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PREFACE

According to the World Business Council for Sustainable
Development (www.wbcsd.org), concrete is the most widely used
material on earth (apart from water), with nearly three tons being
used annually for each human being. Concrete is a construction
material composed primarily of coarse and fine aggregates, cement,
and water. Nowadays, various chemical and mineral admixtures are
also added to concrete to achieve the required properties. It is also
one of the oldest materials known to humans—the 43.3 m diameter
Pantheon dome in Rome, which remains the largest coffered dome
in the world, is nearly 1900 years old. Since concrete is weak in
tension and strong in compression, reinforcements are added to
make it a composite material called reinforced concrete (RC),
which can resist both tensile and compressive stresses. The wide
popularity of RC is due to its many advantages over other materials
such as structural steel or wood.

The behaviour of RC structural elements is difficult to
predict; one of my professors (late) Dr S.R. Srinivasan used to
quip, the behaviour of RC is comparable to that of a drunken
monkey bitten by a scorpion! The design rules for RC structures
developed in the past were mostly empirical in nature and were
based on extensive tests conducted on scaled specimens (which
also introduced size effects). Design of an RC structure involves
the proportioning of different elements of the structure and
detailing them in such a way that the structure will be able to
resist all the loads that are likely to act on it during its service life,
without excessive deformation or collapse. Such designs should
also be aesthetic, economical, durable, stable, and sustainable.
RC design is often considered as much an art as a science. It
must balance theoretical analysis with practical considerations
such as the probability of loads acting on it, the actual behaviour
of the structure as distinguished from the idealized analytical and
design model, the actual properties of materials used compared
to the assumed ones, and the actual behaviour of the material
compared to the assumed elastic behaviour.

Structural knowledge is increasing continuously and rapidly
as techniques for analysis, design, fabrication, and erection of
structures are being improved constantly and new types of
structures are being introduced. Hence, designers need to have a
sound knowledge of the behaviour—both material behaviour of
the reinforced concrete and structural behaviour of the individual
elements as well as the complete structure. Unless the structural
engineers are abreast of the recent developments and understand
the relationship between the structural behaviour and design
criteria implied by the rules of the design codes, they will be
following the codal rules rigidly and blindly and may even apply
them incorrectly in situations beyond their scope.

This text attempts to guide students and practising structural
engineers in understanding and using the design codes correctly
and wisely. It also strives to make them aware of the recent
developments and the latest technologies and methods in use in the
area of reinforced concrete.

ABOUT THE BOOK

Design of Reinforced Concrete Structures is designed to meet
the requirements of undergraduate students of civil and structural
engineering. This book will also be an invaluable reference to
postgraduate students, practising engineers, and researchers.

This text is based on the latest Indian Standard code of practice
for plain and reinforced concrete (IS 456:2000) released in July
2000 (reaffirmed 2005) and the three amendments released in
June 2001, September 2005, and August 2007. Even though this
fourth revision of the code gives greater emphasis to the limit
states method of design, it also provides working stress method
in Annex B as an alternative method. SI units have been used
throughout the book.

Focusing on the modern limit states design, the book covers
topics such as the properties of concrete, structural forms,
loadings, behaviour of various structural elements (compression
and tension members, beams, slabs, foundations, walls, and
joints) and design and detailing for flexure, shear, torsion, bond,
tension, compression, and compression with uniaxial and biaxial
bending. It also discusses the design of flat plates, footing and
pile caps, shear walls, staircases, RC joints, and multi-storey
buildings.

The following features in the book make it stand out among
the other books in this area:

e Even though IS 456 was revised in 2000, most of the design
provisions remain unchanged from the previous 1978 edition
of the code. Hence, IS 456 code provisions are compared
with the provisions of other recent codes, especially with the
provisions of ACI 318:2011(in the global economy, many
engineers are required to design structures using codes of
other countries also).

e As per the seismic zone map of India (as given in IS 1893),
more than 60 per cent of the land area in India is susceptible to
seismic damage. Hence, seismic design and ductile detailing
are given equal importance in this book. The behaviour of
various elements of structures and the basis for the codal rules
are also explained.

e Several topics that are usually not found in other books
such as high-strength concrete, high-strength reinforcement,
structural forms, sustainable design, integrity reinforcement,
various shear design procedures, various shear and punching
shear reinforcement, bond of coated and headed bars, space
truss model of torsion design, size effect in beams and slabs,
yield line analysis of slabs, design of flat slabs, pile caps,
staircases, joints, shear walls, and strut-and-tie model design
are discussed in this book.

e Detailed case studies of structural failures and innovations are
provided in most of the chapters to help students relate to the
concepts learnt through the book.
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e A rich pedagogy provides the required rigour for students to
excel in this subject in the examinations: over 160 examples
with step-by-step solutions, over 850 review questions, 160
numerical problems, and over 750 illustrative figures and 200
tables. An exhaustive reference list at the end of each chapter
helps interested readers to pursue topics further.

e Last but not the least, this book provides the most updated
information in this subject covering the state-of-the-art trends
and developments.

USING THE BOOK

The text is divided into 20 chapters and completely covers the
undergraduate curriculum of most universities and the postgraduate
(PG) course of several universities. The teacher adopting this book
is requested to exercise discretion in selecting portions of the text
to be presented for a particular course. It is suggested that portions
of Chapters 6-8, 11, 13, 16, and 18-20 may be taught at PG level
and Chapters 1-4 may be left for self-study.

Although relevant information from the Indian Standard code
of practice has been included in the text, readers are advised
to refer to the latest codes published by the Bureau of Indian
Standards, New Delhi—IS 456:2000, codes on design loads
(IS 875 and IS 1893), design aids to IS 456 (SP 16:1980),
handbook on concrete reinforcement and detailing (SP 34:1987),
explanatory handbook on IS 456:1978 (SP 24:1980), and code on
ductile detailing of RC structures (IS 13920:1993).

CONTENTS AND COVERAGE

The book comprises 20 chapters and five appendices.

Chