional forces at foundation level

(a) Floor slab
(b) Wall

particularly on water-logged sites, it is desirable that the soil profile to receive
the foundation and floors should be easily cut by machine. Flat surfaces and
long strips are easy to form but individual small excavations are expensive to
form. The soil at foundation level exerts a restraining force on the structure
which tends to cause cracking (Fig. 2.6). The frictional forces can be reduced
by laying a sheet of 1000 g polythene or other suitable material on a 75 mm
layer of ‘blinding’ concrete. For the frictional forces to be reduced, it is
necessary for the blinding concrete to have a smooth and level surface finish.
This can only be achieved by a properly screeded finish, and in turn this
implies the use of a grade of concrete which can be so finished'®!”). A
convenient method is to specify the same grade of concrete for the blinding
layer as is used for the structure. This enables a good finish to be obtained for
the blinding layer, and also provides an opportunity to check the strength and
consistency of the concrete at a non-critical stage of the job.

The foundations and floor slabs are constructed in sections which are of a
convenient size and volume to enable construction to be finished in the time
available. Sections terminate at a construction or movement joint (Chapter
5). The construction sequence should be continuous as shown in Figure 2.7 a
and not as shown in Figure 2.7 b. By adopting the first system, each section
‘that is cast has one free end and is enabled to shrink on cooling without
restraint (a day or two after casting). With the second method, considerable
tensions are developed between the relatively rigid adjoining slabs.

The maximum spacing between movement joints depends on the amount of
reinforcement provided, but generally about 7.5 m is the economical max-
imum distance between partial contraction joints, and 15.0 m between full
contraction joints. Alternatively, temporary short gaps may be left out, to be
filled in after the concrete has hardened. A further possibility is the use of
induced contraction joints, where the concrete section is deliberately reduced
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Fig. 2.7 Construction sequence
(a) Preferred sequence
(b) Not recommended
(c) Effect of method (b) on third slab panel

in order to cause cracks to form at preferred positions. These possibilities are
illustrated in Figure 2.8. The casting sequence in the vertical direction is
usually obvious. The foundations or floors are laid with a short section of wall
to act as a key for the formwork (the kicker, Fig. 2.9). Walls may be
concreted in one operation up to about 8 m height.

Reinforcement should be detailed to enable construction to proceed with a
convenient length of bar projecting from the sections of concrete which are
placed at each stage of construction. Bars should have a maximum spacing of
300 mm or the thickness of the slab and a minimum spacing dependent on
size, but not usually less than 100 mm to allow easy placing of the concrete.
Distribution or shrinkage reinforcement should be placed in the outer layers
nearest to the surface of the concrete. In this position it has maximum effect.

2.5 Materials and concrete mixes

2.5.1 Reinforcement'®

Although the service tensile stress in the reinforcement in liquid-retaining
structures is not always very high, it is usual to specify high-strength steel with
a ribbed or deformed surface. The difference in cost between high-strength
ribbed steel and plain-surface mild steel is only about 3% (UK). This small
extra cost is more than saved by the extra strength available and increased
bond performance. Similar arguments affect the use of welded fabric rein-
forcement, where fixing costs are very much reduced and time saved.
Traditionally, fabric has been used only in ground slabs but, where the
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quantity is sufficient, can now be obtained in sizes and types that allow it to be
used in walls, floors and roofs.

The specified characteristic strengths of reinforcement available in the UK
are given in Table 2.3. The specified characteristic strength is a statistical
measure of the yield or proof stress of a type of reinforcement. For bars
supplied in accordance with British Standards, the proportion of bars which
fall below the characteristic strength level is defined as 5% (Fig. 2.10)(1%20:21),
A material partial safety factor v,, = 1.15 is applied to the specified character-
istic strength to obtain the ultimate design strength.

Reinforcement embedded in concrete is protected from corrosion by the
alkalinity of the cement. As time passes, the surface of the concrete reacts
with carbon dioxide from the air and carbonates are formed which remove the
protection. The specified cover of at least 40 mm is adequate for normal
conditions, but where particularly aggressive conditions apply, it is worth
considering the use of a special type of reinforcement. The possibilities are:

(a) galvanized bars (x1.5)
(b) epoxy-coated bars (x2.0)
(c) stainless steel bars (% 10)

The numbers in brackets give an indication of the average cost of the special
bars compared with normal steel. Special bars may sometimes be convenient
to use in a particularly thin element where it is not possible to obtain the
proper cover with several layers of steel.

2.5.2 Concrete

The detailed specification and design of concrete mixes is outside the scope of
this book, but the essential features of a design are given below. Guidance on
mix design may be found from the references'®!”,

Cements Normal Portland cement is generally used for liquid-retaining
structures. It is not desirable to use rapid-hardening cement because of its
greater evolution of heat which tends to increase shrinkage cracking. How-
ever, its use may be considered in cold weather. When there are sulphates in
the ground water, or other chemical contaminants, the use of sulphate-
resisting cement or super-sulphated cement may be essential.

Table 2.3 Types and strengths of reinforcement (UK)

Characteristic yield

BS Type or proof stress f, (N/mm?)
4449 Plain mild steel 250
4449 Hot-rolled high-yield ribbed bars 460
4449 Cold-worked high-yield ribbed bars 460

4483 Welded fabric 460
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Fig. 2.10 Graphical definition of characteristic strength

Aggregates The maximum size of aggregate must be chosen in relation to
the thickness of the structural member. A maximum size of 20 mm is always
specified up to member thickness of about 300400 mm, and may be used
above this limit. Size 40 may be specified in very thick members. The use of a
large maximum size of aggregate has the effect of reducing the cement
content in the mix for a given workability, and hence reduces the amount of
shrinkage cracking.

It is important to choose aggregates that have low drying shrinkage and low
absorption. Most quartz aggregates are satisfactory in these respects but,
where limestone aggregate is proposed, some check on the porosity is
desirable. Certain aggregates obtained from igneous rocks exhibit high
shrinkage 2grcoperties and are quite unsuitable for use in liquid-retaining
structures?.

Local suppliers can often provide evidence of previous use which will
satisfy the specifier, but some care is necessary in using material from a new
quarry, and tests of the aggregate properties are recommended.

Admixtures Admixtures containing calcium chloride are not desirable as
there is a risk of corrosion of the reinforcement. Other admixtures which
improve workability or frost resistance may be used on their merits“?.

Concrete mix design The concrete must be designed to provide a mix which
is capable of being fully compacted by the means available. Any areas of
concrete which have not been properly compacted are likely to leak. The use
of poker-type internal vibrators is recommended.

The cement content ir kg/m? of finished concrete must be judged in relation
to a minimum value to ensure durability, and a maximum value to avoid a
high temperature rise in the freshly placed concrete.
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Table 2.4 C35A mix to BS 8007

Minimum cement content 325 kg/m?
Maximum cement content 400 kg/m?
Maximum free water/cement

ratio 0.5b

Note: Some adjustments are specified when using
cement replacement materials.

There has recently been a considerably increased use of pulverised fuel ash
(pfa) and ground granulated blastfurnace slags (ggbs) as replacement mate-
rials for a proportion of the cement. The reason for considering these
materials is to counteract the increase (over the years) of the strength of
cement. In order to have sufficient cement content in the mix to give adequate
durability, it is now necessary to specify high strengths with consequent high
evolution of heat. In 1950 a concrete strength of 25 N/mm? was a normal
specification, but now 35 N/mm?® is normal and sometimes 40 N/'mm?. The
proportion of pfa or ggbs that can be used to replace cement is limited in
BS 8007 to 35% for pfa and 50% for ggbs.

The concrete specified in BS 8007 is grade C35A (Table 2.4). The
water/cement ratio and the specified cement content are equivalent to a grade
C40 mix in BS 8110. The reason for the change in label for the mix is to avoid
suppliers having to add more cement to the mix simply to achieve a cube
strength of 40 N/mm?.

2.6 Loading

-

2.6.1 Load arrangements

Liqud-retaining structures are subject to loading by pressure from the
retained liquid. Typical values of weights are listed in Table 2.5.

Table 2.5 Density of retained liquids

Liquid Weight (kN/m?)
Water 10.0
Raw sewage 11.0
Digested sludge aerobic 10.4
Digested sludge anaerobic 1.3
Sludge from vacuum filters 12.0

The designer must consider whether sections of the complete reservoir may
be empty when other sections are full, and design each structural element for
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Fig. 2.11 Design loadings for external walls with soil fill
(a) Reservoir full
(b) Reservoir empty

the maximum bending moments and forces that can occur. Several loading
cases may need to be considered. Internal partition walls should be designed
for liquid loading on each side separately.

External reservoir walls are often required to support soil fill. The loading
conditions to be considered are illustrated in Figure 2.11. When the reservoir
is empty, full allowance must be made for the active soil pressure, and any
surcharge pressures from vehicles. It is important to note that when designing
for the condition with the reservoir full, no relief should be allowed from
passive pressure of the soil fill. This is because of the differing moduli of
elasticity of soil and concrete which prevent the passive resistance of the soil
being developed before the concrete is fully loaded by the pressure from the
contained liquid®?.

2.6.2 Partial safety factors for loads

When designing a structural element for the ultimate limit state, it is
necessary to use partial safety factors (in conjunction with the characteristic
applied loading) to provide the necessary margin against failure. The factors
take account of the likely variability of the loading and the consequences of
failure.

The partial safety factors appropriate for liquid retaining design are defined
in BS8007. The dead load factor is identical to that used for normal
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reinforced concrete design and y; = 1.4. As the imposed load due to a liquid is
known precisely, a partial safety factor of y,= 1.4 may be used for loads due
to retained liquid. A similar value of y; = 1.4 may also be used for pressures
due to soil. These values are also recommended in BS 8110 for normal design.
The roofs of underground structures are frequently covered with a layer of
soil and hence any imposed loads due to vehicles will be distributed before
reaching the structural roof slab. In these circumstances it will normally be
appropriate to consider a single load case when designing the roof.

BS 8007 requires that for the ultimate limit state, liquid levels should be
taken to the tops of walls (or the level of the underside of the roof slab)
assuming that any outlet pipes at a lower level are blocked. This condition
only applies to the ultimate limit state calculations and not to serviceability
considerations. )

Depending on the type of construction, and in particular, whether the roo
is joined to the walls without a movement joint, any thermal expansion of the
roof may cause loading on the perimeter walls. This effect is accentuated if
there is effective passive pressure at the back of the walls.

2.7 Foundations

It is desirable that a liquid-retaining structure is founded on good uniform
soil, so that differential settlements are avoided (Chapter 1). However, this
desirable situation is not always obtainable. Variations in soil conditions must
be considered, and the degree of differential settlement estimated*®. Joints
may be used to allow a limited degree of articulation but, on sites with
particularly non-uniform soil, it may be necessary to consider dividing the
structure into completely separate sections. Alternatively, cut-and-fill techni-
ques may be used to provide a uniform platform of material on which to
found the structure.

Soils which contain bands of peat or other very soft strata may not allow
normal suPport without very large settlements, and piled foundations are
required®®.

The design of structures in areas of mining activity requires the provision of
extra joints, or the division of the whole structure into smaller units.
Prestressed tendons may be added to a normal reinforced concrete design to
provide increased resistance to cracking when movement takes place!'?).

The use of cantilever walls depends on passive resistance to sliding being
provided by the foundation soil. If the soil is inundated by ground water, it
may not be possible to develop the necessary soil pressure under the footing.
In these circumstances, a cantilever design is not appropriate, and the
overturning and sliding forces should be resisted by a system of beams
balanced by the opposite wall, or by designing the wall to span horizontally if
that is possible.

Walls which are designed as propped cantilevers, using the roof structure as
a tie, are often considered to have no rotation at the footing (Fig. 2.12). The
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Fig. 2.12 Propped cantilever walls on a cohesive soil

{(a) Structure
(b) Basic structural assumptions
(c) Rotation due to soil movement

strain in a cohesive soil may allow some rotation and a redistribution of forces

and moments.

2.8 Flotation

An empty tank constructed in water-bearing soil will tend to move upwards in
the ground, or float. This tendency must be counteracted by ensuring that the
weight of the empty tank structure is greater than the uplift equal to the
weight of the ground water displaced by the tank. The safety margin required

~.ground level

~-ground water level

floor thickened to
add weight

+—ground level

i+-ground water level

. _weight of soilon heel
around tank increases

downward load

Fig. 2.13 Methods of preventing flotation
(a) Additional dead weight
(b) Provision of a heel
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is a matter for the judgement of the designer. Dependent on the certainty
with which the ground water level is known, the factor of safety may vary
between 1.1 and 1.25.

The weight of the tank may be increased by thickening the floor or by
providing a heel on the perimeter of the floor to mobilize extra weight from
the external soil (Fig. 2.13). Whichever method is adopted, the floor must be
designed against the uplift due to the ground water pressure. In calculating -
the weight of the soil over the heel, it is important to realize that the soil is
submerged in the ground water. The effective density of the soil is therefore
reduced (see calculation (b) below). If the floor is thickened, it is possible to
construct it in two separate layers connected together by ties. This has the
advantage that reduced thermal reinforcement appropriate to the upper
thickness may be used.

The designer should consider conditions during construction, in addition to
the final condition, and specify a construction sequence to ensure that the
structure is stable at each phase of construction.

An example of the calculation is now given.
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A tank of overall size 5.0 X 5.0 m X 4.0 m deep is to be constructed with the underside of the floor

at a level 3.5 m below ground level. The walls and floor are 300 mm thick.

Check stability against flotation if the ground water level is 0.5 m below the soil surface, and

the required factor of safety against flotation is 1.15.

Weight of empty tank:
Floor 24x0.3x5.0x5.0 =180
Walls 24x0.3x4.7x4x3.7 =500
Total weight of empty tank 680 kN
Uplift due to ground water
=10x5.0x5.0x3.0 =750 kN
Required dead weight = (factor of safety) X (uplift)
=1.15x750 = 863 kN
. extra weight required = 863-680 = 183 kN
Try two possible solutions.
(a) Increase floor thickness to 675 mm.
Extra weight provided
=24x0.375x5.0%x5.0 =225kN
This is satisfactory.
(b) Provide heel on outside of floor. T
S L
Provide a heel 0.5 m wide around outside walls. |
Weight of soil = 18 kN/m? |
Weight of soil submerged in ground water |
=18-10 =8kN/m*> |
Weight of soil carried by heel if tank attempts to lift |
=8x0.5%x3.2 = 12.8 kN/m run |
Perimeter of heel = 4 X 5.5 =2m Lo
Total weight of soil = 12.8 X 22 = 282kN 0% L
45t

This is satisfactory.

Note: For simplicity, it is assumed that all the soil is submerged in water. This is conservative, as

the upper 0.5 m is above ground water level.
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3.1 General®”
The basic design philosophy of liquid-retaining structures is discussed in
Chapter 2. In this chapter, detailed design methods are described to ensure
compliance with the basic requirements of strength and serviceability.

In contrast with normal structural design, where strength is the basic
consideration, for liquid-retaining structures it is found that serviceability
considerations control the design. The procedure is therefore:

(a) Estimate concrete member sizes.

(b) Calculate the reinforcement required to limit the design crack widths
to the required value.

(c) Check strength.

(d) Check other limit states.

(e) Repeat as necessary.

The calculation of crack widths in a member subjected to flexural loading
can be carried out once the overall thickness and the quantity of reinforce-
ment have been determined, but it is not possible to make a direct
calculation. It is therefore convenient to use design tables or charts. The
tables in Appendix A are arranged to enable the whole structural design to be
carried out in one operation, including the checking of crack control and
strength. The use and derivation of the tables is described in the Appendix.

3.2 Wall thickness

3.2.1 Considerations

All liquid-retaining structures include wall elements to contain the liquid, and
it is necessary to commence the design by estimating the overall wall thickness
in relation to the height.

The overall thickness of a wall should be no greater than necessary, as extra
thickness will cause higher thermal stresses when the concrete is hardening.
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The principal factors which govern the wall thickness are:

(a) ease of construction

(b) structural arrangement

(c) avoidance of excessive deflections
(d) adequate strength

(e) avoidance of excessive crack widths

The first estimate of minimum section thickness is conveniently made by
considering (a), (b) and (¢).

It will be found that a wall thickness of about 1/10 of the span is appropriate
for a simple cantilever, and somewhat less than this for a wall which is
restrained on more than one edge. Each consideration is discussed in the
following sections.

Table 3.1 Approximate minimum thickness h (mm)
of R. C. Cantilever wall subjected to water pressure

Height of Minimum wall
wall (m) thickness A (mm)
8 800

6 700

4 450

2 250

3.2.2 Ease of construction

If a wall is too thin in relation to its height, it will be difficult for the concrete
to be placed in position and properly compacted. As this is a prime
requirement for liquid-retaining structures, it is essential to consider the
method of construction when preparing the design. It is usual to cast walls up
to about 8 metres high in one operation and, to enable this to be successfully
carried out, the minimum thickness of a wall over 2 metres high should be not
less than 250-300 mm. Walls less than 2 metres high may have a minimum
thickness of 200 mm. A wall thickness less than 200 mm is not normally
possible, as the necessary four layers of reinforcement cannot be accommo-
dated with the appropriate concrete cover on each face of the wall. The wall
may taper in thickness with height in order to save materials. Setting out is
facilitated if the taper is uniform over the whole height of the wall (Fig. 3.1).

3.2.3 Structural arrangement

Lateral pressure on a wall slab is resisted by a combination of bending
moments and shear forces carrying the applied loads to the supports. The
simplest situation is where the wall is a simple cantilever, with the maximum



28 Design of reinforced concrete

* * minimum thickness

uniiorm taper

i
|
|
| 1l
| designed thickness h
|

Fig. 3.1 Typical section through a wall

shear force and bending moment at the base. This situation will require the
thickest wall section as the bending moment is comparatively large. The most
favourable arrangement is where a wall panel is held at all four edges and may
be structurally continuous along the edges. The slab spans in two directions
and in each direction there may be positive and negative moments. Each of
the moments will be appreciably less than in the case of the simple cantilever,
and hence a thinner wall is possible with less reinforcement to control
cracking. The particular structural arrangement that is appropriate for a given
design will depend on the relative spans in each direction and whether
movement joints are required at any of the sides of the panel.

3.2.4 Strength in shear

It is inconvenient to use shear reinforcement in slabs because it is difficult to
fix, impedes placing of the concrete, and is inefficient in the use of steel. The
wall thickness therefore should be at least sufficient to allow the ultimate
shear forces to be resisted by the concrete in combination with the longitud-
inal reinforcement. It is, in theory, also necessary to ensure that any diagonal
cracks due to shear at service loads are within the allowable limits, but in
practice, other requirements will ensure that no check need be made. Suitable
values of the maximum ultimate shear force on concrete in slabs are given in
Table 3.2. The table is constructed from the formula given in Table 3.9 of
BS 8110 which is:

Ve =0.79 X (fuu/25)"" x (100 X A/ (b X d))"* X (400/d)*/,,

The steel ratio should not be taken as greater than 3

The value of effective depth should not be taken as greater than 400 mm
feu should not be taken as greater than 40 N/mm?

Y, 1s taken as 1.25

As this force varies, not only with concrete grade but also with the effective
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depth of the section and the reinforcement ratio in the section, some estimate
of the reinforcement percentage must be made at the outset. For cantilever
walls, a value of 0.5% is a reasonable starting point in the absence of previous
experience.

Table 3.2 Allowable ultimate shear force in slabs (kN/m). Grade 35 concrete

Steel ratio

100/-'1.3 Effective depth {mm}
bd 140 190 240 330 430 630 730 920

0.17 71.3 89.6 106.8 135.6 168.4 246.7 285.9 360.3
0.25 81.1 101.9 121.5 154.2 191.5 280.6 325.1 409.8
0.50 102.1 128.4 153.0 194.3 241.3 3535 409.6 516.3
0.75 116.9 147.0 175.2 222.4 276.2 404.7 468.9 591.0
1.00 128.7 161.8 192.8 2448 304.0 445 4 516.1 650.5
1.50 147.3 185.2 220.7 280.2 348.0 509.9 590.8 7446

Note: A, is the area of steel that is fully anchored.

The maximum shear force in a cantilever occurs at the foot of the wall
immediately above the base, and the shear stress in the concrete is also a
maximum at this level. However, the critical level for checking the permiss-
ible shear stress is at a distance of twice the effective depth above the base
level (Fig. 3.2). This point is explained in BS 8110 where a formula for an
enhanced permissible design shear stress in this region is given as:

V.x2dla,

This enhancement of the design stress is due to the proximity to a support,
and can be applied at any section within a distance of twice the effective depth

&
fa] o >c
. . C:-" a
tension steel o S
: - o
H -
L a = axial distance
critical a, c = cover
section for
shear ' x 2d
[T J L .
> pressure diagram

section of wall

Fig. 3.2 Cantilever wall subjected to water pressure
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from the face of the support. Assuming that the slab thickness is not greater
than about one sixth of the span, then the section at 2d will be critical for
design and the sections between this point and the support need not be
checked.

Assume a free cantilever wall of uniform tapered section subjected to water
pressure (Fig. 3.2).

H = height of liquid (m)
w, = density of liquid (kN/m>)
h = maximum overall thickness of section (mm)
d = maximum effective depth of section (mm)
a = depth of centre of tension steel from face of concrete (mm)
The overall thickness h = d+a
¥r = partial safety factor for loads
The maximum ultimate shear force at the critical section of the cantilever is

V.= w,yr(H—2d)?

V

The shear stress on the section v = ;;—

The distance from the face of the concrete to the centre of the tension steel
a varies according to bar size and cover. Allowance should be made for any
taper on the section. Assuming that the concrete cover is 40 mm and the bar
size is 16 mm, the value of a is equal to 40+1.5X16 or about 65 mm.
(Distribution reinforcement should be in the outer layer where it is more
effective.) The required section thickness 2 may be calculated from given
values of applied shear force and permissible stress to ensure that no shear
reinforcement is required. An example of the calculation follows.

Example 3.1
Calculation of wall thickness for shear strength
Consider a cantilever wall of height H subject to water pressure.

Height H= 6.0 m.
Density of water = w, = 10 kN/m”.
Partial safety factor y, = 1.4.

Assume tension reinforcement ratio
1004,

=0.5%

Maximum applied ultimate shear force at base level

V,=0.5x10x1.4x6.0°
= 252 kN/m



Wall thickness 31

6-0

6-0x¥0 =60

Assuming a wall thickness & = 700 (see Table 3.1), the critical section for shear will be at a level
of (say) 1200 above the base, and the critical shear force will be

4.8\2
v,=252%x|—| =161 kN/m
6.0

Refer to Table 3.2, and for grade 35 concrete and 0.5% reinforcement ratio, the minimum
effective depth required to resist an ultimate shear force of 161 kN/m may be estimated as
330 mm

and the overall wall thickness
h=d+a=330+65= 395 mm

From shear considerations alone, the wall should have a minimum thickness of (say) 400 mm.

It is now necessary to re-check the calculation using the new value of d. It will be found that
there is no significant change, and for a wall height of 6.0 m, a thickness of about 600 mm is
necessary. In this case, shear is not critical.

3.2.5 Deflection

The lateral deflection of a cantilever wall which is proportioned according to
the rules suggested in this chapter is likely to be no more than about 30 mm.
A wall which is restrained by connection to a roof slab or by lateral walls will
clearly deflect even less. Deflection of this magnitude will have no effect on
the containment of liquid and, unless there is a roof slab supported by the wall
with a sliding joint, there is no need to consider the amount of deflection. If
pipes or other apparatus pass through a wall which may itself move slightly
under load, the pipes must be arranged to be sufficiently flexible to allow for
this movement.

Concrete codes allow members to have stiffness defined in terms of
span/effective depth ratios as an alternative to calculating deflections. These
values apply equally to normal and liquid-retaining structures®. Typical
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values are given in Tables 3.10 to 3.12 in BS 8110. The values are based on
limiting the deflections to span/250, assuming that the member is constant in
depth and that the loading is uniform. In the case of a vertical cantilever wall
subjected to liquid pressure, the loading will be of triangular distribution and
the wall section may be tapered. If the values in BS 8110 are used as the basis
for calculating the effective depth of the member, a slightly conservative
design will result. Allowance may be made for the effect of the triangular load
distribution by increasing the basic allowable ratio for a cantilever from 7 to
8.75. (This is based on a comparison of deflection coefficients.)

Table 3.3 is based on the recommendations of BS 8110. In Table 3.3(b), the
ultimate moment M is taken at the root of a cantilever or at the point of
maximum bending moment for a simply supported slab.

Table 3.3 Span/effective depth ratios for slabs up to 10 m span. (The
effect of compression reinforcement has not been taken into account.)
(a) Basic Ratios

Condition Ratio
Cantilever 7
Simply supported 20
Continuous 26

(b) Modification factors for tension reinforcement (at service stress
f, = 250 N/mm?)

M

bd? 1.0 15 20 30 40 50 60

Factor 156 134 12 1.04 094 087 082

The discussion above deals with the deflection of cantilevers assuming a
fixed base, but further lateral deflection may be caused by rotation of the base
due to consolidation of the soil. This factor is of importance for high walls and
relatively compressible ground. An estimation of the lateral deflection at the
top of a wall due to base rotation may be made by considering the vertical
displacements of the extremities of the foundation with the reservoir full,
assuming that the wall and base are rigid, and subjected to rotation calculated
from the differential soil consolidation at front and rear of the footing
(Fig. 3.3).

B

The value must be added to the deflection due to the flexure of the wall
calculated by

a
Rotation ¢ = and a,= ¢H

w H>
a,, =
30E1
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Fig. 3.3 Rotation of cantilever wall due to soil consolidation

In this formula, H may be taken to the top of the base slab.
Finally, the total deflection at the top of the wall

a=a,+a,

is compared with H/250 or any other requirement.

With a propped cantilever wall, deflection will not be critical, but the
rotation of the base will alter the relation between the negative and positive
moments in the wall. The moments may be calculated most easily using a
computer program.

3.3 Cracking

If a reinforced concrete slab is laterally loaded, the concrete on the side of the
tension reinforcement will extend and, dependent on the magnitude of
loading (other factors being equal), it will eventually crack as the load is
increased. At the instant that a crack forms, it will have a positive width.
Further increases in load widen the cracks that have formed and increase the
stress in the reinforcement (Fig. 3.4). For the same concrete section and load
but with a greater quantity of reinforcement, the service stresses in the steel
will be reduced, and the crack widths will be narrower.

The applied load is fixed by the structural arrangement and, using limit
state design, the designer has to choose values of slab thickness, reinforce-
ment quantity, and reinforcement service stress to ensure that the crack
widths under service loads are within the appropriate values given by the class
of exposure (Chapter 2), and that the ultimate load factor is satisfactory.

Although a crack width calculation may show that reinforcement service
stresses as high as 280 N/mm? are possible with certain combinations of slab
thickness and reinforcement, it is not advisable to choose these arrangcments.
It is suggested that an arbitrary upper limit of about 250 N/mm? is placed on
the value of reinforcement service stress. The values given in Appendix A
take account of this restriction.
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Fig. 3.4 Flexural cracking
(a) Concrete uncracked with low steel stress
{b) Fine cracks and increased steel stress
() Wide cracks and high steel stress

There is no single design that will simultaneously exactly meet all the
required criteria, and a number of different solutions are possible, even for a
given value of design crack width. The tables in Appendix A have been
constructed to allow the designer to choose directly a section thickness and
arrangement of reinforcement at a stated service stress.

The derivation of the tables is given in Appendix A. The tables assume
various values of section thickness, cover, and reinforcement size and
spacing. The value of reinforcement stress is then calculated for a stated value
of crack width. The tables have been prepared for concrete grade 35 and steel
grade 460.

The detailed methods of calculation for limit state design are considered in
Sections 3.4 and 3.5. Where direct tensile forces are present in addition to
flexural forces the designer should consider which force system is predomi-
nant. In a vertical wall, some horizontal tension will be present, adjacent to
lateral walls. In a circular deep tank, there will be almost entirely tensile
forces and no flexure towards the top of the wall. When flexural forces are
predominant, the allowance for the tensile forces may be made by adding to
the calculated reinforcement resisting flexure, an extra quantity calculated by
reference to the service stress in the flexural steel. Where tension is
predominant, crack widths can be calculated (see Section 3.6) and steel
provided accordingly. If both flexure and direct tension are present to a
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significant degree, a calculation should be made using a modified strain
diagram across the section to allow for the tensile force. The flexural crack
width calculation may then be made. If a significant tensile force is present in
a section, 1t is necessary to have reinforcement disposed in each face of the
section in nearly equal quantities. Having regard to the avoidance of errors on
site, it is good and sensible practice either to have equal steel arrangements in
each face of a wall, or to have visibly distinct arrangements.

The precise calculation of the stress and strain diagrams for combined
bending and tension results in a cubic equation of some complexity. Various
designers’ handbooks provide solutions using charts, and the alternative is to
use a computer program. In some circumstances, it i1s possible in the first
instance to choose a section and reinforcement by considering bending only,
and then to modify the design using the formulae given in Section 3.7 in order
to recalculate the strain from the depth of the neutral axis which is
appropriate for the actual applied bending and tension. The results are then
iterated until a satisfactory solution is obtained.

3.4 Calculation of crack widths due to flexure

The limit state of cracking is satisfied by ensuring that the maximum
calculated surface width of cracks is not greater than the specified value,
depending on the degree of exposure of the member (see Chapter 2). To
check the surface crack width, the following procedure is necessary:

(a) Calculate the service bending moment.
(b) Calculate the depth of the neutral axis, lever arm and steel stress by

elastic theory.
(¢) Calculate the surface strain allowing for the stiffening effect of the

concrete.
(d) Calculate the crack width.

The maximum service bending moment is calculated using characteristic
loads with y,=1.0.
The calculation for a slab is based on a unit width of 1 metre.

b
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Fig. 3.5 Assumed stress and strain diagram—cracked section——elastic design
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The depth of the neutral axis x is calculated (see Section 3.8.1) using the
usual assumptions for modular ratio design (Fig. 3.5):

= = (/1+i 1)
d_aep a,p

A similar but more complex formula may be used when compression
reinforcement is present

a, = modular ratio = E
E,
(Note: E. should be taken as half the instantaneous value.)

Typical values of the short-term modulus of elasticity for concrete are given
in Table 3.4, but it is usually sufficiently accurate to take a value of «, = 15 for
all normal grades of concrete.

From x the lever arm z is found from

z=d—£
3

Table 3.4 Value of short-term modulus of elasticity of concrete

Concrete grade Modulus of elasticity Modular ratio
25 25 16
30 26 15
35 27 15
40 28 14

The tensile steel and concrete compressive stresses are then

=2
° ZA,
2M,

Jeo = zbx

For the crack width formula to be valid, the compressive stress in the
concrete and the tensile stress in the steel under service conditions must be
less than the limiting values as follows:

Concrete:  f.,*0.45 f,,
Steel: fs+0.8f,
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If these criteria are met, the formulae for crack width calculation may be

used.
The average strain at the level surface ¢,, is assessed by calculating the

apparent strain (g;) (Fig. 3.6). This is then adjusted to take into account the
stiffening effect of the concrete between cracks &, .

Em = &1 &2
The formulae for the stiffening effect of the concrete between cracks

include an assumed value of strain and therefore can only be used for

particular values of design crack width.
The stiffening effect of the concrete may be assessed by deducting from the

apparent strain a value obtained from the appropriate equation below.

For a limiting design surface crack width of 0.2 mm:
_b(h—x)(a'—x)
27 3E.A(d—x)
For a limiting design surface crack width of 0.1 mm:
_ 1.5b(h—x)(a’ —x)
27 T 3EA(d—x)
The value a’ in these formulae is the distance from the compression face of
the section to the point at which the crack width is being calculated. In the

case of a slab, a’ is equal to the overall depth A. The maximum width of a
surface crack in a slab is along a line mid-way between two adjacent bars®
(Fig. 3.7).

The calculated value of the lever arm z is subject to two restrictions. The
upper surface of a slab is likely to be of less well consolidated concrete and it
is therefore recommended that the value of lever arm should be limited to a
value of 0.95d. This restriction corresponds with a similar recommendation

t &c oo
i_

&1

Fig. 3.6 Crack calculation—strain diagram
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Fig. 3.7 Slab section indicating surface crack

applicable to ultimate load design. It is convenient to apply a similar
restriction to a wall calculation.

A second restriction is necessary in order to limit the depth of the neutral
axis. In modular ratio design, the depth of the neutral axis depends on the
steel ratio. In equating the tensile force in the steel to the compressive force in
the concrete, as the steel ratio increases, the depth of the neutral axis is
lowered in order to keep the forces in balance. After the steel ratio is reached
where there is a balanced section, i.e. the permissible steel stress and the
permissible concrete stress occur together, any further increase in the steel
ratio will create a section which will fail in a brittle manner. The old Codes of
Practice which specify modular ratio design do not correspond with recom-
mendations in the newer Codes based on ultimate load design, but a
reasonable limit is to adopt the same restriction as in ultimate load design of
0.5d.

The value of &, represents the calculated average elastic tensile strain in the
concrete (using modular ratio theory), and the second term makes allowance
for the stiffening effect of the concrete between actual cracks.

Gt
' (d-x)E,

The design surface crack width w is obtained from the formula

3acr8m

Acr — Crin
1 +2(——)
h—x

which is stated in BS 8007 and a., is the maximum distance between the
concrete surface and the surface of the nearest bar. A negative calculated
value of w indicates that the section is uncracked.

The symbols used are summarized below:

w:

€1 is the strain at the level considered, ignoring the stiffening effect of the
concrete in the tension zone.
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C=Cmin
acr
aa
Fig. 3.8 Definition of a,,
b, 1s the width of the section at the centroid of the tension steel.
a’ is the distance between the compression face and the point at which

the crack width is being calculated.
A is the area of steel.
fs is the service stress in the reinforcement.
a, is the distance between the point considered and the surface of the
nearest longitudinal bar (see Fig. 3.8).
€, Is the average strain at the level at which cracking is being considered,
allowing for the stiffening effect of the concrete in the tension zone.
Cmin 18 the minimum cover over the tension steel.
is the overall depth of the member.
X is the depth of the neutral axis.
E is Young’s modulus for steel.
E. is Young’s modulus for concrete.

An example of a crack width calculation is given below.

Example 3.2
To calculate the design crack width in a flexural member.
A wall of 300 mm overall thickness is reinforced with T16 bars at 200 mm centres.

Cover = 50 mm Concrete grade 35

Calculate the design crack width for an applied service moment of 44 kN m/m.
Reinforcement area = 1005 mm?*/m

d=300—50-8 =242 mm

p="
bd

1005
1000 x 242
= 0.00415
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Modular ratio:

= 200 kN/mm”

= 127 = 13.5 kN/mm*
a, = EJE. =148

a.p=0.0615

E,
E.

Depth of neutral axis is given by

X 2
—=0.0615 1+ — 1
d 0.0615

X =0.295 and x=71.3 mm
Leverarmz =d——
=242-24 =218 mm
Stecel tensile stress f, = M, /(zA,)
[, = 44 10°/(218 X 1005) = 201 N/mm”
Concrete compressive stress

2M, 2x44 x 10°

Jon = = - = 5.64 N/mm?
zhbx  218x10°x71.3
Check stress levels:
0.45f.,, =0.45x35 =157
[ =564<157 O.K.
0.8/, = 0.8 x 460 = 368
fi =201 <368 O.K.
° e . ®
h—x [,
£ = X
d—x E,

300-71.3 201
= X =1.347x 10 *
242 -71.3 20010 ——

Assume crack width = 0.2 mm

b (h—x)(h—x)
PN —

3EA(d—x)
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10%(300—71.3)?
3% 200 x 10° x 1005(242 — 71.3)
=0.508x103

Average surface strain

&, = (1.347—0.508) x 107> = 0.839 x 10~

Design surface crack width

3at'r£m

Aoy = Conin
l+2(—“‘—
h—x
s \° d\* ¢
a,= [|= ] +|lc+— ) -—
2 2 2
S o % #=16
ey
\)\ g c= SU = Cm:'n
)< S / k 5 =200
~ Bl
Y T
3% 107.6x0.839x 10*

W= = (.18 mm
107.6—-50 -
+2|———
(300 -71.3 )
Note: The result of this calculation is approximately 0.2 mm. If the result had been near to
0.1 mm it would have been necessary to repeat the calculation using the second formula for the
stiffening effect of the concrete. Should the first calculation be negative then the section is

uncracked. If the result is appreciably greater than 0.2mm then a thicker section or more
reinforcement is required.

W =

a. = 107.6 mm

hence

3.5 Strength calculations

The analysis of the ultimate flexural strength of a section is made using
formulae applicable to the design of normal structures. The partial safety
factor for loads due to liquid pressure is taken as y, = 1.4.

The formulae for the calculation of the ultimate limit state condition are
obtained from a consideration of the forces of equilibrium and the shape of
the concrete stress block at failure, and the following formulae are based on
the recommendations of BS 8110.



42 Design of reinforced concrete

The partial safety factor for concrete is taken as y.= 1.5 and for steel
vs = 1.15. After allowing for the partial safety factor for concrete, for the UK
practice of testing concrete strength using cubes, and for the equivalent
rectangular stress block, a value of 0.45 f,,, is used for the width of the stress
block, and a depth equal to 0.9 X depth to the neutral axis.

Using the rectangular stress block as illustrated in Figure 3.9, the following
equations may be derived:

Lever arm factor z; = 1 —0.45x, (1)

Force of tension = force of compression

1—:‘5-1% = 0.45f.,b X 0.9x,d (2)
and X) = % (3)
hence z71=1- %i;—ﬁ’ (4)
Moment of resistance based on steel
M = TA—l——J;y z,d (5)
b___§ max value of x;=0-5

o \ 8(_‘, _L 045fcu
1 — _ - - :
i A T X x1d 7 $049 /// TO‘-"X

hi . .~ J — _Z_ : ._jZTd - ;“_

NN

*- Ag fy
115
section strain diagram stress diagram

Fig. 3.9 Assumed stress diagrams—ultimate flexural limit state design

With the maximum permissible value of x = d/2, the maximum moment of
resistance based on the concrete section is

M, = 0.157f.,bd? (6)

M, represents the maximum ultimate moment which can be applied to the
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section without using compression reinforcement. The actual applied ultimate
moment M will generally be less than M,,.

To calculate the area of reinforcement required to provide a given ultimate
moment of resistance, it is convenient to rearrange Equations (1) to (6) to
provide the depth of the neutral axis in terms of the applied ultimate moment
and the maximum ultimate moment. The result is Equation (7) below.

x,=(1— /1—0.71%)/0.9 (7)

This value may be substituted in Equations (1) and (5) to calculate the
required area of reinforcement.

After the arrangement of reinforcement has been decided, the ultimate
shear stress should be re-checked (see Section 3.2.3).

An example of a typical strength calculation follows.

Example 3.3

Strength calculation— Limit state design

Calculate the wall thickness and reinforcement required to provide the necessary load factor for a
wall subjected to water pressure over a height of 2.9 m (y, = 1.4).

—
o |l
2.9 I
&
Applied ultimate moment
M, =#10x1.4)x2.9°

57 kNm/m
Applied ultimate shear force
V,=410x1.4)x2.9
= 58.9 kN/m

From Table 3.2, for an assumed steel ratio of 0.25%, the minimum required effective
depth = 140 mm.

¢
Use wall thickness # = 140 4+ cover + ;

Say A = 250 mm
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Overall wall thickness h = 250.

Assume bar size 16 mm.

Assume cover to distribution steel = 40 mm.
Assume distribution steel size 12.

o ¥ o<— - size 12
*If‘tocover

4 | d=250-40—12-8
7_-_“ - = |90 mm

size 16

_k__ T TR _+_

Maximum M, = 0.157f.,,bd>
=0.157%x35%x10* x 190> x 10 °
= 198 kN m.

Design ultimate moment = 57 KN m
M
Neutral axisdepthx=||1— _[1-0.7— 0.9|d
M,
0.118 X190 = 22.4
X
z=d—— =179 mm
2

(Zmay = 0.95d = 180 mm)

Area of tensile steel/metre width

1.15x 57 x 10° .
=—— =79 mm"-
460 x 179

This is the minimum area of steel to give the specified load factor for the ultimate limit state. A
suitable arrangement of reinforcement is T16 at 250 (804 from bar table) and this must be
checked for crack width at working load.

Shear:
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Allowable shear force on concrete (Table 3.2)
V. =120 kN/m
Actual shear force = 58.9 kN/m
Satisfactory

3.6 Calculation of crack widths due to tensile forces

Structural tensile forces occur in rectangular tanks and similar structures due
to the applied internal pressures, usually in combination with flexure. Pure
tensile forces occur in a cylindrical tank (with a sliding joint at the base). A
crack due to a tensile force is of greater significance than a crack due to
flexure as the crack penetrates the full depth of the section, and is therefore
more likely to allow leakage to occur.

BS 8007 recommends the calculation of crack widths due to direct tension
by following a similar method of calculation as for flexural cracks. The
apparent surface strain is calculated and modified for the stiffening effect due
to the concrete between cracks.

The following formulae pertain to a situation where the whole section is in
tension, but where there may be a modest applied service moment. The stress
in each layer of steel is therefore different. In the case where there is only
tension and no applied moment, the formulae may still be used but with
M = 0 and generally equal steel in each face. The formulae apply when the
ratio M/(T X h) is not greater than 0.5(1 —2a,)?. Figure 3.10 illustrates the
section.

rbb—%l Face 2

a
L [ ] [ As; fs.' g
T

h —L)- /

M
fs

Ta * * A ° Face 1
Section Stress/strain

Fig. 3.10 Section with no compressive stresses

Formulae for calculation of crack widths in section subject to tensile force
and moment (no compressive strain in section)

Applied service tension = T kN
Applied service moment = M kNm

Section size Reinforcement

Breadth = b mm Face 1 A, mm’
Depth =h mm Face2 A, mm’
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Steel ratios Axial cover = ¢ mm
p1 = A /bh (both faces)
p2 = A /bh a, =alh

Steel stresses
Face 1 f; N/mm?
Face2 f, N/mm’

Resolve forces longitudinally
T=A; Xf,,+A;, X[,
T
E=.01stﬁhfi'zxfs2 (8)
Take moments about centre-line of section depth
M= (A; X f;, —A;, X f5,) X (0.5X h—a)

M
W= (pl Xﬂ.l-"p2><f52)>((0.5—01) (9)
From (8) pofs, = =i xf,
M T
Inserting in (9) T (2 X py X fs, —a)(O.S —ay)
M T
= + 10
Js 2bh*p,(0.5—a,) 2bhp, (10)
1[(T
and =l =p1 fs
fs: ,Oz(bh P]f.s,)

The strain associated with f; ,
e.5‘| = .fS'I/ES
The strain gradient across the section
e. = f.'l‘l _f“‘u
8 (h—2a)XE,
The surface strain
e =e, te;Xa

Factor due to stiffening effect of concrete between cracks (assuming 0.2 mm
crack width)

e, =2XbXh/(3XE;XAjs)
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Average surface strain
€n = €1~ €2
Design surface crack width
w=3Xa.,Xe,,

where a,, is the distance from the point mid-way between two bars at the
surface to the surface of the nearest bar (see Fig. 3.8).

As with flexural crack width calculation, the factor for the stiffening effect
of the concrete depends on the design crack width, and the appropriate
formula for a design crack width of 0.1 mm is e, = bh/(E; X Ay).

Examples of crack width calculation with applied direct tension and
moment (tension across the whole section) follow.

Example 3.4
Example of calculation of crack width for section under direct tension
The calculation is prepared according to BS 8007.

Section properties

h =300 mm Reinforcement provided
b = 1000 mm T16 at 200 each face
¢ =40 mm A, = 1010 x 2 = 2020 mm?*/m

E, = 200 kN/mm?

Direct tension = 440 kN/m (characteristic value)

Apparent strain e, = T/A;- E;
= 440 X 10%/(2020 % 200 x 10%)
=1.09%x10"°

Required design crack width = 0.2 mm
Stiffening effect of concrete for 0.2 mm crack width

¢, = 2bhI3E,A,
= 2% 10% X 300/(3 X 200 x 10° x 2020)
=0.5%x1073

(1.09-0.5) x 1073
=0.59x 1073

Distance to point considered = a,, = (V100? +48%) — 8
=111-8 =103 mm

Average strain e, = ¢, — €,

Crack width w = 3a.e,,
=3x103x0.59% 1073
=0.18 mm

Satisfactory

Note: If the calculation provides an unsatisfactory crack width, then the reinforcement must be
increased.

Example 3.5
Example of calculation of crack width for section under direct tension and flexure
The calculation is prepared according to BS 8007.
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Section properties
h =250 mm (to fit into structural arrangement)
b = 1000 mm
a=50
a, = 50/250 = 0.2

Applied forces (characteristic)

T =301 kN/m

M =12.1 kNm/m
M 12.1x10°
—=——=0.16
Th  301x250

As this is less than 0.18 (from (1 — 24, )?), tension exists over the whole section.
Assume that the probable maximum tensile stress is 250 N/mm?. With equal steel in each face,
301 x 10°
T 250

If this area is provided in each face, sufficient steel is available to resist the tension T in only one
face. This is conservative.

Assume T16 at 200 in each face (A, = 1005 EF)
steel ratio p, = Ay/bh = 1005/(1000 x 250)

= 1204 mm*m.

= 0.004
M T
fi‘| = 2 _+_
2bh p|(05—a|) thpl
12.1x 108 301 x 10°
= +
2x10°x250°x0.004 0.3 2x10*x250x0.004
=80+ 151 = 231 N/mm?
1 (301x10°
fi,=——| —/———0.004 x 231 | = 70 N/'mm*
0.004 \ 10° x 250
Strain g, (associated with f; )
L 231
B
E, 200
=1.16x107°

Strain gradient
 futs
 (h-20)E,
231-70
(250 - 100) X 200 x 10°
161
=—x
150 X 200
=5.367x10"°

€

103



Calculation of crack widths due to combined tension and bending 49

Surface strain e1=¢,teg-a
=1.16 X 1072+ 5.367 x 10" ¢ x 50
=(1.16+0.27) x 1073
=1.43x107?
Stiffness factor for concrete between cracks
2bh
e, =
3EA;
2x10* x 250
" 3%200 x 10° X 1005
=0.83x10*
Ep =€ —& =(1.43-0.83) x 107>
=0.60%x10"?

Crack width w = 3a,,&,,

a., = 104 mm
w=23x104x0.60x10*
=0.19 mm
Satisfactory

Note: It will generally be surprising if the required answer is obtained at the first attempt and
some iteration will be required.

3.7 Calculation of crack widths due to combined
tension and bending (compression present)

3.7.1 Defining the problem

Some judgment is usually required when estimating crack widths due to the
effects of direct tension combined with bending. The solution of the equations
for a section under bending forces is straightforward as demonstrated in
Section 3.4. The depth of the neutral axis can be calculated without difficulty.
However, when tensile force is added to a section in bending, the position of
the neutral axis changes so that a smaller fraction of the concrete section is in
compression. As yet more tension is applied, the neutral axis will move
outside the section, and the whole section will be in tension (see Section 3.6).
The formulae based on the modular ratio method of elastic design for bending
combined with tension are cubic in form and a direct design is not possible.
The most satisfactory approach is to consider the relation between the
applied bending moment and the applied tensile force. The ratio M/T gives
the value of the necessary eccentricity of a tensile force to produce the
bending moment. A large value of M/T in relation to the section thickness
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indicates that the bending moment is predominant. A small value of M/T
indicates that tension predominates (Fig. 3.11). If one of the applied forces is
small the simplest design approach is to prepare a design for the predominant
force, and then to modify it by approximate methods.

When the tensile applied force is not too large the following equations may
be used. It is convenient to prepare a design for bending only (possibly by
reference to the tables in Appendix A) and then to modify it by adding a
modest amount of reinforcement. The equations may then be used to check
the allowable values of applied loads. It is not possible to use the formulae
without assuming a concrete section together with a quantity of reinforce-
ment. In many practical cases, the neutral axis will be found to lie outside the
section and the method described in Section 3.6 should be used.

X Ae B

(d)

T Decreasing values of T

Fig. 3.11 Section with compressive stress

3.7.2 Formulae

Formulae for section subject to applied tension and bending when both
tensile and compressive stresses occur across the section.

T _Llx _1)(1_3 ﬁ) (ﬁ 2k ) ap
bhf‘ - P\, X P X

2 h h h x
M 1x(1 1«x a h\(1l a
bhsza‘z(5‘53)“’4%—1)(17';)(57)
rpaft - L8 -
x h x 2 h
Symbols:

Applied tensile force (kN)

Applied service bending moment (kNm)
Width of section (usually 1000) (mm)
Overall depth of section (mm)

3—::1‘3'-..1
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X Depth of neutral axis (mm)

fe Maximum stress in concrete (N/mm?)
a Axial cover to reinforcement (mm)
o) Tension steel ratio = A,,/bh

Pe Compression steel ratio = A,./bh
a, Modular ratio (can be taken as 15)
A, Area of compression steel

A, Area of tension steel

Note: All ratios in the formulae are related to the overall depth of the section.

The formulae are most easily handled using a small computer, and may be
simplified if the area of steel in each face of the section is equal. The sequence
of calculation is:

(a) Assume a section thickness.

(b) Assume a steel ratio in tension and compression.

(¢) Determine the axial cover to the steel.

(d) Determine the permissible concrete compressive stress.

(e) Insert trial values of x until the required values of T and M are
obtained (it will not, in general, be possible to satisfy both conditions
simultaneously)

When a satisfactory solution has been obtained, the tensile steel stress may
be checked from

fsf = aefc(d_x) Ix

The calculation for crack width then follows the sequence given in Section
3.4

Example of the calculation

Example 3.6
Combined bending and tension — compression on one face of section

Design a section for applied forces (characteristic) of:

Tensile force = 78 kN/m
Moment =57 kNm/m

Try section thickness A = 250 mm d =200 mm
Axial cover a =50 mm (a; =alh=0.2)

Area of steel/face to resist tensile force only at a stress of (say) 200 N/mm? = 1100 mm?

Try T16 at 150 mm (each face)
A, = 1340 (each face) pe = 1340/(10° x 250) = 0.00536

To estimate the depth of the neutral axis inspiration or a computer is necessary.
A trial value of x/h = x, might be between 0.2 (depth of compression steel) and 0.5 (maximum
value with no tensile force).

Take x;, =0.25
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Substitute in (11):

T
———=0.5%0.25+0.00536 x 14 x (1 - 0.2/0.25)
bhf, 1
—0.00536 X 15| — =0.2/0.25-1
0.25

=0.125+0.015-0.177
= —0.037

78 x 10°

f.= = 8.43 N/mm?
10% x 250 % 0.037

Substitute in Equation (12):

M
e 0.5 0.25 X (0.5 — 0.25/3) + 0.00536 X 14 X (1 —0.2/0.25)(0.5—0.2)

1
+0.00536 X 15 X (E -0.2/0.25- 1)(0‘5 -0.2)

=0.125x0.417+0.015x0.3+0.177x0.3
=0.052+0.0045+0.053
=0.1095
Use the same f, as in Equation (11) and check that the calculated M is at least as great as the
applied M.
M a. = 0.1095 x 10° x 250? x 8.43 x 10~°

= 57.7 kNm/m

Applied M = 57.0
Satisfactory

The procedure to check the crack width follows in a similar manner to that described in previous
sections, using the maximum steel stress

f:r.' = aefc(d_x)fx
= 15 x 8.43(200 — 62.5)/62.5

= 278 N/mm?

The resulting crack width is 0.28 mm. A further calculation is necessary in order to reduce this to
0.2, using more reinforcement and/or a thicker section.

3.8 Limiting stress design

Crack widths may also be controlled by limiting the stress in the tensile
reinforcement under service conditions to the values given in Table 3.5. This
method of satisfying the limit state crack control requirements is sometimes
known as the ‘deemed to satisfy’ method of design, in that use of this
procedure is deemed to satisfy the crack width limitation requirement.

The calculations are prepared using the elastic modular ratio method of
design. For an accurate analysis, the depth of the neutral axis must be
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calculated for the applied direct tensile force and bending moment, but for
many structures it will be safe, and sufficiently accurate, to consider separ-
ately the effects for each applied force. The calculated quantities of rein-
forcement are then added together. The necessary formulae are given in
Sections 3.8.1 and 3.8.2, and an example of a design is given below (Example
3.7).

Table 3.5 Allowable steel stresses in direct or flexural tension for

serviceability limit states

BS8007¢'"

Design

crack Allowable stress (N/mm?)

width

(mm) Plain bars Deformed bars
0.1 85 100

0.2 115 130

3.8.1 Flexural reinforcement

Figure 3.12 illustrates the assumptions made using the elastic modular ratio
method of design with a cracked section and no tensile force in the concrete.

The depth of the neutral axis depends on the steel ratio p and may be
obtained by equating the force of tension in the steel with the force of
compression in the concrete:

f.A, = 0.5f.,bx (13)

From the strain diagram:

fb‘/E.s __ f(.'b /E(

14
d—x X (14)
From (13)
0.5bx
T/ [
fslfes A
b
_,. — ’_
) : . , Ec fcb
w7l T+ 17 BEE 17
I 177775574759 ‘ ° R — 7 I
hi ld z //
i e /
+__ ° . ° Es T
S ae
section strain stress

Fig. 3.12 Assumed stress and strain diagrams—cracked section—elastic design
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From (14)
o 45 L 24
0.5bx  a.(d—x)
Ay X
or 0.5bx> = a,A(d—x)

Writing p= %}- and x=x,d
0.5x3bd* = a.pbd*(1—x,)
or
x1 = 2a.p(1—xy)

f 2
and x| = aep( 1+—————l) (15)
AP

10¢.M
bd?fg

Fig. 3.13 Elastic design chart—cracked section (b and d in mm)
f., = stress in tension reinforcement (N/mm?)

M = applied moment (kN m)

ae = 15 = modular ratio

A, = area of tension steel (mm?)
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The value of the modular ratio a, = E;/ E. may be taken as 15.

/ 2
X = ISp( 1+E_1) (16)

Solving equation (16) gives x; .
Lever arm factor z; = 1 —x,/3.
The moment of resistance of the section based on the steel stress is given by

M,=Afz
M,
or EJEJZ = pz; = p(1 ~x,/3) (17)

This relation is plotted in Figure 3.13 (using steel percentage)

3.8.2 Tension reinforcement

Assuming equal steel in each face of the section, the area of steel required to
resist a structural tensile service load of T at a service stress of f; is given by

A —1 18
S_Zf;. ( )

The value of f; used in Equation (18) must be identical to the value used in
Equation (17).

Example 3.7
Limiting stress design
Calculate the necessary reinforcement in a wall panel subject to a bending moment of 35 kNm/m

together with a direct tensile force of 50 kN/m.

Wall thickness 2 = 250 mm Cover ¢ = 52 mm
Concrete grade 35 Steel f, = 460 N/mm*
Limiting crack width = 0.1 mm

Allowable tensile stress in steel = 100 N/mm?

¢
Effective depth d = 250 - 52 — *2" (assume bar size 16 mm)

=250-52-8

= 190 mm
M x 108 35x 108
fubd? 100X 10° X 1902

=0.97

From graph p=114
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Area of tensile steel to resist bending moment

1.14x 10°x 190

A
100
= 2160 mm?
Area of steel to resist direct tensile force
T 50x10°
=— =— = 500 mm?
foe 100

.. Total area of tensile steel in face of section resisting tension due to bending moment
A, = 2160+ % x 500
= 2410 mm?
On opposite face, a minimum of
A, = 3500 = 250 mm®

Minimum steel required to resist early thermal movement is greater than this value—say 0.15%
each face.

Ay =0.15% x 1000 x 250
= 375 mm?

Face 1 use T20 at 125 (2510)
Face 2 use T12 at 250 (452)

/’\

face 1 face 2

tace 2

N

3.9 Design for no cracking

The calculation of crack widths under flexural loading is a relatively recent
innovation. Previously it was usual to design on the theoretical basis of ‘no
cracking’ under service loads, assuming an uncracked concrete section and
limiting the tensile stress in the concrete. The method was in use for many
years, but is not as economical as the limit state method previously described.
Concrete sections designed by this method tend to be thick and have
relatively large amounts of reinforcement. In the superceded BS 5337'”) this
design method was referred to as the Alternative Method of Design. The
fundamental assumptions are:
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(1) In calculations relating to resistance to cracking, the concrete is assumed
to be capable of resisting a limited tensile stress and the whole section,
including cover to the reinforcement, is taken into account.

(2) In strength calculations, it is assumed that the concrete has no tensile
strength. The necessary formulae may be developed from elastic theory.

3.9.1 Resistance to cracking

The section to be analysed is shown in Figure 3.14. The depth of the neutral
axis x is determined by equating the forces of tension in the concrete and steel
with the force of compression in the concrete.

Tensile force in the steel = A, f;

Tensile force in the concrete = $ f,,b(h —x)

Compressive force in the concrete = $ f bx

Asfi+53fub(h—x) =3 f.bx (19)

4»—; —4- S 4
7 s
A4
Ag °

N

section strain stress

Ect fot

Fig. 3.14 Assumed stress and strain diagrams—uncracked section—elastic design

Also from the geometry of the strain diagram and putting the modular ratio
a, = E;/E,

Ec £ Ect

and hence

fC f:s' fo (20)

x a.(d—x) T h—x

Substituting in (19)

A, fet(d—x) 1 N = %fcrbx2
(h_x) +§fc{b(h x) - (h—x)

or
Aya(d—x) + 3b(h —x)? = 3bx® (21)
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If
A
== 22

Pe=7r (22)

x=xhand d = dh
0.5+ p.a.d

From (21) and (22)  x, = —— L%t (23)

1+p.a,

The value of the modular ratio @, may either be taken to allow for the
concrete which is displaced by the reinforcement or this small difference may
be ignored. A value of a, = 15 is sufficiently accurate for most conditions.

The applied moment may be equated to the moment of the tensile forces in
the steel and concrete about the centre of gravity of the compressive force in
the concrete. This is at a distance x/3 from the compression face of the
section. Hence

M=, fs(dhg)ﬁ £b(h—x)3h (24)

0-35

0-30

T 025

020

ol L L L bl bt e b
0 05 1.0 15 2.0
100A

bh

Fig. 3.15 Elastic design chart for uncracked section (b, d and h in mm)
f.. = tensile stress in concrete (N/mm?)

M = applied moment (kN m)

a. = 15 = modular ratio

A, = area of tension steel (mm?)
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From (20), (22) and (24),
a.(d—x)

. (d—§)+%fab(hwx)h

M = p:bhf.,

or
M _ (1—x1)*+ pea(d; —x1)(3d; — x)
bh?*f,, 3(1—xy)

Values of the moment factor from Equation (25) are plotted in Figure 3.15
(using steel percentage).

(25)

The permissible values of tensile stress in the concrete are given in Table 3.6.

Table 3.6 Permissible concrete stresses in calculations
relating to the resistance to cracking for reinforced concrete

Permissible concrete stresses in N/mm?

Tension
Concrete
grade Direct Due to bending
Grade 35 1.65 2.18
Grade 30 1.44 2.02
Grade 25 1.31 1.84

3.9.2 Strength

The calculation to determine the strength of the section is made by elastic
theory at service loads, assuming that the concrete has cracked in tension.
This assumption is at variance with the assumption made in Section 3.9.1 for
controlling cracking and can only be substantiated on the basis that if the
section cracks, the reinforcement will still be adequate to prevent failure.

The equations used are identical with those used in Section 3.8. The
allowable stresses in the reinforcement depend on the Code of Practice being
followed, and suitable values are given in Table 3.7.

3.9.3 Section thickness

The section thickness may be calculated by considering the moment of
resistance of an wuncracked section assisted by an assumed quantity of
reinforcement. The moment of resistance of such a section depends on the
overall thickness, the ratio of effective depth to overall depth, and the
permissible tensile stress in the concrete. Section 3.9.1 provides the theory
and Figure 3.15 assists with the initial assessment of the section thickness. The
quantity of reinforcement may be assumed to be 0.5% in order to arrive at a
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section thickness, and checked after the steel required has been more
accurately calculated.

Table 3.7 Permissible steel stresses in strength calculations

Permissible stress

Class of in N/mm?
Condition exposure (Deformed bars)
Direct tension

A 100
Flexural tension
Shear B 130
Compression AandB 140

Note: These values are in accordance with BS 5337 (now superceded):
Class A is equivalent to 0.1 mm design crack width, Class B is equivalent
to 0.2 mm design crack width.

Table 3.8 Values of factor K (N/mm?) in formula M, = Kbh?f.,. Uncracked
section ag = 15

100A,
bh 0 0.5 0.75 1.00 1.25 1.50
d

h

0.75 0.167 0.182 0189 0196 0202  0.209

0.80 0.167 0187 0.197 0206 0216 0224

0.85 0.167 0193 0206 0219 0231 0243

0.90 0.167 0200 0217 0233 0249 0264

The moment of resistance is given by
M, = Kbh*f,,

where K has a value taken from Table 3.8, and the applied moments are
calculated using the service loads. The section thickness is determined to
ensure that the moment of resistance of the section is greater than the applied
moment.

3.9.4 Calculation of reinforcement

The choice of the section thickness should ensure that there are no flexural
cracks in the section under service loads, but the quantity of reinforcement is
decided by assuming a cracked section as shown in Figure 3.12 and providing
steel at a low stress to resist the tension due to flexural action. The permissible

stresses are given in Table 3.7.
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3.9.5 Combined flexure and tension

When a section is subjected to both direct tension and flexural action, some
adjustment has to be made as the permissible stresses for each type of action
are different. The calculations are conveniently carried out using an equiva-
lent transformed section, i.e. considering the whole section in terms of
concrete with the steel contributing at a ratio of «, times its own area.

The maximum tensile stress on the whole transformed section due to the

applied moment is
M(d— hx)
fn=

and the stress due to the direct force is

_F
" bh

The section should be proportioned such that

Im | Ja
fmp +fdp

where h, is the depth to the neutral axis
I, is the second moment of area of the transformed section
fmp 1s the permissible stress due to bending
fap is the permissible stress due to direct tension
A typical calculation is given in Example 3.8.

Ja

<1.0

Example 3.8

Design for no cracking—bending and tension

Design a section to resist an applied bending moment of M = 90 kNm/m in addition to a direct
force F =75 kN/m. Grade 35 concrete. High-yield steel. Design crack width = 0.2 mm, i.e. class
B exposure.

(1) Section thickness
_ d
Assume 0.5% reinforcement and ; =0.85. fa=2.32

If only the moment applied, from Table 3.8, K = 0.193
M = Kbh*f,,
90 x 10° = 0.193 x 10° X 2.3242
h = 448 mm
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With a tensile applied force in addition, some extra thickness will be required.
Try
h =500 mm

M, =0.20x 10°> X 500% X 2.32 %X 1076 = 116 kNm/m

for 2.32x90/116

Pm 2.32
For tensile force
75 % 10° 0.15 Nienmm?
= — = . mm
500 10°
p.=1.66 }
f 0.15
-= *I*"gg =0.09
p. L
fm [
— +— =0.78+0.09 = 0.87
mp fip
which is <1.0 and .. satisfactory
(2) Strength
Concrete Grade 35. Pe» = 12.8 N/mm?
High yield deformed bars Ps: = 130 (class B exposure—0.2 mm crack width)
Modular ratio a, = 15. Cover = 40 mm

Axial distance = 40+ 12+ 10 = 62 mm
From previous calculation £ = 500 mm, and d = 438. Assuming 0.5% steel the depth of the
neutral axis under flexure only is given by

x=0.3d = 0.3 x438 = 130 mm (formula 15)

Lever arm = (1 ——) X 438 = 0.90 X 438 = 394 mm

3
M 90 x 10°
A, =— = ———— = 1757 mm?
fuz  130x394
check
1757 0.35%
P x0T
d 438
—=—=(.87
h 500

. assumptions in (1) above are satisfactory as actual p, is < assumed value and actual — is >
the assumed value. h
Reinforcement required for resistance to tensile force
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577
Total A, = 1757 ? = 2045 mm? (tension face)

577
A, = —2— =290 mm? (compression face)

Minimum reinforcement in each face may be calculated or nominal. Assume that 0.35% total is
required, half in each face.

1% 0.35% x bh = 0.175% X 10° x 500

= 875 mm?
Provide:
“Tension’ face 2045 mm?: T20 at 150 (2090)
‘Compression’ face 875 mm?*:  T16 at 200 (1010)

with A = 500.

3.10 Bond and anchorage

At the overlap of bars transmitting tension, it is preferable to be generous
with the length of overlap to avoid cracking at the ends of the lapped bars.

Distribution reinforcement or any reinforcement acting to resist early
thermal stresses should be designed to have lap lengths sufficient to resist the
yield or proof strength of the bar using the appropriate bond strength at 3
days maturity (Table 3.9). If a greater steel ratio than required is actually
provided, the lap lengths can be reduced in proportion. For limit state design,
the required lap lengths are given in Table 3.10. Again, it is possible to reduce
the laps by the proportion of steel area provided/steel area required. The lap
lengths in Tables 3.9 and 3.10 are based on calculations using the permissible
bond stresses and other values in BS 8007 and BS 8110 and apply to bars up to
20 mm size with 40 mm cover. Where the bar size is greater, reference should
be made to BS 8110 for further requirements.

Table 3.9 Tension lap lengths for the critical reinforcement ratio for
shrinkage and thermal movement design in slabs up to size 20 bars

Plain round
mild steel Deformed high-yield steel (ribbed)
f, IN'/mm?) 250 460
concrete
grade
25 46¢ 58¢
30 42¢ 52¢

35 394 48¢
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Table 3.10 Tension lap lengths for ultimate limit state design

Concrete Plain round

grade mild steel Deformed high-yield steel (ribbed)
f, = 250 f, = 460

25 39¢ 404

30 36¢ 37¢

35 33¢ 34¢

Note: Factors of 1.4 or 2.0 must be applied in certain circumstances (see

BS 8110 for details):

1.4 for bars resisting forces of direct tension

1.4 for horizontal bars near to the top of a section
1.4 where a lap occurs at the corner of a section

2.0 where two of these circumstances occur together

spacers at

40 cover

1000centres

e [% |

- Fig. 3.16 Detailing of spacer reinforcement

3.11 Detailing® >

The reinforcement detailing requirements for water-retaining structures
follow the usual rules for normal structures. Bars should be detailed for
continuity on the liquid faces and sudden changes of reinforcement ratio
should be avoided. The distribution reinforcement in walls should be placed
in the outer layers where it has maximum effect. Spacers should be detailed to

ensure that the correct cover is maintained (Fig. 3.16).

Welded fabric reinforcement is normally used to reinforce floor slab panels
and may also be used in some walls where the required reinforcement area is
not too large. BS 8110 contains special rules for evaluating the tension lap

lengths required for fabric.
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4.1 The use of prestressed concrete

Prestressed concrete is a structural material in which compressive stresses are
induced in the concrete before imposed loading is applied. The magnitude of
the induced stresses is arranged so that, after the application of imposed
loads, the stresses in the concrete are still largely compressive. Prestressing
can be applied in a slab in one direction or in two orthogonal directions in the
plane of the slab. Prestressed concrete is divided into two types.

(1) Pre-tensioned: in which long wires are stretched on a tensioning bed in
the factory. Concrete is then placed in moulds around the wires which
are released when the concrete is hardened. The wires are then cut at
intervals along the length to create separate elements.

(2) Post-tensioned: in which concrete elements are cast in place and
subsequently stressed with external or internal wires.

Prestressed concrete would appear to have a considerable advantage for
use in liquid-retaining structures in that the concrete is in compression, there
are no cracks, and leakage is not possible. In practice, it is difficult to make
use of this advantage, but various applications are discussed in the following
sections.

It is not possible in a book of this length to deal fully with the theory and
practice of prestressed concrete, and for further information the reader is
referred to Design of Prestressed Concrete by Bate and Bennett®?).

4.2 Materials

4.2.1 Concrete

The maximum stresses on the concrete are not usually very high in relation to
the strength of the concrete. A strength of 40 N/mm” will generally be
satisfactory and provide sufficient durability. It is important to ensure
adequate workability in order to achieve full compaction.
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4.2.2 Prestressing tendons'%-39

Prestressing wires or strands of the normal commercial grades may be used.
The jacking force is limited to 75% of the characteristic ultimate strength of
the tendon, and losses due to friction, slip of the grips, relaxation of the steel,
and elastic contraction, shrinkage and creep of the concrete must be
considered when arriving at the final active prestressing forces. Tendons may
be drawn through ducts cast into the concrete section or placed on the outside
of a wall (and subsequently covered with pneumatically placed concrete to
give cover to the steel and ensure durability).

A proprietary system of winding wire under tension around circular tanks is
widely used.

Frictional losses in post-tensioned prestressed concrete can occur between
the cables and the sides of the ducts, caused by the unintentional curvature of
the duct, and the frictional forces will be increased by the duct not being
exactly in line, and having irregularities in the profile. To allow for the
curvature, the loss may be calculated from

Po(l - e_""‘/R)
To allow for irregularities, the loss may be taken as
Po(l - e_kx)

where
P, = prestressing force at the jack
e=2.718

R = radius of curvature of the duct

# = coefficient of friction
p = 0.55 for steel on concrete
i = 0.30 for steel on steel

k = a constant depending on the type of duct which may vary between
33x107*and 17 x 1074,

4.3 Precast prestressed elements

It is not generally possible to make use of precast prestressed wall elements
because of the difficulty in making an economical connection between the
units longitudinally and also between the wall units and the floor. However,
the use of a precast prestressed roof to a reservoir or tank may be economical.
Reservoir roofs are generally supported by reinforced concrete columns at
centres of about 5 to 7 metres. Where climatic conditions require speedy
construction due to approaching bad weather, a precast design enables the
construction period to be shortened.

The design of rcof elements follows the normal principles of prestressed
concrete design. Because of condensation within a confined space, the
underside of the roof will normally be rated as severe exposure (see Chapter
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2) and the units may be designed as Class 1 with no tensile stresses on the
underside with full imposed loading. The imposed loads may include soil
cover and vehicles during construction.

4.4 Cylindrical prestressed concrete tanks®'*”

4.4.1 Loads and horizontal forces

A cylindrical tank (with a vertical axis) is a convenient structure to contain
liquid. The radial pressure due to the liquid is uniform at all points on the
circumference at a given depth. Each circular slice of the tank wall at a given
level is therefore in equilibrium under the applied liquid pressure, and
horizontal ring tensile forces are developed in the wall. The pressure and
forces vary linearly with depth from zero at the liquid surface to a maximum
at the tank floor, and hence the induced horizontal ring tension also varies. In
reinforced concrete construction, the wall deflects outwards by an amount
which varies with depth (ignoring any effect of the floor) (Fig. 4.1).

The use of prestressed concrete enables compressive ring forces to be
induced in the wall which counteract the tensile forces due to the liquid.
Stressing tendons may be placed more closely in the lower part of the wall and
more widely spaced in the upper sections. Thus, in theory, it is possible to
arrange for zero stresses in the concrete with a tank full of liquid. In practice,
the variation in spacing of the wires will not be continuously variable and, in
order to avoid leakage, it is desirable to have a larger prestressing force
throughout the wall height than is necessary to counteract exactly the applied
loading, so that there is always a slight residual compressive stress in the
concrete.

4.4.2 Base restraint

The discussion in Section 4.4.1 has ignored the effect of the connection

|
'.
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liquid .
section pressure diagram

Fig. 4.1 Outward deflection of cylindrical tank (free at base)
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Fig. 4.2 Effect of base restraint on a loaded prestressed concrete tank

between the wall and the floor. There are three possible types of connection
(Fig. 4.2):

(a) fixed

(b) pinned

(c) free to slide

It is clear that if a fixed joint is used, it is not possible to prestress the
concrete wall effectively near to the base, as no inward radial movement is
possible.

A nominally free joint provides the least resistance to circumferential
prestress, but in practice it is not possible to avoid frictional forces between
the wall and base due to the deadweight of the wall. In view of the doubt
about the extent of any restraint, the circumferential prestressing should be
designed on the basis of no restraint. This is a safe procedure. The effect of
restraint is to cause a varying vertical bending moment in the wall section.

The radial deflection of the wall under load is shown in Figure 4.2 for the
various forms of restraint.

Fixed restraint has been shown to be disadvantageous when considering the
circumferential prestress, and is also difficult to achieve. The tank base is
founded on soil which will deflect under the weight of the tank and the
moment due to fixity, and the base itself is to some degree flexible (Fig. 4.3).

A compromise is possible between the three types of fixity which is
convenient in practice. The joint is made nominally free to slide during the
prestressing operation, and then pinned in position so that under full-load

conditions the joint acts as a pin.
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a) b)

Fig. 4.3 Rotation of a ‘fixed’ wall footing
(a) Due to settlement
(b) Due to flexibility of the footing

4.4.3 Vertical design

Reinforcement must be provided in the vertical direction to resist the
following forces:

(a) Bending moments induced by the variation of prestress with depth
when the tank is empty.

(b) Bending moments induced due to base fixity.

(c) Load out-of-balance moments created during the prestressing opera-
tion.

(d) Bending moments due to variation in temperature between the
outside and inside of the tank.

Forces (a) and (b) have been discussed already while (d) is of importance
only in countries where the sun can cause a high surface temperature on the
concrete. In temperate climates it is not usual to take account of this effect.

Vertical bending moments may be resisted by normal reinforcement or by
further vertical prestressing or a combination of both. For tanks up to about
7 m deep, it will be more economical to use normal reinforcement!).
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Distribution reinforcement and
joints:

Design against shrinkage and
thermal stresses

Cracks are induced in reinforced concrete members by the action of applied
loads by hydration of cement and by environmental conditions. This chapter
considers the effect of environmental conditions on concrete slabs which are
assumed to be otherwise unloaded®>?. A typical practical example is in the
longitudinal direction of a cantilever reservoir wall. In circumstances where a
wall spans in two directions, the steel to resist thermal stresses can also be
considered as resisting flexural action, i.e. the required areas of reinforce-
ment for each action are not additive.

b)

Fig. 5.1 Cracking in concrete elements
(a) Small cube free to move
(b) Long reinforced element restrained by reinforcement
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5.1 Cracking in reinforced concrete

If a small cube of concrete is cast (such as a test cube), it will not exhibit
cracking apparent to the naked eye. However, if a long specimen with
relatively small cross-sectional dimensions is made containing reinforcement,
and the ends of the reinforcement are held to prevent any movement, after a
few days it will be found that fine lateral cracks are present (Fig.5.1).
Depending on the relation between the quantity of reinforcement, the bar
size, and the cross-sectional area of concrete, either a few wide cracks, or a
larger number of fine cracks will form. The cracks are induced by the
resistance of the reinforcement to the strains in the concrete caused by
chemical hydration of the cement in the concrete mixG¥.

5.2 Causes of cracking

5.2.1 Heat of hydration

When materials are mixed together to make concrete, a chemical reaction
takes place between the cement and water during which heat is evolved. This
heat of hydration causes the temperature of the concrete to rise until the
reaction is complete, and the heat is then dissipated to the surroundings. A
typical curve illustrating the temperature rise in concrete during the first few
days after mixing is shown in Figure 5.2a. By the sixth day, the temperature is
usually back to normal. The value of the maximum temperature is dependent
on the quantity of cement in the mix, the thickness of the concrete section,
and any insulation that is provided, deliberately, or by formwork. Concretes
which are rich in cement will emit larger quantities of heat than concretes with
a low cement content®>. A thick concrete section (over about 800 mm) will
not cool very quickly, because the ratio of surface area to total heat emitted is
lower. Recent work on the avoidance of cracking has shown that it may be
advantageous to allow thick sections to cool slowly by preventing rapid loss of
heat. This is achieved by covering the exposed concrete with an insulating
blanket. For normal structural work, the formwork should not be removed
for three or four dq/gs, otherwise cold winds may cause surface cracking of the
warm concrete®67),

During the period when the concrete temperature is increasing, expansion
will take place. If the expansion is restrained by adjoining sections of
hardened concrete, some creep will occur in the relatively weak concrete,
relieving the compressive stresses induced by the attempted expansion. As
the concrete subsequently cools, it tries to shorten but, if there are restraints
present, tensile strains will develop leading to cracking (Fig. 5.2b). This is
known as ‘early thermal movement’.
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Fig. 5.2 (a) Rise in temperature of freshly placed concrete;
(b) Thermal strains

5.2.2 Drying shrinkage

As concrete hardens and dries out, it shrinks. This is an irreversible process.
If a reinforced concrete member is considered under no external stress
(Fig. 5.3), it will be apparent that free shrinkage of the concrete is prevented
by the steel reinforcement. The steel is therefore in compression and the
concrete in tension, with longitudinal bond forces present on the surface of
the reinforcement. The magnitude of these forces is dependent on the
concrete properties, and the ratio of the area of steel to the area of concrete.
If a high ratio of steel is present, and there is no external restraint applied to
the element, no cracks will form but, if the steel ratio is relatively small or
external restraints are present, cracking is certain. The cracks may form at
close centres and be fine in width, or may be further apart and be
correspondingly wider in order to accommodate the total strain. It is
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tension in concrete ——-- _
~—compression in steel

Fig. 5.3 Drying shrinkage in reinforced concrete

important that there is sufficient reinforcement to control the cracking. If this
is not the case, a few very wide cracks will form, and the reinforcement
will yield at the crack positions®- The various possibilities are illustrated in
Figure 5.4.

a) b)

c)

Fig.5.4 Development of cracks related to reinforcement in a wall
(a) Insufficient steel—wide cracks, steel yields
(b) Controlied cracks—average spacing and width
(c) High proportion of steel—well-controlled cracks of narrow width and close spacing

5.2.3 Environmental conditions

An elevated concrete water tower will be subjected to strains due to changes
between summer and winter temperatures. In temperate climates (such as the
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UK), it is not usual to consider these effects for normal types of structures,
but in countries where temperatures are more extreme, some allowance may
need to be made®®

The effect of the sun in heating part of the surface of a structure may
produce differential strains between one side and another. Again, in tem-
perate climates, these are usuall}y)ignored in calculation, but in hot countries

they will have to be considered®®.

5.3 Crack distribution®”

Cracking due to early thermal movement may be controlled by reinforcement
(Fig. 5.5). The objective is to distribute the overall strain in the wall between
reinforcement and movement joints, so that the crack widths are acceptable
or, if considered desirable, that the concrete remains uncracked. There is no
single solution to the design problem of controlling early thermal cracking.
The designer may choose to have closely spaced movement joints with a low
ratio of reinforcement, or widely spaced joints with a high ratio of reinforce-
ment. The decision is dependent on the size of the structure, method of
construction to be adopted, and economics.

strain between joints
controlled by reinforcement

? S A?

J. . _ J
strain relieved by movement
joints J

Fig. 5.5 Relation of movement joints and reinforcement in controlling strain in a wall

5.3.1 Critical steel ratio

Figure 5.6 shows part of a reinforced concrete slab. The concrete section is
taken as an area on each side of the bar, corresponding to half the distance to
the next reinforcing bar. Alternatively, a unit width of one metre may be
defined, and the total area of steel within this width may be read from bar
spacing tables.

The steel ratio in a section is defined as the ratio

Ay

pc::})};
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and is often expressed as a percentage, where

A is the total area of reinforcement (in both faces)
b is the width of the section
h is the overall thickness of the section.

If a section contains a low steel ratio, the strength of the steel at yield will
be less than the ultimate concrete strength in tension and when cracks form,
the steel will yield. Thus the cracks will be wide and unrestrained.

At a certain critical steel ratio, the reinforcement yields and the concrete
reaches its ultimate tensile stress at the same time. If the section is reinforced,
so that the actual steel ratio is not less than the critical ratio, then any cracks
which form will be restrained and of moderate width.

Fig. 5.6 Typical section of reinforced concrete slab

Considering the section in Figure 5.6, the critical steel ratio may be obtained
by equating the yield force in the steel with the tensile force in the concrete.
The compressive force in the steel between cracks may be neglected. Hence

Asfy = bhf,

(ﬁ) Sy
bh i pc‘rtr fy

The control of cracking is critical during the early life of the concrete, and
therefore a value of concrete tensile strength at 3 days should be used. Typical
values of p,;; and f,, are given in Table 5.1.

and

5.3.2 Crack spacing

If sufficient reinforcement is provided to control the cracking (p.> p.,), then
the probable spacing of the cracks may be estimated. As the shrinkage strain
increases cracks form in sequence when the bond force between the reinforce-
ment and the concrete becomes greater than the tensile strength of the
concrete. The bond stress between concrete and the surface of the steel that
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Table 5.1 Values of critical steel ratios

Concrete

grade fet f, Perit

(N/mm?) (N/mm?) (N/mm?) %

35 1.6 460 0.35
250 0.64

30 1.3 425 0.31
250 0.562

25 1.15 425 0.27
250 0.46

f.. = direct tensile strength of the concrete at 3 days.
f, = characteristic yield strength of reinforcement.
Perir = critical steel ratio (the minimum required to control
cracking in a restrained section).

i accompanies the formation of a crack extends for a length equal to half the
crack spacing (Fig. 5.7). Equating the two forces gives

fosSu, = f..bh (1)
where

2u, = total perimeter of bars in the width considered
» = average bond stress adjacent to a crack
s = bond length necessary to develop cracking force
fee = tensile stress in concrete
bh = area of concrete

A
Writing steel ratio p. = —- (neglecting concrete area taken up by steel)
and the ratio bh

total perimeters Xy

total steel area A

¢ X (number of bars)

4
m P (2)

7y ¢* X (number of bars)
where ¢ = bar size (or equivalent size for square or ribbed bars), substitution
in (1) gives

ud

A, | = fubh
> )=t

o
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The ratios (f./f,) for various types of bars are given in Table 5.2. The
ratios relate to concrete properties at an age of about 3 days.
It is apparent from the formula that crack spacing is influenced directly by

fer

Table5.2 Ratios of (—) at early ages

b

Bar type Ratio
Plain bars 1
Deformed bars type 1 4/5
(Twisted squares)

Deformed bars type 2 2/3

(Ribbed)
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bar diameter (other variables being constant). This confirms the judgement of
a previous generation of engineers who preferred small bars at close centres
for crack control.

For a given steel ratio, it is possible to choose the bar size (within limits) so
that the crack spacing is small, and the total contraction strain is accommo-
dated by the formation of many fine cracks, or by choosing a larger bar size,
to cause cracks to form at wider centres. If joints are placed at the assumed
centres of crack formation, the concrete will effectively be uncracked.

5.3.3 Crack widths

The number and width of cracks which form will depend on the total
contraction strain that is unrelieved by joints in the length of the section. The
contraction strain is the sum of the shrinkage strain and the thermal strain
(due to changes in the ambient temperatures after the structure is complete).
Assuming that the steel ratio is greater than p.,;, and with full restraint (i.e. no
joints), the tensile strain in the concrete may be assumed to vary from zero
adjacent to a crack to a value of g,, (ultimate concrete strain) midway
between cracks at a distance s,,,, apart. The average tensile strain in the
uncracked concrete is therefore 3¢,,. The strain due to the maximum crack
width, which is the difference between the total contraction strain and the
strain remaining in the concrete, is therefore given by

w 1
= Efe i Ees T 28

S?ﬂ ax

where  w = maximum crack width
Smax = Maximum spacing of cracks
g, = thermal contraction from peak temperature
€.s = total shrinkage strain
€41y = ultimate concrete tensile strain.

There is not sufficient information available to enable precise values for the
various coefficients to be given, but g,, may be assumed to be 200 micro-
strains. The shrinkage strain in the concrete, minus creep strain, is about 100
microstrains and therefore in the formula above equates with the value of
3€,,- The remaining strain to be considered, ,, is therefore due to cooling
from the peak of hydration temperature T, to ambient temperature. There is
also a further variation in temperature 7, due to seasonal changes after the
concrete in the structure has hardened.

When considering the strain due to temperature 7, an effective coefficient
of expansion of one half of the value for mature concrete should be used due
to the high creep strain in immature concrete. For mature concrete and
seasonal variations due to temperature 7, the tensile strength of the concrete
is lower compared with the bond strength, hence s is much less for mature
concrete when T, is appropriate; hence the actual contraction can be
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effectively halved. The strain equation now becomes

w
( ) — 4a(T, + Ty) + 100 (4 200)
=3a(T1+ T3)
. Crack width w = s, 3a(T, + T>)

where a = coefficient of linear expansion of concrete.
Typical values for T, applicable to conditions in the UK are given in Table
5.3.

Sm ax

Table 5.3 Typical values of T, in °C for OPC concretes, where more particular information is

not available,
Walls Ground slabs
1 2 3
18 mm plywood
Section Steel formwork: formwork:
thickness OPC content OPC content OPC content
(mm) (ka/m?) (kg/m?) (kg/m3)
325 350 400 325 350 400 325 350 400

300 11 13 15 23 25 31 15 17 21

500 20 22 27 32 35 43 25 28 34

700 28 32 39 38 42 49 — — —
1000 38 42 49 42 47 56 — — —

Note: (1) For suspended slabs cast on flat steel formwork, use the data in column 1.
(2) For suspended slabs cast on plywood formwork, use the data in column 3.
The table assumes the following:
(a) that the formwork is left in position until the peak
temperature has passed
(b) that the concrete placing temperature is 20°C
(c) that the mean daily temperature is 15°C
(d) that an allowance has not been made for solar heat gain in
slabs.

T, should not be taken as less than 20°C for walls or 15°C for slabs. Suitable
values of 7, depend on the change in environmental temperature between
casting and subsequent use. For construction in summer, there will be a
change to winter temperatures, and a value for 7, of 20°C would be
appropriate. For concrete cast in winter, the subsequent rise in temperature
during the summer months will tend to cause expansion rather than contrac-
tion and the effect on the concrete will tend to reduce any cracking. A
suitable value for 7, would be 10°C. These values are applicable to UK
climatic conditions.

If a structure holds warm liquid, as in a swimming pool, then prudence
suggests that some allowance should be made for the warming effect of the
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retained liquid. The tendency is for the warm face to expand and cracks will
tend to close. However, as there will generally be a temperature gradient
through the wall between one face and the other, cracks will tend to form on
the cooler face. This can simply be explained by equating the longitudinal
forces. The compression caused by the thermal warming must be balanced by
the tension on the opposite face. There is no precise method of calculation of
the results of temperature stresses as many of the coefficients and restraint
factors are speculative, but a method of providing some assessment of the
conditions is provided in reference (44).

The theory given in this section has been developed by Professor B. P.
Hughes, University of Birmingham®,

5.3.4 Thick sections

The theory outlined above allows a calculated steel ratio to be assessed and
the necessary reinforcement is then calculated as the product of the steel ratio

250 250

KK

_ 3
oo A, = p.10%. 250

X

NN NN NN, NN

As = p.10°.250

K

ILTLTLILS VLTSS ITLITLI SIS I

K

-

=500 mm =500 mm

h A, =p.10%.250
2 2 2

h
2 250 mm
[ S | 1 1
h AL SLSS LSS LS AL
00 mm ; :Yr‘

As = p.10°.100 1

Ac=p.10°. 2 A=p.10°. 0

A, =p.10°.100 100mm
h <300 mm h = 300 to 500 mm h = 500 mm

Fig. 5.8 (a) Surface zones in walls and suspended slabs
(b} Surface zones in ground slabs
Note 1. Take care not to halve the calculated value of p as well as taking h/2 as a multiplier
2. pis the steel ratio, not percentage
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and the section thickness. This total area of steel is equally divided between
each face of the slab. The strains in a slab are largely due to temperature
gradients across the depth of the slab. In the centre of the depth of a slab,
away from the faces, it has been found that the strains are much smaller.
Indeed, the best method of reducing the thermal strains in a newly placed slab
is to keep the faces warm rather than to allow them to cool as quickly as
possible. In a thick slab (over 500 mm) it has been found that it is not
necessary to increase the total amount of thermal reinforcement beyond that
necessary for a slab of 500 mm thickness. Having calculated the required steel
ratio, it can be converted to the reinforcement area by considering two
surface zones in the slab (Fig. 5.8). Each surface zone is of thickness equal to
one half the overall depth of the slab, but with a maximum value of 250 mm.
the calculated reinforcement for each surface zone is placed adjacent to that
face. It follows that for a slab over 500 mm in thickness, the thermal steel in
each face remains constant.

Example 1
Slab /2 = 400 mm
Required ratio = 0.40%
Provide 0.40% % 200 X 1000 in each face = 800 mm*/m
Use T12 at 125 (905) in each face.

Example 2
Slab 2 =700 mm
Required ratio = 0.40%
Provide 0.40% X 250 X 1000 in each face = 1000 mm?*m
Use T16 at 200 (1010) in each face.

5.3.5 External restraint factors

As discussed above, the external restraints in a typical continuous structure
may be taken as 50%, and this is included in the formulae quoted. In certain
situations the actual restraint will be less than 50% and this is shown
diagrammatically in Figure 8.3 of BS 8007. As the practical use of these
easements is limited they are not presented in detail here, but discussion of
the details is to be found in the reference where research work by Harrison*>
is reported.

5.4 Joints“"*V

5.4.1 Construction joints

It is rarely possible to build a reinforced concrete structure in one piece. It is
therefore necessary to design and locate joints which allow the contractor to
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construct the elements of the structure in convenient sections. In normal
structures, the position of the construction joints is specified in general terms
by the designer, and the contractor is allowed to decide on the number of
joints and their precise location subject to final approval by the designer.

In liquid-retaining structures this approach is not satisfactory. The design of
the structure against early thermal movement and shrinkage is closely allied
to the frequency and spacing of all types of joints, and it is essential for the
designer to specify on the drawings exactly where construction joints will be
located. Construction joints should be specified where convenient breaks in
placing concrete are required. Concrete is placed separately on either side of
a construction joint, but the reinforcement is continuous through the joint. At
a horizontal construction joint, the free surface of the concrete must be
finished to a compacted level surface. At the junction between a base slab and
a wall, it is convenient to provide a short ‘kicker’ which enables the formwork
for the walls to be placed accurately and easily. A vertical joint is made with
formwork. Details are shown in Figure 5.9.

concrete joint surface
prepared for subsequent

steel
B2l continuity

continuity

kicker
100 - 150mm

\

\ steel
continuity

(@) (b)

Fig. 5.9 Construction joints
(a) Horizontal joint between base slab and wall
(b) Vertical joint

Construction joints are not intended to accommodate movement across the
joint but, due to the discontinuity of the concrete, some slight shrinkage may
occur. This is reduced by proper preparation of the face of the first-placed
section of concrete to encourage adhesion between the two concrete faces.
Joint preparation consists in removing the surface laitance from the concrete
without disturbing the particles of aggregate. It is preferable to carry out this
treatment when the concrete is at least five days old, either by sandblasting or
by scabbling with a small air tool. The use of retarders painted on the
formwork is not recommended, because of the possibility of contamination of
the reinforcement passing through the end formwork. The face of a construc-
tion joint is flat and should not be constructed with a rebate. It is found that
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joint sealing compound concrete joint surface
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Fig. 5.10 Construction joint sealed on the liquid face

the shoulders of a rebate are difficult to fill with compacted concrete, and are
also liable to be cracked when the formwork is removed. Any shear forces can
be transmitted across the joint through the reinforcement. If a construction
joint has been properly prepared and constructed, it will retain liquid without
a waterstop. Extra protection may be provided by sealing the surface as
shown in Figure 5.10.

Designers are under some pressure to use waterstops in construction joints
for obvious commercial reasons and also because it is thought that there is less
responsibility thrown onto the designer if a waterstop is specified than if it is
omitted. The author knows of instances where waterstops have been used and
leaks have been widespread. In other cases, both waterstops and an external
membrane have been specified and again with completely unsatisfactory
results. These examples suggest that workmanship is crltlcal and that what-
ever specification is used this point is valid.

The designer must try to convince the contractor’s site operatives that the
work they will be executing is of the greatest importance for the correct
functioning of the completed structure. Where the contractor has taken the
job at a particularly low price, this may be difficult.

It is perhaps also worth stating the obvious, that it is much cheaper to spend
a little more time initially to make a satisfactory job than to have to make
repairs later.

5.4.2 Movement joints

Movement joints are designed to provide a break in the continuity of a slab,
so that relative movement may occur across the joint in the longitudinal
direction. The joints may provide for the two faces to move apart (contraction
joints) or, if an initial gap is created, the joint faces are able to move towards
each other (expansion joints). Contraction joints are further divided into
complete contraction joints and partial contraction joints.

Other types of movement joints are needed at the junction of a wall and
roof slab (Fig. 5.11), and, where a free joint is required, to allow sliding to
take place at the foot of the wall of a circular prestressed tank (Fig. 5.12).
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Fig.5.11 Detail for movement joint between wall and roof slab
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Fig.5.12 Movement joints between base slab and wall of prestressed concrete tank

(a) Rubber pad
(b) Sliding membrane

Contraction joints. Complete contraction joints have discontinuity of both
steel and concrete across the joint, but partial contraction joints have some
continuity of reinforcement. Figures 5.13 and 5.14 illustrate the main types.
In partial contraction joints, the reinforcement may all continue across the
joint, or only 50% of the steel may continue across the joint, the remaining
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50% being stopped short of the joint plane. The purpose of the three types of
contraction joints is described in Section 5.4.2.

Contraction joints may be constructed as such, or may be induced by
providing a plane of weakness which causes a crack to form on a preferred
line. In this case, the concrete is placed continuously across the joint position,
and the action of a device which is inserted across the section, to reduce the
depth of concrete locally, causes a crack to form. The formation of the crack
releases the stresses in the adjacent concrete, and the joint then acts as a
normal contraction joint. A typical detail is shown in Figure 5.15. Great care
is necessary to position the crack inducers on the same line, as otherwise the
crack may form away from the intended position. Similar details may be used
in walls with a circular-section rubber tube placed vertically on the joint-line
on the wall centre-line, causing the crack to form.

Expansion joints. Expansion joints are formed with a compressible layer of
material between the faces of the joint. The material must be chosen to be
durable in wet conditions, non-toxic (for potable water construction), and
have the necessary properties to be able to compress by the required amount
and to subsequently recover its original thickness. An expansion joint always
needs sealing to prevent leakage of liquid. In a wall, a water-bar is necessary
containing a bulb near to the centre which will allow movement to take place
without tearing (Fig. 5.16). The joint also requires surface sealing to prevent
the ingress of solid particles. By definition, it is not possible to transmit
longitudinal structural forces across an expansion joint, but the designer may
wish to provide for shear forces to be carried across the joint, or to prevent
the slabs on each side of the joint moving independently in a lateral direction.
If a reservoir wall and footing is founded on ground that is somewhat plastic,
the sections of wall on either side of an expansion joint may rotate under load
by differing amounts. This action creates an objectionable appearance and
may tear the jointing materials (Fig. 5.17). The slabs on either side of an
expansion joint may be prevented from relative lateral movement by provid-

wet-formed or sawn slot,

+ -sealed later
induced crack f
+
| o"_.
I - %o
0._"
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<
| N

waterstop with crack-
inducing upstand —- -

Fig. 5.15 Induced contraction joint in floor
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Fig. 5.16 Expansion joints
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Fig. 5.17 Lateral movement at unrestrained expansion joint

ing dowel bars with provision for longitudinal movement (a similar arrange-
ment to a road slab). The dowel bars must be located accurately in line
(otherwise the joint will not move freely), be provided with an end cap to
allow movement, and be coated on one side of the joint with a de-bonding
compound to allow longitudinal movement to take place (Fig. 5.18).
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Fig. 5.18 Expansion joint including dowel bars to prevent lateral movement

5.5 Typical calculations for distribution steel

5.5.1 Codes of Practice requirements

The theory outlined in this chapter has been adopted by British Standard
Code of Practice (BS 8007), which requires the designer to assess the required
reinforcement to control shrinkage and thermal movement. A critical mini-
mum steel ratio is specified.

The ACI Code!V specifies a minimum percentage of shrinkage and thermal
reinforcement for walls up to 300 mm thick and a fixed minimum quantity of
steel for thicker sections. The Australian Code (AS 3735-1991) specifies an
absolute minimum of 0.4% and a larger value for fully restrained concrete
which varies between 0.48% and 1.28% depending on bar size.

5.5.2 Calculation of minimum reinforcement
Assume construction with movement joints at 15 m centres.
Design for crack width of 0.2 mm
Slab thickess = 400 mm

T, = 30°C
T2 =0 .
a. =12

Restraint factor R = 0.5
Net effective contraction strain = 0.5 X 12 x 30 = 180 microstrain

Maximum allowable crack width = 0.2 mm
. Spmax = (0.2/180) X 10° = 1110 mm
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Also Spmax = & X ¢
fo 2p
Assume bar size ¢ = 12 mm
2 12 4
smx=§><g=;mm

p = (4/1110) X 100 = 0.36%
1.
Critical steel ratio p.,;; = —— X 100 = 0.35%
- 460

Use T12 at 150 EF (1510) (EF = each face)

1510
10° x 400

(Actual ratio = X 100 = 0.38%)



Design calculations

This chapter comprises three design calculations, each forming a complete
example and dealing with a particular structure. The handwritten sheets
illustrate the graphical method employed in the engineering design process,
and each calculation conforms to practical requirements.

6.1 Désign of pumphouse

A pumphouse is to be built as part of a sewerage scheme to house three
underground electric pumps. The layout is shown in Figure 6.1. Design the
underground concrete structure. A soil investigation shows dense sand and no
ground water. For safety considerations, stairs and a ladder would be
provided in the dry well and two manholes in the roof of the wet well. The
manholes would enable air to be blown into the well before inspections were
made. To simplify the design problem these elements may be disregarded.

Design assumptions

The floor and walls must be designed against external soil pressures due to
soil and surcharge from vehicles which may park near to the structure.
Although no ground water has been found during the site investigation it is
quite possible that during the life of the building some ground water may be
present on the outside of the walls. Building the structure creates a sump in
the original ground which tends to collect water. It is therefore prudent to
design the floor and walls to exclude any ground water which may be present.
For these reasons, a nominal head of ground water of 1.0 m will be assumed
in the structural design. The pump well is designed to hold the effluent as a
liquid-retaining structure. Although the normal working level is about
mid-height of the walls, it is possible for the effluent to fill the well
completely, and for design purposes this condition will be assumed.
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ref

calculations ExampLe b1 SHeeT 1

output

BS 8110
BS 8007

DESIGN OF PUMPHOUSE

Design the reinforced concrebe underground
pumphouse shown in Fig 6.1

So01L ProPERTIES
Granular soil - density = 18 kn/m*®
Angle of repose - 30°
Surcharge due to loaded
vehicles on surrounding ground = 10 KkN/m?

water in the wet well is normally ata level 2.0m
above te FPloor, bul the design should allow for
overFlow conditions with the compartment Full
The pumphouse IS dry

DEsicN ASSUMPTIONS

(a) Loads
So0il pressure =]_5'Ld_ x1® =5 x 18
|+ singd
= 6 KN/m?

Although no waker is said fo be present in the
ground, the construction of the structure will
create conditions which will allow ground water
Fo collect B38102 recommends that design should
be based on a ground water head of 0.75 of the dephn,
ie. 1 m below the surface
Assume densiFy of wakter =10 mN/ms

(b) Design fo B58007 and BS 8110
Severe exposure
Design crack width = 0.2 mm
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ref.

calculations

output

BS 8007

BS 2007
2.76

BS Boo7
54

(c) Materials

Concrete grade 35A with @ minimum cement content
of 325 Kg/m3 of finished concrete

ReinPorcement steel- ribbed high yield bars grade 440
(d) Cover fo outer layer of steel -40mm
(e) Desigg

Design all Floor, wall and roof slab panels as
continuous and 2-way spanning

(F) Joinks

In view of the size of the structure, no movement
Joinl‘s are desirable as %ey are pohen]'{o] sources

of leakage The struckure will there fore be designed
as a monolithic structure, and construction Jblhks
will be shown on the drawings. No walerbar will be
necessary af these joinfs, bul the joint surface

will be scabbled.

CONCRETE
GRADE 35A

CLOVER
=40
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ref. | calculations ExampL: o Suees 3 |output
Loading Cases
(a) wet well empl—y
External soil and water pressures -
1\ & "L
&6H Ie] 1o
(net 6.67) 3
Soil Ground waler Surcharge.
Where grounc.l water is present the effective densif‘y
of the soil is reduced due o the buoyancy effect
The eFfechve extra load due to the presence ofgrOund
waler is therefore :—
10 (1-5)H = 6.67H
(b) wet well Ffull
Fressure due to water in well
H
1O H
gsB007| No allowance will be made for the passive resistance
2.3 of the e’.x\‘&rna! soll
(¢) Partial Safety Factor for Loads = 1.4
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Satisfacto ry

ref | calculations ExamPLE 61 5ueer4 |output
Thickness of Sections
for ease of construction of a wall 40m higi‘g
BsS&lo the minimum H’uckness should be 300mm The
allowable ultimate shear 5}‘ren5l"h of 353rode concrete
TABLE. with an assumed 05% of reinforcement is 0.60N /mm?
39 The maximum ullimate shear Porce at the Poot of the
walls due I the maximum external loaclinﬁ s —
FACTOR § 3 w14 (Fx6x4*+ L1 x6672x30%°+ 333x4)
IS For 8 T lenE e
ATROX soil water surcharge
WTILEVER =
o Jh 80 kN/m
The minimum effective depth of wall required For
shear is : — X
80 x 1O
d = W’ = 133 mm
Overa“ thickness = 132 + 40 +16 +8 = 197 mm
Use walls 300 thick and Floor 400 thick :"AZEZ
E:"LDDE
:4.00
The roof to the wet well has to carry the surcharge
pressure of 10 kN/mZ
: KooF
Use a slab 250 Fhick ROOF
Effechve dep’lﬁ d-= approx. 250-40-10
=200
8580 | Span/effective depth = 2500 _ 4, 4
34453 200
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ref

calculations Eeampie 41 Sneer 5 |OUtPUE

Calculation of Minimum Peinforcement

Maximum iengl’h of continuous conskruction
2500 + HOOO + 3 x 300 = 8400 mm

30°C
o°c
12

Q1
T

e

Net effeclive contraction strain
0.5 x12 x 30 =180 ml'cros}‘min

Maximum a”owable crack width = 0.2 mm

oz _
-2t =1Mmm

" S

max
Also Sy fet 2
Fo 2
Assume @ = 12 mm
5 - 12 _ 4
max 067’12’0 _P

. 4 _ o
P = () x100=036%

Also r
/Ocril' = Teb - 1.6 % 100 = 0.35%
¥y‘ 460

. Minimum area of reinporcernerml'
= 0.36% x 1000 x 300 = fo80

Use T12 aF 200 each face (1130)

Tizatzo0
EF
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ref | calculations e b1 Sueer b |output

Forces on walls

D E
WET DRY
A 8 c
WELL WELL
D E
PLAN

Effective Heighf of walls, cenl're/cenl”r-e of

roof slab/ Floor slab = 4000 + 300 =4300

The wall panels are loaded i‘rianau|ar| due to water
and soil pressures, and reci"angular]ﬂ due fo swchorae
pressure

[t is convenient fo re,plqce the surcl'nar‘@e pressure

b}/ the €,Qvuivca||en}‘ soil pressure

4.3 4.85

25.8 + 33 = 291

sorl + SUFCL"ICJFSE = Eq,uiva|en1’

h e,a,uq'va1en1' =h + ié =485

6.0
Loadin
Case 1
External soil pressure
(iﬁciudmcz] Surclwarae) = 291
Ground water = 67
C 358
ase 2

ln*"ermai WQ\'er pressure = wx43 =430
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ref. | calculations ExamPLE b15HeeT 7 |output
wall A
Case
hgiﬁhl‘ of wall = 4200 ratio L /L,
fena”\ oF\ wall = 7300 =17
M, = vertical span
My - horizonkal span
™ +M = fension on unloaded face
~M = Fension on loaded face
o Bl soll+ water  -M, = -045x 358x485x4:3= 334
R B +M, = -030x 35.8x485x43 =224
_MH = 010 X 35.8;7'32 = Iq‘[
+My = 005 x 35.8 x 73% = 16

Case 2

L}

B

wall C

Iﬂl’ernal water

-M, = 045 x 43 x 43> = 358
tM, - -030 x 43 x4-3* = 238
-My = -010 x 43 x 1.3% = 229
+My = -005 x 43 x 7.3% 1-5

As Case 2 wall A on each face

As Case 1 wall A
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ref. | calculations ExamPLe & | SweeT B [output
Wall D
Case 1
henaH' of wall = 4300} ratio {x/ L,
IlenﬂH’z of wall = 2800 =0-65
Symbois and conventions as wall A
?.EFB%' Soil + water -M, = 01x 358 x4-85x4:3 = 75
CASE 2. +M, = -006x358x4-85x43 = 4.5
My = 04x358x 28" = 12
+M, = -025x358x 28% = 70
Case 2
!n]'e,rnal water
-M, = 01 x43 x 43* _8.0
+M, = -006x43 x 4-3° =4-8
-M, = 04 43 x 2:8% =13-5
+M, =-025 43 x 28" -84
wall E
heaa]’x‘“ of wall = 4300 ratio lx/[z
length of wall = 5300 =12
Symbols and convenkions as wall A
’;‘TB% Soil ~My = 03 x 35:8 x4-85x 4-3=22-4
CASE 7. My = -02 x35-8 x4-85x 4.3 =149
M, = -0z x 35-8 x5-3* = 20-1
M, = -0t x 35-8 x 5-32 =10-1
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ref

calculations ExAamMPLE b1 SHEET T.

oufput

Direct Forces

All external loads cause compressive horizonkal
Lorces in the walls which are resisked by the concrete
in compression. The value of the compressive stress is
low and may be ignored. The load due fo the water

in the pumpwell causes Fension in the walls which is

evaluated below.

The maximum fension is in wall D due Fo pressure on
walls A and B.
Maximum water pressure =10 x 4-3 = 43 kN /m?2
Average waler pressure over lowest 1m hcighi’ of wall

=10 (4-3t3-3)

2

= 38 kN/m?
Total force = 38 x7-0m =266 KN /m heiahf‘
Force per metre height on each of walls, D

This calculation n.gcalec{'s the e.ﬂ-“e‘:i' of the Floor buf
is conservative
Area of steel requtred each Q}ce o.}‘ P:'i = 240

3
123 x 1O
—_— = 2 Z
> 240 2 /™™
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ref calculations Evampie b1 sueeT 10 |output

Floor Slab

The soil pressure under the Floor slab is due fo the
imposed weight of the structure

The weight of the pumphouse super - structure (roof,
walls and floor slab) has been calculated separately
and amounts o 2200 kN

Assuming a uniform distribution over the Floor area,
the soil pressure is:-

2200 2
_— = 52 N/ m
56 %76 <N/

(wet wall area is neglected as load is [araely over
pump well )
Floor slab spans 2 ways

- 7300
= === 14
LV/lX 5300
Assume simpf)l Supporhzci and allow for Frxmg moments
later
Bedio +M, = 087 x52 x 5-3% = 127
easE 9 +My = ‘056 x 52 x 5-3% = 82
Minimum fixing moments from walls (neglecting surcharge)
I -
u(.;), Walls £ M, =-161
Walls C Mg =-24-2

(wall B - infecnal )
Max+ My = 127-24-2/2 = 115 kNm
Mox + My =  B2-161= AbkNm

O

242 T—

127;[ W RN
] 5~
66

M, M,

e

See sheel 12 for reinforcement
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ref | calculations ExaMPLE 61 SHeer 11 |output

Wall reinforcement

wall thickness = 300

Cover = 40

EFfective depth fo inner layer of reinforcement
=300-40-12-6
=242

Minimum reinPorce ment calculated on sheel 61 (5) is

Ti2 aF 200 each face
Referring to Appendix A Table A2-5, for T12 af 200,

M=35-4
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ref. calculations ExamPLe 61 SHeeT 12 |output
wall A
Horizontal steel, all moments are less than
E{’ji)ﬁ“‘- 354 kNm/m therefore, For bending, use
‘ TI2 at 200 Ag = 566. Add for direch Fension
As required =566 +1277 = 843 WALL A.
Use T16 at 200 EFf (1010) ;TSDGQF
Vertical steel
M = 35.8 (this is maximum value : use same
steel each face)
Table A2-5 WALL A.
Try T16 af 200 EF. Tk ef
Allowable M =464
SaFispacFory
Wall B As wall A
wallC  As wall A
WALL D
wallo  Ti2 ab 200 EF, Ew Tz ot
200 EW, EF
waLce E
wall E T12 ot 200 EF, Ew Tz of
EW E
(Note EF = each face, EW= each way) roo
Floor reinforcement:
Floor thickness = 400
Cover = 40
Effective depth of inner layer=400-40-16-8 = 336
Negative moments as wall steel
+M, =115 FLDD?
E{"l;1 Table A2-7 Use T20 at 150 TF (2090) 2o
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ref. | calculations CyamPLE 61 SkeeT 13 |OUtput
r Tt of
+ My =66 Ust T16 af 150 TF (1340) a5 el

Minimum steel in PlOOr‘.

- o- —
5,,.,,;,,‘_1—&”0)”0_ = 1111mm
g =20
S = 0-67 x _2_9=_6_7

max 2p p
Lp: 0-6%

/cc)rif‘ =035%

Ay =06 x 1000 x 400= 2400 16 of
Use T1é af 150 EF (2680) 150 EF

Final steel arrangement

Top face : T20 at 150 short span
T16 ot 150 Jcr\a span

BoHom face: T16 ot 150 EW
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ref

calculations

ExamrPLE @G-l SHEET |4

output

EewrorcEMEDT [LJETAILS

wWaALL A
]

T@® ok 200

T ae 200 .

Spacer

-T2 =t 200
_’j_'_' T16 o 200
: —

%

8

100 Kicker

—

r—tp—

-Tl6 ae 200

—Tl6 ake 200

Ti® at 200

_Tieak 200

200

—T20 ae 150

— 1—| T& ac 150
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|
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=00
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i
\
AN gpacer
/
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W
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6.2 Design of reservoir

Design a roofed reservoir to contain 4 000 000 litres of water.

Due to site conditions, the plan size will be taken as 21 m X 32 m and the
maximum water height as 6.5 m. The normal height of the stored water is
6.0 m (Fig. 6.2). A division wall is required to divide the reservoir into two
equal sections. The site is underlain by a granular soil, and there is no ground
water present.

lL’_ 16.0m e 16.0m o
) g |
= =5
3.75
] =i 0 i 0 0
45
¥ u] O O u] u] O
4.5 21m
— u] O D O m O
4.5
¥— O O 0 0 0 0
3.75
v v

| 3‘5| 4.5 4.5 3.5'

Fig. 6.2 Layout of reservoir
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ref

calculations EXAMPLE 62 SHEET 1

output

BS&IO
B5 8007

DESIGN OF KESERVOIR

I___Eyoui' oF 5|’ruc|‘u re

overall size in proportions of 1:1:5 with central wall.
Columns to support roof at equal spacings except Hhat
end spans of flat slab roof are about 0-8 of internal
spans o equal end support bendirﬂ moments with infernal
moments.

The size of the structure is less than the length which
would require an expansion joint (say 70m )
Contrackion Joinks will be prow'decl af approx. 5.0m

" centres in the wall and Floor panels

Fovide a 51|’d’rn@ Joini’ between the top of e wall
and the roof slab.

The cankilever wall is designed for waler pressure mn
detail on pages ex.6-2/2 to4. The desiam fo resish
external soil pressure is prepared from the destan
char*'s.

Access manholes and stairs are reguired for mpe*’y
during clear‘.incj operations. These have not been
dc*‘ai[ed o Simpfny H’\C’ dcst%n

Exposure Cond! Fons

Severe exposure
Des;an crack w1c1H\ =02 mm

Malterials
Concrete gr‘ade A
Steel ﬂracle 460

Fartial Factors of Sape{-y

Materials

Concrete 18

Steel 115
Loads

Water 1.4

soul {4
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ref

calculations EXAMPLE 6-2 SHEET 2

output

TABLE 31
TRBLE AZ-12

Seetion
3.5 (L)

SELTION
35 (5)

SECTION
35 (7)

LisiT STATE DESIGN

Cantilever wall
Consider 1m [gna% of wall

P De5ngr‘r a cantilever wall Fo withstand
water pressure
Heiﬂhi’ H-465m
Normal her@]h]‘ of water = 6-0m
H Water Wg =10 kN/m3
Partial safety factors :-
Ultimate limit state - g =14

J'Tj Service limit shate - g =10
Service moment at root of Cantilever = V¢ x 10 x 6-0°

= 360 kN m/m

Ultimate moment =¥6 x 10 x 653 x 1-4=641 kn rn/m
From design charts the estimated oot thickness
h =800 mm and the tension reinforcement is
T25 ab 175 (2810)
Effective depth d = 800-40-16-12 5 = 731 mm
Ultimate limit skale

For ullimate limit state, calculake using the maximum

possible heiahk of ligud
Applied moment M -g— x (14 x10) x 65> = 641 kNm/m
The ulbimate moment of resislance based on the
concrete is - M = 0-1574,, bd?
= 0187 x 35 x 10 x 731% x 10~
= 2936 kNm/m Sal'iquci'ory
The vllimate moment of resistence based on the steelis
gwven by M, = (0-87fy) Az
DeF’H’\ of neutral axis  x = (1-/1- O-?-ﬁ:)/o-Q)&
=0-088d
where the lever arm z =d -0 45x = 0-96d

é

Buf maximum value is 0-95d
Z = 694
My =780 kNm/m
The sechion is therefore satisfaclory as the applied
ullimale moment is less than rhe moment of

resistance of the section

h =800

TS at
175

ULTIMATE

MOMEWT
SATISFACTORY
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calculations EXAMPLE &2 SHEET 3

output

Bs&lo
Table 3.9

Seerion
34

Ultimake shear Force at root of wall
v =5 x(1:4x10) x6-5%

= 296 kN/m

J. shear stress

_ 246 x 10> _
v T 1000 % 131 =040

100A, = 100 x 2810
S -— =0
“Bbd  lcoo x 131 038
v =0 45x1- (by |'r‘ll'cr'pclql'lorm)
=0-50

This is satisfactory and no shear skeel 15 necessary
Note: As shear shress is satisfactory atroot of wall, it
is not necessary o consider the critical sechion ata
height 2d above rook
Limit Stake of Cracking
Service moment Mg =¢ x 10 x6-03
= 360 kNm

Depth of neulral axis (elastic no-tension theory)

x, =P (J1tap—1)
modular ratio o, =15

As _,.2810 _
bd 1000 x 731

0-00284

X, 0 =I5 % 000284 = 00577

(o&e =15 is sufficientyaccurate )

X = 73| x 0-287 = 210

Zlo
Ll_ L

/

o] Q

Moment of resistance of section
M, = Ag b x(d-%)
360 = 2810 x f, x (731 -% x 210)

£ =194 N/mm?

ULTIMATE
SHEAR
AT SFACTORY

[,=194
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ref calculations

EXAMPLE 6-2 SHEETA,

output

BS 2007
APP B PS = |94 08 Py = O 8Bx460 =268
B2
Iy ZMg 2 x 360 X% 10° - .9

b= =& Ao -
CP = T bx 461 x103x2I0

045f,=045x35=157
sahsfactory
Elastic strain atsurface
E,ﬁﬂ «
d-x Eg

-210 4 .
- 800 L 194 o3
T2 1 -210 200

=].0a8 x 10°>

Correction Factor & _'__—_”_b(h-x)(h-x)
22 3¢ As (d-x)

ID3 X 590 x 590

Check steel and concrete cervice stresses

= 0-4x1073

Average surPace strain
-, -3
€,= (1-098-0-4) 10
0-698 x l0™3
BQCFEam
| +2 (qcr—cmin)
h-x

Crack widkh w

’ 1
N Cm'u}-'* 40+ 16 =54
cr

bar size & = 25 Aepr =

". surface crack width

3.0xA8-6x0-6a8x 10>

W =
98 6 - 5&
j+2 [ == ==
80O - 210

= O0-1B8mm

Allowable w=02mm Satisfackory

T 23x200x 1032%x 2810x 521

bar spacing s = 175

=
Crin. = 56

W‘—j Ca = 56+12-52685

w= 018
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calculations EXAMPLE &7 SHEET 5

output

Toble
A2:12

Cantilever Wall  (reservoir empty, soil pressure only)
Consider 1 m length of wall

soil density = 18kN/m3

angle of respose = 30°

-, soil pressure = 6h =39k N/m?
surcharge due tosoil and impesed
load = 06m x 1815 = 15:8kN/m?2
Surcharge pressure

3o 53 =15-8/3 = 5:3kN/m?2

&5

Total service moment al base of wall

=4 %39 x 652 +3x5:3x 6:5%

= 387 kNm
Ultimate moment

= 1-4 x 387

= 541 kNm
From previous calculabion wall hickness h =800
cover = 40+[6 =56
effective depth = 800-40-16-12-5

=73}
The calculations follow the previous pages and, as
an ali'n=3r-r1<:1|‘1\./eJ the results can be read fromTable A2-12
For adesign crack width of 0-2 mm
Provide T25 ab 175 (2810)
Nole: The sliah*’ under-—desrlﬁn is not c.rihc.a‘i)
and the steel armngemen*’s will be symmetrical
in each Face.
M, =384-0
fg =207
Ultimate shear force at (say) I'5m above base
= (3%x39x5+5:3x5)x 14 =174kN/m

BY inspechon, and previous calculahion - satis Facto cy

T25
ot 175
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ref

calculations EXAMPLE 62 SHEET &

output

Cantilever wall -distribution steel
Provide movemen'r_t,oinfs at 6-5m centres

Critical sheel ratio Lotk :i\ci

Y
for grade 35 concrete the direct tersile strength
al" 3 days f;t’ =1-6& M/mm2
For grade 460 steel FY = 460 N/mm?
-6
Reir =260
For close Joinl'spacnnas, minimum steel ratio
z
horizonfally = 3£ = 0-23%
Maximum permissible design crack widbh =0 2mm

£ g
s oY O8O gt XU [l -8
bt 2 (FZ)Z R 2@'3@

=0-35%

s o
Also qu;( m Smax XET
(- Wi micros!-rqin/"c
Tis assumed to be 40% (for a wall over 500 thick )
ot z_smﬂx 12 x40 x 1076

ey = x 108

max _40"
i 4 -6 =40 -é
5 el 0% 10
Forg = 16
R - 64 x 10722 0-64%

or =25 R=10%

RS

h= 400 For walls over 500 thick, only
500 need be considered in
| h=600 calt:ulql‘ma the distribution

enn (:orcemer\*‘

%

Al base level = 0-64% (8 =16)

A, = 0:64% x500 x 1000 = 3200 mm2/m
Use T20 at 175 each face (2b00)
As the reinforcement remains the same until the
thickness reduces below 500, the same distribution
renforcement will be used for the Full hella'n? of the

wall verki cally.

min =

0.22%

T20 at
1S EF
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CO|CU|Gfi0nS ExAMPLE 62 SHEET 7

output

Bs Ao
TABLE 31

Desl}an as Plat slab with continuous construchion,
(ie no movement Joints)
Provide movement jointal junchion of slab and walls
|_ocad=s
Imposed due to light
conskruction Fraffic 5.0
600 soil cover 10-8
15- 8 kN/m?2

with a careful construction specification, the
imposed load can be faken as either not present;

or present on all spans simulfaneously

The critical span is adJac;eni’ o the external walls but
the span has been made equal fo 0-8 hmes the internal
spans to compensate.

Due to the assumed incidence of loading, there wall

be only a small Fransfer of moment to the columns

which will be ianored in he dee‘:l;ar\ of the slabs

A O N T

Assume slab thickness = 450
Dead locad = 24x0-450 = 10-8

Imposed load 58
26 & kN/m?2

Maximum T service M for each span
M = 0-086x(26-6 x4 5) x 457

= 208kNm/ full bay wdth
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STEIP

ref. [ calculations FxamPLE 62 oreer s |OUTPUL
Divide slab into column strips and middle strips, each
2-25m wide
%21?!&1-‘230 + Moment/metre widh on column skrip
15% on =20 275
CoLmn 8 x 37%
= 69 KNm/m

Desn'an for 0-Zmm crack width

Table A2-8
h = 450 Use T20 at 200 (i1570)%*
Ms= 109 (f5=200)

Cover fo lowest layer = 40

Cover to second layer = 60

.. Results From lable are m?iqucl'ory

(% See below for distribotion steel calculation)

Roof slab- minimum reinforcement

16 A o,
As before "?r.'f'at—___éo = 0-35%
Assume :-
T = 30°C

o = |2 %1076

w = 0-2mm

2
Smoxzixz%
: _w 02 =110
also Smax TE T ixz x 1076 x 20 mr
a _
& I x3=3333 mm
’Oc s given by
& /(go/o AS (each Pﬂce)
12 0-36 810
||6 0‘48 1080
20 060 1250

Provide T20 aF 200 (1570).
Use this arrangement of steel both Paces and in
both directions to provide both main and shru'nkaae

steel.

770 at
LoD ew
EF
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ref | calculations Exameie 62 sneera  |output
Shear at Column Head
Maximum column load
=266 x 4.5x4-5x1-15
=619 kN
Assume thaty . =14 for all applied 1oadin3, as
imposed load (after construction) will be unusual
Ultimate shear force
=|-4x 619
=867 kN
BSauo Allow For unequal distribution
2762 Ultirmate shear force
=125 x 867
=084 kKN
RS BIID Assume column size = 350 x 350
21T Maximum shear stress
reoul R
Permissible = 0-8 /E_u =47 M/mmz
Satisfacto ry
Slab thickness h =450
critical perimeter
= 4x380+12 % 340
= 6080
Steel ratio p = _d,_'c::’As - T'STO-J;‘-L;?—S - 04%
BSAIO Concrete grade 35
Ta_k;l: Fermisaible cshear stress = Ve =052
J. permissible shear force
= 0-52 x 6080 x390x 10”3
=12332 kN No SHEAR
SaHsFac:{‘ory STEEL
Columns
Maximum ultimakte column load
= 867 kN
Column heighf“ = 6-5m
Effective heiahk le =1'5x6'5 (unbraced)
=9:-75m
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ref .

calculations EXAMPLE 6-2 sHeeT 10 |OUtpUt

BaBIID
PART 3
LHART34

Assume column size 350x 350
Slenderness ratio = le

- 9750 _ )
350 C

.. column is slender
Additional moments are -

(a) M,= 0-05 xNh

=151 kN m
kNh (Le) /2000
1x867x 350 (272 [2000
=118

Total M = 15-1 +118& = 133 kNm

N - 867x10%
bh - 3s02 - 7

(b) M,

_bbdﬁz= % =310
1004 = 0.7
bh
Minimum steel =0-4%
Agc = 350%x0-007 = 858 mm?
Use 4- Tzo (1260)
Links B8 at 300

Note : Vertical bars being bm. long need o be reasonably

sHPF Fo avoid reinforcement cage being foo flexible
Column Bases
Service load = 619

Sw. column = 14
S W base*¥ = 30 * exkra over soi
668 kN

Use base 2250 x 2250 % 1000
Moment due Fo slender column=(say) 50
Soil pressure uvnder base
668 + 5Soxé
2 —
2.25 2-253
= 132 24

= 15820r 106 (KN/m?2) Satisfactory
NO"‘E : botal pressuvre

= |88 + pressure due to contained water
= |58+ 10 x 6-5
=223 kN/m?Z

4-T1D0
R at 300

Max. 8o
PRESSURE

158 kN/m?
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ref calculations EXAMPLE 62 sHeeT (1 |Oufput
wall Foohnﬂs
o top level
& X j 1 {
R nor
_ioo __f_ orma eve
Q
Q
W)
9|
00 }— 800
A 800 =
L 5000 l
b —

waler pressure = 10h

Soil pressure =6h

Surcharge = 15-8kN/m?

Roof slab load = 24-6 x 3;5 = 50kN/m

D.L. only =10-8 x 32_75 = 20 kN/m

Case |

Tank full- no sail
Take moments about A

?es'rbrina Forccs
walter =10x65x22 = |43 x 3-9 = 558

wall  =24x 45 x06 = 94 x 24 =226
Base =24 x5%0x08 = 96 ¥ 25 = 240
Roof (min. load ) 20 x 224 = 48
353 1672

Overl'urm'na moment
=4 X 10 x 653 =457
615

Factor of mFePy aaainsl" over'rurm'n5
= 1072
457
= 2-325 Sars Fac.!'ory
(= 2-0)
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ref

calculations

EXAMPLL b2 SHEET 12

output

Case 2

Tank empty - sail + 5urchar5.:
Take moments aboot B
Restoring forces

Soil BxbB5x2:0 = 234 x 40 = 93p
SUrci'\qrﬂe 158x2-0 = 32 x40 = 126
wall 24x 465x06 = 94 x 2-6 = 243
Rase 24 x 50x0-8 = 96 x 25 = 240
Root = 20 x 2°4 =48
476 1593

Over%’urnin‘a moment
=l x6x652+5x158x65= 387

3 120b
(so0il) (surcharge)
Fackor of safety against overturning
=1593 - 4.4 SatisbPactory
387 (=2-0)
Case 2
Tank full + soil + surcharge
Take moments about B
Restoring forces
As case 2 476 1593
walke 42 x -1 = 157
Roof load (imposed) 30x24 = 72
649 1822
Net over}‘umn'nca moment about B
= 387 — 457 = -70
1892

By inspechion - nok critical
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ref

calculations

EXAMPLE 52 SHEET |3

output

Soil pressure under base

Caleulate moment about centre line of base

Case |
M. = 353 %5—3-2'5%-257
Soil preasure
p = 353 + 261x&
50 - 50OZ%
= 71 b4
= 135 or 7
Case 2 1206
= 476 (276 "22)= 6
Soil pressure
_ 417
P = %5 : 5%27‘5
= a5 + |
= 94 or a4
Case 3 1898
M= 649 (paam28) =270
Soil F:re&&:un‘_’
p - &4 +210x6
5.0 =502
= 130 ¥ b5
= 195 or k5

Maximum soil pressore = 195 kN /m?

Sa i';sFac}—Dry

Note : Depending on soil conditions, the base could be
desianed more economically. It may alse be
an advantage in wet soil conditions to Aes.icjn

the base with no ocotward projection.
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ref

CGICU|CJ|'iOnS EXAMPLE A2 SHEET 14

output

Footing Reinforcement

Case 1 woll Foe
warer
heel 650
19.2 base -2
; H— K3 7
125 S_od 54?-: |
20 |.0-8[ 2-2 k
| Ll
-2 1

Moment at root of toe
——(650+19:2)x22%x0'5
+0-5x bAX 22 %z+ 0B x T x2:2*x 2

=-142 kNm/m
Momentat root op hee
2

= 0-5x[38x 207 *3 * 0-5x 84 x 2-Ozx—|é—-
05 x19-2x2 0%

= [98 kNm/m
Case 2 -~
wall
Heel
158 surcharge
f
17 sol Toe
base bases 19-2
I
qe |soill >
A5 i_as
A A4

Moment at root of toe
- 05x3%x22%7x5 +05x 9% x 2-2%%

—05 x19.2 x2-27

= IBZ kKNm/m
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ref. | calculations ExAMPLE b2 smeeTis |output

Moment af root of heel
=-05 x (15:8+117 +19:2) x 2:0*
+ 05 x‘lbe‘O‘x%-rO-ﬁx ﬁ5x2-02x|—3

=-112 kNm/m

Case 3
By inspection, not cribical

Heel reinforement

Top reinforcement

M= 13
My= n3 xi-4= 158
h = BOO
d =735
(4- 4-—o?x_\§é)
| = Z120
o-a
= 003
z, =1-001 = 0-99
bul maximum value = 0-95
4
L Ag = o-qsxl?af,tlgs?g‘téo = 404 e o
100
Use Tlb at 200 top  (1005)
BoHom reinforcement
M o= 195
M, = 19& x1-4 =277
x, = 005
z, =00495
[4
Ag = ovq5,nz7?a‘75xxc;¢>87x4e.o = a4
Tib ab

Use Tl aF 200 bottom (1005) 200
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ref | calculations EXAMPLE 62 SHEET |6

output

Toe reinforcement

Top reinforcement
M= 142
Crackin‘a not snan%ﬁ(:anjr‘

Use Tz2a af 175 (1800)

RBottom reinforcement
182
182 x I'4 = 255

=
i

c
"

1-/1-0- 255
x = ( I-o 7’(1.20) - 608
| = 59 =00

N
"

0O-95

A _ 255 x 10¢

s 0'a5x735,08]x460 N3

Use T25 at 175 fo suit wall reinforcement (2810)

TZ2D of
175

T25 of
175
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ref | calculations ExamPLE 62 sHEeT 17 |output

Beservoir Floor Slab

Floor is divided into 4-5m panels by movement
jom?s

Assuming uniform ground conditions, the floor
slab is uniformly loaded and has no transverse
bending stresses

To provide a reasonable thickness of concrete, and
allowing for possible construction tolerances, use
a slab 200 mm Hick

P = febt - L6 _o025%

AL 7 460

Provide fop reinforcement only based on a surface
zone loomm deep (ie one half of clab depHn_)

BS BO07
A.3 and
Fig A2 .

Ao = 0:35% x100x 1000

220 mm¥Ym
Use a welded mesh fabric with 10mm wires in

]

: _ _ MESH
each direction at 200mm spacings (2a3) Azaz

Rottom zone does not reguire reinforcement
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ref.

calculations

ExameLE @&-2 SHEET 18,

output

FEnoForCEMELT DDETAIL.

it
T20 af 175 ] - Tzoatis
i1 }
T20 at 175 E M H'_“ TzO at 175
:_.,x_‘ — Spacer
l’ 4r
1 1

T25 ot 1758

-

bﬁr—— T258 at 17158

.

i

—=——= G20 ab 175
4 T2D ot |75
N T

s 3 s 3 3 1_9L4

Tib ot 200

SiF
Tz5 ot 175
— 120 of 175
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6.3 Design of a circular prestressed concrete tank
Design a circular prestressed concrete tank to contain water for fire-fighting
purposes (Fig. 6.3).

Tank diameter = 20.0 m

Height of water = 7.5 m

The tank is to be constructed entirely above ground level.
This example is intended to show the application of prestressed concrete
design to liquid-retaining structures.

20m

sliding joints

plan section

Fig. 6.3 Layout of circular prestressed concrete tank
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ref, COlCUthOhS EXAMPLE 53 SHEET 1. OUI’pr
DESIGN OF PRESTRESSED CIRCULAR TANK
Internal diameter of tank = 20.0m
Maximum depth of water=7-5m
Allow Freeboard of O-5m
Tank i1s constructed above ground
Fovide a 5lidinc3 Jor'nb'af e fool of the wall (ng. 6-3)
Mﬂl’eria{s
For prestressed concrete construction a hfcjh strength
concrefe is req,mred
Use grade 40 with a minimum cement content of 40 GRADE
CoWCRETE
300 Kg/ma’
Reinforcement
Uee h‘:gh S\TengH\ low relaxation pres*'nzssinq ;",‘—",f.f,iim
strands to BS 58496 1980, and grade 460 5‘;”"“”
. . 2ADE
high yield deformed reinforcement o BS4449 A0
Exposure Conditions
BS &c0o7
215 Severe exposure
The basic requirement is to ensore that there is a
Bié;oT C:rcumFgrenHa'| compression in the concrete
when He tank is Full of water
The presFrgssina cables will be placed outeide the
walle and protected with sprayed concrete
Concrete cover to normal reinforcement = 40 coves
wall Thickness
To enable e concrete fo be placed with 4 layers
of normal réinforcement and to prevent local
percolation, vse a wall thckness of 225 '?2:5
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ref. | calculations ExamPLe b3 SHEET 2 |output

T T
f 20-0m 1
T r 15
PLAN 75kN/m?
WATER PRESSURE
Maximum water pressure = 10 x 7'5

75 kN/m2
Maximum circumferential fension due o water pressure

r- I12X20 - 750KkN/m

The extra force req,utrecl fo provide a netcircumferential
compressive stress in the concrete of IN/mm? is

T,= Area x shress
= 275 x 1000 x1-:0x 10™3
= 225kN/m

Total force reguired
= T—f 'rl

= 750 + 225
975 kN /m

AF top of tank water pressure = zero and T=0
Tokal Force regquired 1=

T, = 225kN/m.
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ref CG|CU|0TIOHS EXAMPLE &6-3 SHEET 3 OUprI’
225 225
\I

290 - 280 spacing
407\ 200 spacing
54-2 \\ 150 SF’OCincj

\

AY
678 120 ct

\\ =P r\fj
|4 ! 100 5pac:‘n‘a
\\\

975 q75 \| 80 spacing
theoretical minimum actual forces provided by
circumberential force  tensions ak varying spacings
required up wall heiﬂhi' ( Details

are caleulated later on page
63 (8))
Fi‘es’rress{ng Cables
BS 5896

Use 12-5mm 7 wire low relaxa]‘lbn strand.

Area = A2 mm?2

Characteristic load = 164 kN
Characteristic 5’i'rem31'l‘; - 164 x 10
a3
= 1770 N/mm?

Inibial Jack{n% Porce(sﬂy)= 07 x 164
= 1I5kN

initial shress = 0-7x 1770
= 1240 N/mm?
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ref.

calculations ExAMPLE &3 SHEET 4

output

Stressuig seaquence

The prestreéssuig shronds are anchored ont concrete
projections (pulosters) ak the Quarter PoUnkS of the
cuocumflerence ’

Eacii cable exbends half- way round +Hie cucomfdre—ice
et Ls Stressed. from boun eds . Bott cobles at eock
level are shressed. simoltamecusly and foor jacks
e re@uured.

The jockung pouts for altenare cables (b1 eleuvakor)
are okt A cmel Hie B etco.

TRe maxumom fFuehore loss s hal £ - way betweert
Jocking pouits 3 eact cable ana by cweraguig &
+wo consecubtive cables A4 ora BB, the pouit of
average moxumuom 0SS WUl be at a pouit definecl
by x= & One.
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ref.

calculations EXAMPLE G- SHEET S,

output

Loss of prestressug force dwe to frcton.
A SSUrme constat for frucbiom cue o
Urregularities vt docts .~

K= 3300107 S

ol clocte

A= O30

FPoauws of corvalure of tencdoms
R o= @2-4'.5

= 102 wne

Fout of average moxumone 10ss of shress

Foctor (KI*'L%) = 8-Om

= 8-0(23x107%+ 22 )

= O-26G2

IF ehe vwtial preshessuig fovce = ,Fc’, . e force
after frckon 1osses ke @ LS

B = R e o2e2

- o772

. A = o017~ 115
= 88-5 M
and Shress v Shamde after frichon losses
- O-TT7T x 1240
= O5% KN/ mmZ
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ref | calculations Evampe b3 sneer 6 |oOUtPUL

Prestressing Losses

(1) Loss due to creep of low relaxation strand = 2%
( From manufacturers' cata |ogue) 2-0%

(2) Loss due to elashic contraction of concrete.

Modulus of elqsl‘icil'y of concrete = SIk?\i/mmz
Modulus of elashicity of sheel = 195 kN/mm?
Modular ratio o, = 195 =63

3T

Maximum elashic stress in concrete with fank emphy
after losses

3
. 75 xlo” ) 2
225x105 = +3N/mm

Assuming 0% total losses, concrete stress at Fransfer

- A3 _ 4.8n/mm?
0-4

" elaskic strain in concl‘c’f‘c_’
= 4-3 -3
= x 10
which 1s ea,ua1 to loss of strain in sheel
" loss of stress in sheel

_ 48x195
31
or 4-8x 6°3 =30-2 N/mm?

As the tank will be post-tensioned, the final strands
will be kensioned after nearly all the elaghic shorf'en}rﬂ
in the concrete has kaken dace, therefore the averoge
loss may be faken as half the value calculated above.

e [055 =é‘ X 302 =151 kl/mr'r\'2
inthial stress in shrand = a55 N/mm?2 (after (-ichon fosses)

I1S-1 x 100 o

. % loss = —W—:l-é/c 1-6%
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ref. [ calculations Exameie 63 Sneer 1 [OUtput
(3). Loss due o shrinkage of conc rete
Shrir\k‘aae shrain in concrete = 200 x 104
" loss of strain in strands = 200 x107¢
.. loss of stress in strands =
(strain) Xy =200 x 1074 x 195 x 10°
= 39 I\I/r'i"'nm2
%Ios&.=%=4-1% 44
(4). Loss of stressdue to creep of concrete
Stress in concrete at Fransfer = 4.8 N/mm?
Propoction of cube 5.|-rg,~,5 th = %’_65_
= 012
As this i1s less H’!an%, the creep values need nol
be increased
Creep strain =36 x 1078
Loss of shress in strand =
(strain) xet,, =36 x107% 1a5 x10?
% loss = 7‘0"17%25 =0-7% 0.7
Total losses = (2-041-6+4:140:7)%
=84% Egggﬁ_s
&-4 %
This is less than the value of 10% which was assumed
on page 6 and is satisfachory
Stress in shrand after Frickion losses = ass M/mm’-
pinal eFFec{'ive stress
- ass (120-8%) = 875 N/mm?
and porce_/ tendon )
-3 EFFECTIVE
=875 x93 x 1077 = 81-4 kN Tesloon
FoecE
(area) &1-4xnl
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ref. | calculations Evamelt b3 oucer & |output

Number of tendons per metre at boHom of tank

force required - a75 —12
force /Fendon 81-4-
: __ 1000 .. _ao

Number of fendons per metre aF top of Fank

= % =2'76

. . fooo
<. spacing” 294 say = 2860 mm

Intermediate spacings can be cai;:ulai'ed from
the diagram on page 6-3 (3)

Vertical Dgstsg

Tank empty

when the tank is emphy, moments will be induced
in the verhical direckion by the larger presPressinﬂ
Forces near to the foot of the wall, as compared
with the smaller prestressing forces near to the
top of the wall

The maximum moment induced may be assessed
as being numerically equal To one half of the
moment induced by a pinned base condition

AC1

Tables Table A3-7
h* 7-5°  _ 4o
dF =~ 20x0-225 12-5

Maximum value of coefficient = 0-0037
Radial pressure due to presl‘ressing

_ rl'ni Fo rce

T radius 975 ars
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.. Assume uniform load of 22°5 kN/m?2 with a
l'r’iqn‘aulqr load OF ?5kM/mz

. 225
q =225 kN/mZ
. Wy =75 = I0kN/m?
M=K (Wah®+ gh’)
—

75
.. Moment (hinged condition)

-0-0037 (10x7-5%+22-5 x 7-5%)
-20-3kNm/m
The design moment fo be used is one half of
20-3 =102 kNm/m (i‘cnsion on the outside)

Fartially prestressed condition :

During the prestressing opemations the tank will be
compressed non- oniformly af each level

The verhical shress produced may be estimated as
numerically equal fo 0-3 x the ring compressive

ohress af transfer
e 03 x4-B = |-44N/mm¥*

| 44 x 10*x 2257
Moment = F, = L44x107x225
6x 1O
=12 | kNm/m

¥85 8007 restricts His value to 1:0. The kank
may therefore have tobe stressed

in rwo opemations.

ref | calculations CaeLe b3 st o |output
At top of Fank, ring force = 225kN/m
At bortom of fank, ring force = 975 kN/m
/. Radial pressure at fop = 2?_65 = 22-5
Radial pressure aF bottom = A75 = 97-5
IS
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ref

calculations ExAMALE 63 sHEET 10 |output

This moment can be assumed o actin causing
tension on both faces

Fension—\.

—> :‘-; ==tension Section through tank

when partially prestressed

Design of Reinforcement

Use normal reinforcement (ie. not pres%rcssina)

Minimum reinforcement may be assumed to be
0-35%, as there is no restraintin the vertical
direction except for friction at the base which
causes some {‘er\Ston n the pﬁf‘i’{a”y casl’ CDI"\C{I-%-IIOF\.

5h rin k’aﬂ =
_’-
Possible
cracks
—

—— re.'_-el'rai rﬂ'
B ——

Eq,ua“y horizonkal rein For‘ce ment 1S necessary to
control cracking before prestressing, and is used o
sopport the vertical steel.

Horizontal reinPorcement
0-235% x 225 x 1000 = 787 mm?Z

Use Tio at 200 each Face (785) Tio af
200
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ref

calculations

ExAMPLE 63 SHEET ||

output

TABLE
| Az-2

Vertical reinforcement
Maximum moment Fo be resisted
=12-1 kKNm/m
D:‘,sfc\.}n crack widHh = 0-2 mm

Table A2-2
h=225
T2 at 200 M= 207
Fy =241

For M =12-1
FS= 121 240 = 14)
20-7
This 1s Eﬂlhﬁpach:)ry
Use TI1& at 200 Ver‘i'icca“y each Face.

(T2 verhically weuld be Yoo ?lcx‘nb\e)

I[P there are a number of tanks to cons}ruci’J it may
be economical o use welded wire R:xbric, which can
be specially Fabricated to provide the steel arrangements

and sheet sizes reguired.

Tib af
100
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ref

calculations. ExamPLE &3 SHeeT 12

output

ReEivrFrorceMENT DETAILS.

prestressuig —— o "

as. Ny —Ti1@ o 200
» cuchk {becs.

TIO ak 200
/ eack. fhce

Py

o sbiaimg jouie,




Testing and rectification

7.1 Testing for watertightness

The design and construction of liquid-retaining structures require close
attention to detail by both the designer and contractor but, in spite of the best
intentions of both parties, errors and omissions can occur. Equally, although
the design theory outlined in this book has been used successfully for many
structures, random occurrences and unfavourable statistical conjunctions can
result in a structure which is less than completely liquid-tight. It is therefore
necessary to test the structure after completion, to ensure that it is satisfactory
and that it complies with the specification.

The method of test depends on the visibility and position of the elements of
the structure. The walls of overground structures can be inspected for leaks
on the outer face and, if the walls are finally to be backfilled with soil, the
inspection can be made before the fill is placed. The walls of underground
structures can be inspected if there is sufficient working space available. The
floor slabs of all structures built on soil cannot be inspected for leaks, and
other methods of test have to be used **. The floor of an elevated reservoir
(or water tower) can be inspected in the same way as walls, as can the
underside of a flat reservoir roof. If the structure is designed to exclude rather
than retain water, it is possible to inspect the inside faces of the walls and
floors but rarely possible to ensure that liquid is available to make a test, and
hardly ever possible to take remedial measures from the outside. An example
of this situation is that of a basement of a building which is designed to
exclude ground water. Detailed methods of testing are described in the
following sections.

7.2 Definition of watertightness

The term ‘watertightness’ although descriptive, is not sufficiently precise for
the purposes of a contract specification. Essentially, a watertight structure is
built to contain (or exclude) a liquid, but some loss of liquid is inevitable due
to evaporation or slow diffusion through the concrete. Also, actual leaks may
occur through fine cracks in the concrete. These may heal autogenously (i.e.
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without any treatment). This occurs as water percolates through the crack and
dissolves calcium salts from the cement. As the process continues, the crack is
slowly filled and eventually the water penetration ceases. The process may
take up to about one week with cracks of 0.1 mm width, but up to three weeks
for cracks of up to 0.2 mm width. Cracks over 0.2 mm thick may not self-seal
at all. The result of autogenous healing is a white excrescence along the line of
the crack, but no further loss of liquid. This may be acceptable as a
permanent feature in some types of structure such as underground tanks, but
could not be allowed in the walls of an elevated water tower. A further form
of leakage consists of damp patches on the surface of a wall. The liquid flow is
very small, but the appearance may not be acceptable.

It is essential that the required standard of watertightness is clearly
described in the contract specification so that there is no misunderstanding of
the quality of result required from the contractor.

7.3 Water tests

A completed structure may be tested by filling with water and measuring the
level over a period of time. The concrete in the structure must be allowed to
attain its design strength before testing commences, and all outlets must be
sealed to prevent loss of water through pipes, overflows and other connec-
tions. The structure should also be cleaned.

The structure is slowly filled to its normal maximum operating level. If the
structure is filled too quickly, the sudden increase in pressure is likely to cause
cracking. As a guide, a swimming pool or relatively small tank could be filled
over a period of three days, but a large reservoir will take much longer to fill
because of the volume of water required. BS 8007 limits the rate of filling to a
uniform rate of not greater than 2 m in 24 hours.

To allow the concrete to become completely saturated with water, a
stabilizing period is allowed after filling has been completed. The length of
the stabilizing period depends on the design surface crack width and hence
the time required to complete any autogenous healing which may be
necessary. For a design crack width of 0.1 mm, a period of one week may be
required, but for a design crack width of 0.2 mm, a period of up to three
weeks is necessary. These times may be adjusted as appropriate. If it is
obvious that there is no leakage through cracks after some days, it may be
possible to commence the record test somewhat earlier. At the commence-
ment of the test, the level of the water is recorded, and subsequently each day
for a further period of seven days. The difference in level over the period of
seven days is then used to assess the result of the test. The levels may be
measured by fixing scales to the walls, or by making marks on the walls above
water line and measuring down to water level with a moveable scale or other
device. The level should be recorded at four positions, but with a large
reservoir at eight to twelve positions, to guard against errors in reading and
local settlements.
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Fig. 7.1 Arrangements for water test

An open structure (or a closed structure where the air above the water is
affected by wind movements) may lose moisture by evaporation, or may gain
water due to rainfall. In assessing the results of the water level readings
during the test, allowance must be made for these variations. A simple
method of achieving this is to moor watertight containers 80% filled with
water at points on the water surface. The water surface inside the container is
subject to the same gains and losses as the water in the main reservoir. By
taking measurements (x) of the water level in the container from the top edge
of the container, the gains or losses due to rainfall and evaporation in the
main reservoir may be assessed (Fig. 7.1).

It will be apparent that a degree of honesty and care is necessary when
carrying out tests of this nature, and the daily measurement of water levels
during the test will assist in detecting any unusual occurrences. The author
has had experience of a test where the water level was appreciably higher at
the end of the test than at the beginning.

7.4 Acceptance

A water test will enable a net loss of water to be measured due to leakage and
further absorption into the concrete structure. The acceptable fall in water
level should be stipulated by the designer before the test is commenced. For
many structures, the maximum acceptable limit may be taken as 1/1000 of the
average depth of the water. BS 8007 recommends a value of 1/500 of the
average water depth or 10 mm or other specified amount. The Australian
standard adopts similar values. It is not possible to set a limit less than about
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3 mm due to the difficulty of making a sufficiently accurate measurement.

If the test is judged to be unsatisfactory after seven days, and if the daily
readings indicate that the rate of loss of water is reducing, the designer may
decide to extend the test period by a further seven days. If the net loss of
water is then no greater than the specified value during the second period of
seven days, the test may be considered satisfactory. If the test is judged to be
unsatisfactory, then it should be repeated after measures have been taken to
locate and deal with leakage.

A successful water level test is a necessary but not sufficient criterion for
accepting the structure as satisfactory. If seepage can be observed from the
‘dry’ side of the walls or if damp patches are present, then remedial work will
be required. The condition of the surface of elements of the structure should
be assessed by reference to the contract specification. The structure should
not be accepted as satisfactory until the specification has been satisfied in each
particular.

7.5 Remedial treatment

It is particularly difficult to isolate defects in floor slabs, but joints and areas
where the concrete surface is irregular or honeycombed should be inspected
very thoroughly. When water has been drained out of a structure, and the
surface is drying, areas containing defects may be the last parts to remain wet
or damp, due to water being trapped in the defective area.

Small leaks and damp patches are usually self-healing after two to three
weeks. After the healing is complete, accretions on the outside of the leak
may be scraped off the surface. More persistent leaks require treatment with
proprietary products, preferably from the water face. Chemicals are available
which are applied to cracks as a slurry and are drawn into the crack by the
water flow. Fine crystals are formed which close the crack. A similar effect
occurs when the slurry is applied to a porous area. Areas of severe
honeycombing or wide cracks may be repaired with pressure grouting
techniques or, if there is severe leakage, a whole section may need to be cut
out and replaced.



Vapour Exclusion

8.1 The problem

In recent years there has been a trend towards ever larger buildings in city
centres, and because of a shortage of land, there are frequently one or more
basements below ground level. The basements may be used for car parking,
storage, or as office or shop accommodation. A further recent phenomenom
has been the slow rise in ground water levels in many cities in the UK
following a reduction in pumping for industrial uses.

The previous chapters in this book have addressed the design of structures
to retain aqueous liquids, and by using the same principles, it is possible to
design structures to exclude ground water — as in a basement situation.
When a structure is designed to BS 8007 to exclude liquid, it is accepted that
there may be a damp patch or two on the walls, but there should be no
leakage of water. A basement in this condition will be acceptable for use as a
car park, but for use as a retail sales floor, passage of water vapour (or damp)
must be prevented. For reasons of health, the UK Building Regulations
require all habitable rooms to be designed so that vapour may not pass
through the external enclosure below ground level.

Properly compacted concrete will prevent the passage of water, but will still
allow water vapour to migrate through the structural elements, particularly if
the basement is heated and/or ventilated. If water vapour is to be excluded,
then additional measures are necessary.

The following sections deal with the ways in which a vapour excluding
concrete structure may be achieved. It is not possible in this book to deal with
all the details applicable to particular materials, but guidance may be
obtained from manufacturers’ information sheets, and also from BS 8102:
Code of Practice for Protection of structures against water from the ground.
To stay within the limits of the subject of this book, it is assumed that the
underground structure is of new in situ reinforced concrete construction.

8.2 Design requirements
Although it may seem that a vapour excluding basement is sufficiently
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well-defined by its description, this is not so. Before design commences,
discussion is necessary between the designer and the building owner to decide
on the level of protection required. A balance must be struck between
satisfactory performance of the structure in use and the cost of providing the
protection. The consequences of failure and the anticipated life of the
building (or contents) are also part of the considerations.

BS 8102 defines the levels of protection required for various specified uses
as types A, B and C. These are reproduced in Table 8.1 together with the
grades, usages, and corresponding performance levels. To satisfy each of
these criteria, a structure may be designed in several ways, each being
designated by the type letter as follows:

Type A — Tanked protection

The structure itself is not water excluding and protection is provided by a
membrane system applied either externally or internally. The tanking may
either be water and vapour excluding or only water excluding.

Type B — Structurally integral protection

The structure is designed to BS 8007 to be water excluding but will not be
vapour excluding unless an external or internal membrane system is
applied. '

Table 8.1 Guide of level of protection to suit basement use

Grade  Basement usage Performance level Form of construction

1 . Car parking; plant rooms Some seepage and Type B. Reinforced concrete
(excluding electrical damp patches design in accordance with
equipment); workshops tolerable BS 8110

2 Workshops and plant No water penetration Type A.
rooms requiring drier but moisture vapour  Type B. Reinforced concrete
environment; retail storage tolerable design in accordance with
areas BS 8007.

3 Ventilated residentialand  Dry environment Type A.
working areas including Type B. With reinforced
offices, restaurants etc., concrete design to BS 8007.
leisure centres Type C. With wall and floor

cavity and DPM

4 Archives and stores Totally dry Type A.
requiring controlled environment Type B. With reinforced
environment concrete design to BS 8007 plus

a vapour proof membrane.
Type C. With ventilated wall
cavity with vapour barrier to
inner skin and floor cavity with
DPM
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Type C — Drained protection

A drained and possibly ventilated cavity wall construction is provided
together with drained cavity floor construction. The floor construction also
includes a damp excluding membrane.

Figures 8.1-8.4 show examples of these types of construction, and Table
8.1 includes recommendations of their application for the various grades of
protection required. It should be noted that more than one type of construc-
tion is available for each level of protection. As stated above, it is not possible
to ‘design’ reinforced concrete to prevent the passage of vapour and hence an
additional barrier of an appropriate material is necessary. The essential
feature of the barrier is that it should be continuous, with particular attention
being given to the junction between floor and walls and to the effective sealing
of any pipes or services which pass through the walls or floor (see Figure 8.6).

8.3 Assessment of site conditions

The water and water vapour that are to be excluded from a basement come
from ground water, local surface water, or fractured water supply or drainage
pipes. It is important to provide protection from rain falling on the surfaces

w
:; - =3 Tanking
600 min. excavation ©o %o Masonry wall or
backfilled with hardcore b o, o protective board
L
F o K — Structural wall and
IL—— o '/'/ floor
Y o .
1% o . 50 protective screed
e " e e onisolating layer
: i1 50 min | Concrete base
sealed ————Hardcore

overlap

-
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\l 225 min.

Subsoil drain (if possible)

All dimensions are in millimetres

Fig. 8.1 External membrane protection
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Fig. 8.3 Structurally integral protection

adjacent to the building, and paved areas should be provided around the
structure which will allow surface water to be drained away.

BS 8102 recommends that in the design of basements not exceeding 4.0
metres deep, the design head of ground water should be assumed to be
three-quarters of the full depth of the basement below ground level (but not
less than 1 metre). This may sometimes seem to be a very conservative
approach, but it is important to remember that if a basement is excavated in
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clay soil and backfill is placed around the completed structure, then a sump
has been created which will tend to attract any surface water in the vicinity.

A comprehensive soils investigation is necessary for all but very small jobs
and, in the case of basement construction, it is important to obtain detailed
information concerning any ground water table together with an indication of
the likely variation of that table both seasonally and over the anticipated life
of the building. The results of the investigation can be compared with the
recommendations in BS 8102, to arrive at a design decision. The investigation
should also provide information about the quality of the soils and ground
water in terms of pH value and any dissolved chemicals. Sulphate content is
particularly important, together with any other chemicals present from
previous uses of the ground. The design decisions concerning the use of an
external or internal membrane may well be influenced by the results obtained
from the soil investigation (see Figure 8.1 and 8.2).

8.4 Barrier materials

The essential properties for a barrier material are that it should be inherently
vapour excluding and that it should be of a form that can be conveniently
applied to the main structure. This includes the ability to negotiate corners
and changes of level and to remain stable in a vertical application to a wall.
The structure onto which the barrier material is placed should not contain
uncontrolled cracks which might rupture the material. Hence, design of
concrete to BS 8007 is to be preferred. Details for any movement joints
should be prepared to preserve the exclusion of vapour, and also at any
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change in backing material (e.g. brick to concrete). It should be noted that a
vapour excluding barrier will also prevent water penetration, assuming that
the barrier material is not forced away from the structure by water pressure.
The main materials in use are described below. To specify each material in
detail it is necessary to consult BS 8102 and other appropriate British
Standards and manufacturers’ literature.

Protection of the material is generally required after it has been placed.
This applies both on the outside of a structure before backfilling and on the
inside by providing a loading material to prevent vapour pressure blowing the
material away from the structure.

8.4.1 Mastic asphalt

Mastic asphalt is a material which has been used widely for many years. It is
applied hot and worked into position by hand. It is normally applied in two or
three coats of 10 mm per coat. In vertical work, it may require support at
intervals due to the weight of the material. The joints in each layer are
staggered to avoid possible paths for leakage. Where asphalt is applied to the
exterior of the structure, it requires protection before backfill is placed.

8.4.2 Bitumen sheet

This material consists of a sheeting material coated with bitumen. It is
supplied in rolls of various weights and widths, and applied by being stuck to
the structure with a priming coat of liquid bitumen. The surfaces onto which
the material is applied should be smooth and free from rough edges. At least
two layers are required, with the lines of the joints being staggered in
position.

8.4.3 Cement-based renders

These are mixed on site from sand, cement and a waterproofing admixture or
a polymer resin. Water is added and the mixture applied in two coats with
staggered joints. These renders are not necessarily entirely vapour excluding.
It is important to ensure that the backing materials are in a satisfactory
condition to receive the render and that the backing is stable and uncracked.
Rendering over a change in materials is not likely to be satisfactory as cracks
will form in the render over the lines of change. No protection to the render is
normally necessary.

8.4.4 Polyurethane resins

Various products are available which are supplied as a liquid or semi-liquid
and are applied by roller, trowel or other means specified by the manufactur-
er. The resin cures after a period of one to two days forming a jointless vapour
excluding sheet.
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8.5 Structural problems

8.5.1 Construction methods

During construction, it is almost always necessary to support the ground
outside basement walls and this has an effect on the construction sequence
and the positioning of joints. If ground water is present at a relatively high
level, then sheet piling, diaphragm walling, or a system of well-points may be
required. The design must take account of any restrictions that the construc-
tion method imposes.

8.5.2 Layout

The layout of the basement structure will be influenced by the method of
construction and, in particular, by the means used to support the ground at
the sides of the excavation. If temporary sheet piling is used, it is more
economic if the junction of the floor and the wall has no heel projecting
beyond the outside face of the wall. However, this may conflict with the need
for an overlap of the barrier material at the wall/floor junction.

8.5.3 Piled construction

For vapour excluding structures, construction on piles requires a complete
separation between the pile caps with their stabilizing beams and the wall and
floor structure (Fig. 8.5). It occasionally happens that tension piles are
required to hold down the basement structure against uplift forces due to
ground water. This creates a particular problem as the tension reinforcement
in the piles must be properly anchored in the main basement structure, and
yet any membrane must be continuous. The possible solutions are either to
devise a special local joint around the tension bars, or to use cavity
construction.

8.5.4 Diaphragm and piled walls

The use of diaphragm walls or contiguous piled walls is extremely convenient
when an excavation has to be carried out alongside an existing building, but
the nature of these systems is such that they cannot be relied upon to be water
excluding. The simplest solution to this problem is to use cavity construction
(Fig. 8.4). This is a system where it is accepted that there will be some
penetration of the main structure by vapour and possibly water. A system of
lining walls is provided, positioned to form a cavity which separates the main
structure from the inner lining. Similarly, a secondary floor is provided, which
allows for an air space between the main structural floor and the secondary
floor. The floor is provided with a vapour excluding layer. Arrangements are
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Fig. 8.5 Piled construction

made so that any water which collects in the cavities can be drained away to a
sump and pumped out. Vapour may be removed by ventilating the cavity.
The degree of protection required will be determined by the particular use of
the building (Table 8.1).

8.6 Site considerations

8.6.1 Workmanship

Although the quality of workmanship is important in all building operations,
the construction of vapour excluding structures demands workmanship of the
highest quality. The reasons for this are as follows.

(a) Moisture can easily migrate from a defect behind a membrane to
emerge on the opposite face in an entirely different position. The
source of any leakage of water or transmission of vapour is difficult to
locate.

(b) When an external membrane is used, it is virtually impossible to gain
access to the underside of the floor slab or the outer faces of the
external walls without enormous cost and disruption.

(¢) In general, it is not possible to check that a structure is vapour
excluding during the construction phase when there is a great deal of
moisture present. Some defects may not be revealed before the
heating is activated.

The work involved in the application of membranes to a concrete wall is
straightforward, but it requires dedication and detailed care. In adverse
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weather conditions, work may have to be halted. If the construction sequence
requires a section of work to remain in a part-finished state for some time,
then the exposed temporary edge may need protection, and the joint between
the old and new will require careful treatment by cleaning the previous work
before bonding on the new.

8.6.2 Failure

The author has inspected a basement which was to be used as a retail trading
floor, and the structure was subjected to ground water pressure from a level of
800 mm below the surface. The structure was quite correctly designed to BS
8007, with the addition of an externally applied membrane. In spite of these
features, the structure lecaked profusely. The workmanship on the application
of the membrane was very poor, and the waterstops which had been inserted
in the construction joints were ineffective — again due to faulty workman-
ship. _
[t is not sufficient for a contractor to hire the next man on the list from the
labour exchange and put a brush in his hand. The operatives must be properly
trained and preferably have relevant experience. Supervision is also impor-
tant and needs to be nearly continuous. To execute a design correctly costs
money, but the cost of satisfactory repairs will be many times greater.

8.6.3 Services

It is frequently required to pass pipes or services through a water and/or
vapour excluding wall. It is preferable to cast service pipes ducts etc into the
wall rather than leave a hole to be made good later. A puddle flange should
be provided around pipes etc at the centre of thickness of the wall. Puddle
flanges can be provided on both cast iron and plastic pipes, but with plastic
pipes a further problem occurs due to the flexibility of the material. There 1s a
possible lack of adhesion between the surface of the pipe and concrete
(leading to leakage). A convenient method of improving the adhesion
between plastic pipes and concrete is to paint the outside surface of the pipe
with epoxy adhesive and scatter dry sand onto the surface. This technique
produces a surface similar to glass paper, and reduces the possibility of any
leakage (Fig. 8.6).

8.6.4  Fixings

When a basement is used for storage, retail activity or other similar purposes,
there will always be a requirement to fix signs, shelves, services and other
items to the walls. If the vapour excluding barrier is placed on the inside of
the structural walls, the fixings will penetrate the barrier and destroy its
cffectiveness. It may be possible to design local details to overcome this
problem but, in general, the original designers or developers of a building will
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not have control over the activities of the occupants, and eventually the
vapour barrier will be compromised. This problem arises irrespective of the
material used for the barrier. There is less problem when services are
required in a floor, as they can be embedded in a screed above the vapour
barrier. If any drainage goods are specified in the floor, they should be made
of cast iron rather than ceramic or plastic as it is otherwise not possible to
make a satisfactory vapour seal around pipes and gullies.
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Design tables

Al.1 Limit state design

The two limit states that have a predominant effect on the thickness of
concrete required and the quantity of reinforcement are:

(1) The limit state of cracking
(2) The ultimate limit state for flexure.

Generally (1) is the over-riding criterion. The first assessment of thickness
of concrete section and reinforcement quantities for a preliminary design, in
order to proceed to check that the two limit states are satisfied, is not easily
possible by direct methods. Tables have therefore been prepared which
enable the designer to choose sections that will resist a stated bending
moment, in the knowledge that the chosen section will meet the requirements
of both the limit states given above. An outline of the derivation of the Tables
and the method of use follows.

Al.2 Layout of the design tables

The tables may be used to arrive at the overall thickness and the amount of
reinforcement required to satisfy the limit state of cracking and the ultimate
limit state. Values are tabulated for two limiting crack widths.

Tables A1.1-13 limiting crack width = 0.1 mm
Tables A2.1-13 limiting crack width = 0.2 mm

The layout of each separate table is similar. All the tables have been
prepared for material properties and other conditions which are described in
paragraph A1.5. Each is constructed for a particular overall section thickness
h, varying between 200 mm and 1000 mm. Values of service bending moment,
reinforcement stress and ultimate shear capacity are given for standard bar
sizes placed at standard spacings.

A1.3 Tabulated values

For a given reinforcement arrangement, each entry in a table consists of three
values aligned vertically. In descending order they are:

Service moment of resistance (kNm/m)
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Service tensile stress in the steel (N/mm?)
Ultimate shear capacity of the section (kN/m)

The values of bending moments are the lesser of:

(1) The ultimate moment of resistance of the section divided by 1.4.

(2) The elastic moment of resistance of the section at the steel stress
indicated, which ensures that the crack width is within the limiting value
for the particular class of exposure.

Where (1) is critical, the tabulated values are printed in italics and the steel
stress will be 285 N/mm?®. The formulae which have been used and the
assumptions which have been made are given in paragraph Al.5.

Al1.4 Method of using the tables

The tables should be used as follows:

(1) Decide on the minimum thickness of section by considering the ease of
construction, the relation of the element to the remainder of the
structure, and the necessity to limit deflection (see Section 3.2).

(2) Calculate the applied service moment, i.e. the bending moment on the
section due to the design loads (with a partial safety factor y; = 1.0).

(3) Decide on the exposure conditions and refer to the set of tables for the
appropriate crack width.

(4) Examine the tables for values of moment of resistance which are at least
as great as the applied design moment, and decide on the thickness of
the section. The precise size and spacing of reinforcement can be read,
together with the design (service) stress in the reinforcement.

(5) There are several possible values of 4 and reinforcement arrangement
for any given value of applied moment, and the designer should be
guided in his final choice by adopting a thickness # which shows the
value of required design bending moment associated with the design
tensile reinforcement stress desired. When deciding on an appropriate
value for the thickness 4 of a section, it is also necessary to consider
shear stresses. If no shear reinforcement is to be used, the ultimate shear
stress must be limited to that permissible on the concrete alone.

(6) The design tensile stress in the reinforcement should be as high as
possible for due economy, but relatively low steel ratios at high stresses
are not very forgiving if the site workmanship is less than perfect. The
autléor therefore generally uses stresses of the order of 220 to 250 N/
mm~.
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A1.5 Derivation of tables

Al1.5.1 Calculation method

The values of service bending moment and reinforcement stress have been
calculated for limiting design crack widths of 0.1 mm and 0.2 mm. The value
of the factor for the stiffening effect of the concrete depends on the particular
limiting crack width. The tables in this appendix have been calculated by
assuming values for the section details, material properties and also the
required limiting crack width. From these values, it is possible to calculate the
permissible stress in the tensile reinforcement and then the service moment of
resistance. A check calculation of the ultimate moment is also made, and
where this is critical the value is printed in the tables in italics, with a stress of
285 N/mm?.
The third value is the ultimate shear capacity of the section in kN.

* +
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Fig. A1.1\ Section with strain diagram

A1.5.2  Formulae—elastic calculation (see Section 3.4)

The calculations are made by normal elastic theory for a unit length of slab
reinforced in one face. Figure A1.1 illustrates a section through the slab. The
following formulae are used in sequence to evaluate the properties of the
section. The symbols are defined in Chapter 3.

/ 2 A,
Depth of neutral axis = z= apl [1+—— l) where p = — (A1.1)
d QP bd
Leverarmz =d—ix (A1.2)
Note: -2;{0.75 and *0.95

Applied elastic moment M = A f,,zx 107° (A1.3)
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Value of strain at surface ignoring stiffening effect of concrete
_ fs . h—x

E, d—x
The stiffening effect of the concrete between cracks may be assessed using the
following empirical formulae. These formulae apply only to the particular

crack widths stated as a value of strain is implicit in the formulae.
For a limiting design surface crack width of 0.2 mm:

_b(h—x)(a —x)
27 3EA(d—x)
For a limiting design surface crack width of 0.1 mm:
1.5b(h—x)(a’" —x)
~ 3EA(d-x)
and, allowing for the uncracked concrete,
Em = €1 & (Al1.6)

For cracking in a slab the factor

£ x 1076 (Al1.4)

(A1.5)

£ (A1.5)

in the formula is equal to unity.
The design surface crack width

3a.,&,

Ay — Conin
1+2(———~)
h—x

(A1.7)

W =

Fig. A1.2 Geometry of concrete cover
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Value of strain at surface ignoring stiffening effect of concrete

fo h—x
N Es d—x
The stiffening effect of the concrete between cracks may be assessed using the
following empirical formulae. These formulae apply only to the particular

crack widths stated as a value of strain is implicit in the formulae.
For a limiting design surface crack width of 0.2 mm:

_blh-x)(@-x)

&1 x10~° (Al.4)

= AlS
? 7 3EA(d-x) (AL3)
For a limiting design surface crack width of 0.1 mm:
1.5b(h— '—
_ LSb(h—x)(@ ~x) (ALS)

2T 3EA(d-x)
and, allowing for the uncracked concrete,
En, = E1— & (A16)

For cracking in a slab the factor

a' —x
h—x
in the formula is equal to unity.
The design surface crack width

3 r’m

W= ac ¢ (A1'7)

1+ 2(af:r"_ Cmin)
h—x
* ° °

Fig. A1.2 Geometry of concrete cover
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From Figure Al.2 it can be seen that
acr=aa_%¢ (Alg)
a2 = (35)*+ (c +39)* _ (A1.9)

Hence a,, can be calculated and used in formula A1.7.

A1.5.3 Formulae—limit-state calculation (see Section 3.5)
The ultimate lever arm is calculated as
0.97A,f
z=(1-—W)d (A1.10)
with a minimum value of 0.75d and a maximum value of 0.95d
and the ultimate moment of resistance as
M, = (0.87f,)A,z (Al1.11)

The factored value is M,,/1.4 which is compared with the service moment.

A1.5.4 Formulae—shear calculation

The permissible ultimate concrete shear stress is taken from BS 8110
Table 3.9

Ve = 0.79( f../25) 3 (1004, /bd ) >(400/d ) "I,y

where d is limited to 400 mm and the steel ratio is limited to 3.0.
The ultimate permissible shear force on the concrete alone is then:

V =v.bd

Al1.5.5 Constants and material properties

The following values have been used in the computer program from which the
tables have been prepared:

Concrete: f,, = 35 N/mm?
Reinforcement: high yield f, = 460 N/mm?
Modular ratio a, = 15

Cover to tensile reinforcement ¢ = 52 mm (k& = 200 to 300)
56 mm (k2 = 350 to 800)
60 mm (h = 1000)

(It is assumed that the cover to the secondary reinforcement in the outer layer
will be 40 mm.)



Example of use of Tables Al and A2 157

The area of tensile reinforcement is calculated from the specified bar sizes
and spacings.
The area of compression reinforcement is assumed to be zero.

A1.5.6 Restrictions on tabulated values

1 The bar spacings for a given section are limited to the value of the section
thickness with a maximum value of 300 mm (as recommended by BS 8007).

2 If the arrangement of a particular bar size and spacing amounts to a steel
ratio of less than 0.175% per face, no values of moment or stress are shown in
the tables. The steel ratio is calculated using a maximum value of 2 = 500 as
recommended in BS 8007. This steel ratio is a practical minimum. Where
values are tabulated, it does not follow that the particular steel ratio is
necessarily sufficient to control early thermal movement, and this point must
always be checked.

3 If a particular bar size and spacing, associated with a particular section
thickness, results in a design concrete compressive stress of more than
0.45f.,., no values are printed.

4 As reinforcement stresses become larger with smaller ratios of steel, a
point is reached where the ultimate moment of resistance becomes critical.
This point is at a steel stress of about 460/(1.15 x 1.4) = 285 N/mm?. In this
case the tabulated values are shown in italic type. Due to differing assump-
tions in respect of the separate calculations for cracking and strength, an
anomaly sometimes occurs when the service stress in the cracking calculation
is greater than 285 N/mm? although the section has a more than adequate
ultimate strength.

5 It should be noted that satisfactory designs may be prepared with values of
moment and stress that are less than those shown in the tables. The tabulated
values are absolute maxima derived from the formulae stated above. The
judgement of the designer should be exercised in determining the service
reinforcement stress to be used.

Al.6 Example of use of Tables A1 and A2

Design a cantilever wall 6.5 metres high to support a load due to water
pressure. Design crack width = 0.2 mm.

From Table 3.1, for H = 6.5 m and a possible thickness 4 = 750 mm.

The values shown in Tables A1 and A2 for the service moment of resistance
of the section and the service stress in the reinforcement may be adjusted by
applying the ratio to the steel stress of actual moment/tabulated moment.
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This is obviously only possible when the tabulated moment being considered
is greater than the applied service moment (service conditions are with
Consider a unit width of slab of 1 metre:
Service moment M, = (1/6) X 10 X 6.5 = 458 kN m/m
From Table A2.12 for & = 800 mm consider T25 at 125 (3925 mm?%m).

Tabulated values: M; = 527 kNm/m
f, = 206 N/mm?

458 5
For My =458, f,=206X 527 = 179 N/mm

which is satisfactory.
. Use a slab with & = 800 mm and reinforced with T25 at 125.

Using the values obtained from the design tables, a check on the accuracy
of the original assumptions must now be made.

cover 40 —
e

T25 — g __.q.

T16

distribution
steel - ———f-d

RS

Fig. A1.3 Reinforcement arrangement

Actual axial distance = 40+ 16+ 12.5 = 68.5 mm
d =800—69 =731 mm

Check ultimate shear capacity.
From Table A2.12 V =420kN

Applied ultimate shear at root of cantilever
=31x10%x6.52x1.4
=296 kN

Satisfactory.
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Tables A1 Limiting moments (kN m), service steel
stresses (N/mm?) and ultimate shear
capacity (kN/m) for 0.1 mm crack widths

Table A1.1 h=200 Cover to main bars = 52 Crack width = 0.1

Bar spacing (mm)

Bar size
{mm) 100 125 150 175 200 250 300
12 19.0 17.4 16.3 15.5 15.0
136 153 171 189 207
121 112 105 100 96
16 171
138
1156
20
25
32

TableA1.2 h=225 Cover to main bars = 52 Crack width = 0.1

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 246 225 21.1 201 19.4
148 167 186 206 226
129 120 113 107 102
16 23.2 22.0
139 150
129 123
20
25

32
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Table A1.3 h=250

Cover to main bars = 52 Crack width = 0.1

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 30.7 28.1 26.4 25.2 24.4 23.3
159 180 202 223 246 291
137 127 119 113 109 101
16 30.9 28.8 27.3 25.3
138 149 160 184
144 137 131 121
20 28.2
136
140
25
32
Table A1.4 h=275 Cover to main bars = 52 Crack width = 0.1
Bar spacing (mm)
Bar size
(mm) 100 125 150 175 200 250 300
12 37.3 34.2 32.2 30.8 299
170 193 216 240 265
144 134 126 119 114
16 409 37.4 34.9 33.1 30.8
135 147 169 171 197
161 152 144 138 128
20 34.0
144
148
25

32
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Table A1.5 h =300 Cover to main bars = 52 Crack width = 0.1
Bar spacing (mm)
Bar size
(mm) 100 125 150 175 200 250 300
12 44 .4 40.8 385 36.9 35.8
181 206 231 257 284
151 140 132 125 119
16 54.8 485 443 415 39.4 36.8 35.2
131 143 155 168 181 210 239
182 169 159 151 144 134 126
20 44.6 40.4 37.8
135 151 169
167 165 146
25
32
Table A1.6 h= 350 Cover to main bars = 56 Crack width = 0.1
Bar spacing (mm)
Bar size
(mm) 100 125 150 175 200 250 300
12 57.8 53.8 51.2 495
197 226 257 288
162 150 141 134
16 69.6 62.3 57.6 54.3 52.0 491 47.4
138 153 168 183 199 233 268
196 182 171 162 155 144 136
20 61.3 576 52.8 499
136 145 165 185
188 180 167 157
25 547
134
181

32
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Table A1.7 h =400 Cover to main bars = 56 Crack width = 0.1

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 75.5 705 67.4
217 251 286
173 161 151
16 89.7 80.7 74.8 709 68.1 64.6
150 167 184 202 220 259
209 194 183 174 166 154
20 85.3 79.0 745 68.7 65.3
138 148 159 181 205
211 201 192 178 168
25 76.2 70.6
132 146
206 194
32
Table A1.8 h =450 Cover to main bars = 56 Crack width = 0.1
Bar spacing {mm)
Bar size
{(mm) 100 125 150 175 200 250 300
12 95.2 89.4
237 276
183 170
16 111.8 101.0 94.1 89.4 86.2 82.2
162 181 200 221 242 286
222 206 194 184 176 163
20 117.2 106.2 98.7 934 86.6 827
138 148 160 172 197 224
238 224 213 204 189 178
25 95.0 88.4
142 167
219 206

32




Table A1.9 h =500

Cover to main bars = 56

Crack width = 0.1

Tables AI 163

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 1171 150.6
257 285
197 183
16 136.0 1235 115.5 110.1 106.4
173 194 216 239 263
238 221 208 198 189
20 161.6 141.9 129.1 120.4 114.3 106.5 102.2
135 147 159 171 185 213 244
276 256 241 229 219 203 191
25 128.3 115.6 108.2
136 152 169
253 2356 221
32
Table A1.10 hHh =600 Cover to main bars = 56 Crack width = 0.1
Bar spacing (mm)
Bar size
(mm) 100 125 150 175 200 250 300
12 231.2 185.0
285 285
226 210
16 190.7 174.7 164.6 158.0 204.8
195 222 249 277 285
273 254 239 227 217
20 2228 197.4 181.1 170.0 162.3 152.8 147.5
160 164 179 195 212 247 284
316 294 276 263 251 233 219
25 209.1 191.4 178.9 163.0 153.8
136 144 1563 172 194
320 304 290 270 254
32 168.5
133

298
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Table A1.11 h=700 Cover to main bars = 56 Crack width = 0.1

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 274.2 2194
285 285
253 235
16 253.7 2345 222.4 277.7 243.0
218 249 282 2856 285
306 284 268 254 243
20 2921 261.1 241.3 228.0 218.8 207.6 252.3
164 181 200 219 239 281 285
3565 329 310 294 282 261 246
25 354.3 305.8 274.2 252.7 237.6 218.6 207.8
131 140 149 159 170 193 219
417 381 3569 341 326 302 2856
32 2428 223.7
135 148
3565 334
Table A1.12 h =800 Cover to main bars = 56 Crack width = 0.1
Bar spacing (mm)
Bar size
(mm) 100 125 150 175 200 250 300
12 317.2 253.7
285 285
279 259
16 3263 302.9 374.9 321.3 281.2
240 277 285 285 285
338 313 295 280 268
20 369.7 333.1 309.9 2945 284.0 350.5 292.1
178 199 220 243 266 285 285
391 363 342 3256 310 288 271
25 4427 3849 3475 322.2 304.5 282.6 2704
140 150 162 174 186 214 244
453 420 396 376 359 334 314
32 347.4 309.1 287.0
133 147 162
422 392 369
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Table A1.13 h = 1000 Cover to main bars = 60 Crack width = 0.1
Bar spacing (mm)
Bar size
(mm) 100 125 150 175 200 250 300
12 401.4 321.1
285 285
327 303
16 485.2 569.7 474.7 406.9 356.0
280 285 285 285 285
395 367 345 328 314
20 536.3 493.3 466.2 448.3 bbb, 1 444.1 370.1
202 230 259 289 285 285 285
458 425 400 380 363 337 318
25 622.9 553.6 508.9 478.9 458.0 4323 576.7
154 169 185 201 219 256 285
530 492 463 440 421 391 368
32 5941 542.8 506.5 460.4 434.3
135 143 152 171 192
545 518 495 460 432

Tables A2 Limiting moments (kN m), service steel

Table A2.1 h =200

stresses (N/mm?) and ultimate shear

capacity (kN/m) for 0.2 mm crack widths

Cover to main bars = 52

Crack width = 0.2

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 26.0 22.2 19.7 17.8 16.4
186 196 206 216 227
121 112 105 100 96
16 36.8 31.1 271 24.2 22.0
1556 162 167 173 178
145 135 127 120 115
20 40.7 35.4 314 28.4
142 146 150 163
155 146 139 133
25 36.9
134
153

32
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Table A2.2 h=1225 Cover to main bars = 52 Crack width = 0.2

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 33.0 281 24.8 224 20.7
199 209 219 230 241
129 120 113 107 102
16 471 39.6 34.2 30.4 27.6
167 173 178 183 188
155 144 136 129 123
20 62.6 2.3 451 39.8 356.7
148 153 156 159 162
179 167 1657 149 142
25 52.5 47.0
140 142
172 164
32
Table A2.3 h =250 Cover to main bars = 52 Crack width = 0.2
Bar spacing (mm)
Bar size
(mm) 100 125 150 175 200 250 300
12 40.4 34.3 30.2 27.4 25.3 225
210 220 231 243 255 280
137 127 119 113 109 101
16 68.0 48.3 4.7 36.9 33.4 28.6
177 182 186 191 196 208
165 153 144 137 131 121
20 77.7 64.4 55.1 48.4 43.3 36.2
158 161 164 166 168 174
190 177 166 158 151 140
25 73.6 64.4 57.3 47.3
146 148 149 162
192 182 174 162
32 64.5
133

189




Table A2.4 h=275

Cover to main bars = 52

Crack width = 0.2

Tables A2

167

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 48.2 409 36.0 32.6 30.2
220 231 242 .255 267
144 134 126 119 114
16 69.2 57.4 49.4 43.7 39.6 33.8
185 190 194 199 204 216
174 161 152 144 138 128
20 93.4 76.8 65.4 57.2 51.1 42.6
166 168 170 172 174 180
201 186 175 167 159 148
25 103.6 88.0 76.5 67.8 B5.7
162 153 153 154 156
2156 202 192 184 171
32 93.8 76.5
137 137
215 200
Table A25 h =300 Cover to main bars = 52 Crack width = 0.2
Bar spacing {(mm)
Bar size
{mm) 100 126 150 175 200 250 300
12 56.3 47 .8 42.1 38.2 3564
230 241 253 266 280
151 140 132 125 119
16 80.9 66.8 57.4 50.8 459 394 36.3
193 197 201 206 211 224 240
182 169 159 151 144 134 126
20 109.5 89.6 76.0 66.3 59.1 49.3 43.1
173 175 176 177 179 185 192
210 195 184 174 167 155 146
25 121.6 102.7 88.9 78.5 64.2 55.0
158 158 158 158 160 162
225 212 201 193 179 168
32 109.4 88.6 74.8
141 141 141
226 210 197
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Table A2.6 h= 350 Cover to main bars = 56 Crack width = 0.2

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 69.4 59.6 53.1 48.6
236 251 266 282
162 150 141 134
16 98.1 81.6 70.6 62.8 57.2 49.6 449
194 200 205 212 219 235 254
196 182 171 162 155 144 136
20 132.2 108.4 92.3 80.8 72.3 60.8 53.6
173 175 177 179 182 190 199
226 210 198 188 180 167 167
25 180.1 147.0 124.0 107.4 95.0 77.9 67.1
167 158 168 158 158 161 164
262 243 228 217 208 193 181
32 174.1 150.2 132.0 106.6 90.1
142 141 140 140 140

268 255 243 226 213

Table A2.7 h =400 Cover to main bars = 56 Crack width = 0.2

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 87.7 75.5 67.5
252 269 287
173 161 151
16 122.9 102.3 88.6 78.9 72.0 62.8
205 211 218 225 233 252
209 194 183 174 166 154
20 165.6 135.4 115.0 100.6 90.0 75.9 67.2
183 184 186 188 191 200 211
242 225 211 201 192 178 168
25 2271 183.9 154.3 133.2 117.6 96.3 83.0
166 166 165 165 165 167 171
280 260 245 232 222 206 194
32 261.1 218.3 187.0 163.6 131.2 110.5
150 149 147 146 144 144

305 287 273 261 242 228




Table A2.8 h =450

Cover to main bars = 56

Crack width = 0.2

Tables A2 169

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 107.4 929
267 287
183 170
16 149.2 124.3 107.8 96.4 88.2 77.4
216 222 229 238 247 269
222 206 194 184 176 163
20 200.6 163.6 138.9 121.6 109.0 92.3 82.0
191 192 194 197 200 210 222
257 238 224 213 204 189 178
25 275.6 2221 185.9 160.1 141.2 115.8 100.0
174 173 171 171 171 173 178
297 276 259 246 236 219 206
32 317.2 263.6 224.8 196.0 166.7 131.8
167 154 152 150 148 148
324 306 289 277 257 242
Table A2.9 h =500 Cover to main bars = 56 Crack width = 0.2
Bar spacing (mm)
Bar size
{(mm) 100 125 150 175 200 250 300
12 128.5 150.6
282 285
. 197 183
16 176.8 147.7 128.5 1156.2 105.7
2256 232 241 250 261
238 221 208 198 189
20 2369 193.2 164.2 143.9 129.3 109.9 98.2
198 200 202 205 209 220 234
276 256 241 229 219 203 191
25 326.6 261.7 218.6 188.2 166.0 136.4 118.2
180 178 177 176 177 179 185
318 296 278 264 253 235 221
32 469.0 374.7 310.0 263.7 2294 183.0 154.0
165 162 159 1656 154 152 152
373 347 326 310 296 275 259
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Table A2.10 /=600 Cover to main bars = 56 Crack width = 0.2

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 231.2 185.0
285 285
226 210
16 236.4 198.7 174.1 1571 1451
242 252 263 276 290
273 254 239 227 217
20 313.7 256.5 218.8 192.6 173.8 149.4 134.7
21 213 216 221 227 241 260
316 294 276 263 251 233 219
25 429.8 344.7 288.0 248.2 2194 181.5 158.5
190 189 187 187 188 192 200
366 340 320 304 290 270 254
32 622.1 493.6 406.5 344.7 2994 239.0 201.8
175 171 167 164 161 159 160

430 399 375 356 341 316 298

Table A2.11 h=700 Cover to main bars = 56 Crack width = 0.2

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 274.2 2194
285 285
253 235
16 3018 2564 2254 277.7 243.0
259 271 285 285 285
306 284 268 254 243
20 396.1 3263 278.8 246.9 2240 194.4 176.9
222 226 231 237 244 263 285
3556 329 310 294 282 261 246
25 h39.5 433.1 3625 3134 278.0 231.8 2041
199 198 197 197 198 205 215
411 381 359 341 326 302 285
32 781.0 617.6 507.8 430.5 374.2 299.8 2545
182 178 174 170 168 166 168

482 448 a1 400 383 355 334
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Table A2.12 hH =800 Cover to main bars = 56 Crack width = 0.2

Bar spacing (mm)

Bar size -
{mm) 100 125 160 175 200 250 300
12 317.2 253.7
285 285
279 259
16 372.8 318.0 374.9 321.3 281.2
275 290 285 285 285
338 313 295 280 268
20 4841 399.7 344.6 306.7 279.8 245.2 292.1
233 238 245 253 262 285 285
391 363 342 326 310 288 271
25 654.7 526.8 4425 384.0 342.1 287.7 2556.3

207 206 206 207 209 218 231
453 420 396 376 359 334 314

32 945.4 746.8 614.2 521.3 454.0 365.7 3124
189 184 180 176 174 174 177
632 494 465 442 422 392 369

Table A2.13 h = 1000 Cover to main bars = 60 Crack width = 0.2

Bar spacing (mm)

Bar size
(mm) 100 125 150 175 200 250 300
12 401.4 321.1
285 285
327 303
16 712.1 569.7 474.7 406.9 366.0

285 285 285 285 285
395 367 345 328 314

20 651.2 548.4 481.2 435.1 b55.1 444.1 370.1
245 256 267 281 285 285 285
458 425 400 380 363 337 318

25 861.9 704.5 600.6 528.7 477.0 410.1 3705
212 215 218 222 228 243 262
530 492 463 440 421 391 368

32 1226.1 978.3 813.0 697.3 613.4 503.5 437.5
190 187 185 184 184 187 193

624 579 545 518 495 460 432
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Two-way slabs
Rectangular slab panels: 2-way spans

Figure B.1 enables slab panels to be designed when loaded with triangularly

distributed loads. An additional surcharge pressure with rectangular distribu-

tion can be designed by reference to Table 3.15 in BS 8110 or by considering

the wall to be extended by a height equal to (surcharge/density of liquid).
An example of the use of Figure B.1 is given in Example 6.1.

Fig. B.1 Two-way slabs: rectangular panels, triangularly-distributed loads
Panels fixed or continuous along bottom edge and both vertical sides;

condition along top edge as indicated.

Vertical span: bending moment = (coefficient) f7

Horizontal span: bending moment = (coefficient) fz,x

Scale on right-hand side is for values of A;, A, and Asz. Ratio of
spans = k= L/1,.
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0.050 }
% A
4 Fixed ¥, /
™ 7
1 | {
A Y
\ /] Y
\ % /// Top edge
0.040 X /4{/_{4& f‘u"yg

fixed

\ DA
/ m

/

ax. negative vertical
oment atbase

|

Freely —t~ >7
= 0.030 _Supported: \‘ V .'7
2 vertical / /<
g \ Max. negative
8 ’ vertical moment
|5 attop
§
E .
4 \ Max. negative horizontal
E 0.020 \ /rnoment at support

-\\
>
7

t‘h.

. \ ~. \
\
%,\
. : /]
Max. positive horizontal

' ™ Max positive
/ AN vertical moment
/
!\'.k
.~
N
\

moment at midspan Freely supported:
0 l l horizontal
0506 0.8 1.0 1.2 14 1.6 1.8 2.0

k = width /,/height

(a) Fixed at top



174 Appendix B
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Bar tables

Bar reinforcement

The tables of bar areas in Table C.1 are included for convenience. The
spacings and bar sizes are the preferred values in UK.
Abbreviations: (UK practice)
T = High yield deformed bars
R = Mild steel plain bars

Table C.1 Sectional areas of groups of bars (mm?)

Bar size Number of bars
(mm) 1 2 3 4 5 6 7 8 9 10
8 50.3 101 151 201 252 302 3562 402 453 503
10 7856 1567 236 314 393 471 550 628 707 785
12 113 226 339 452 566 679 792 905 1020 1130
16 201 402 603 804 1010 1210 1410 1610 1810 2010
20 314 628 943 1260 1570 1890 2200 2510 2830 3140
25 491 982 1470 1960 2450 2950 3440 3930 4420 4910
32 804 1610 2410 3220 4020 4830 5630 6430 7240 8040
40 1260 2510 3770 5030 6280 7540 8800 10100 11300 12600

Sectional areas per metre width for various bar spacings (mm?)

Bar size Spacing of bars (millimetres)
(mm) 50 75 100 1256 150 175 200 250 300
8 1010 671 503 402 335 287 252 201 168
10 1570 1060 785 628 523 449 393 314 262
12 2260 1510 1130 905 754 646 566 452 377
16 4020 2680 2010 1610 1340 11560 1010 804 670
20 6280 4190 3140 2510 2090 1800 1570 1260 1050
25 9820 6550 4910 3930 3270 2810 2450 1960 1640
32 16100 10700 8040 6430 5360 4600 4020 3220 2680
40 25100 16800 12600 10100 8380 7180 6280 5030 4190

Note: The tables have been calculated to three significant figures according to BSI
recommendations.
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soil survey 6
span/depth ratios 32
steel ratio, critical 74, 76
steel — see also reinforcement
structural action 10
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tanked protection 143
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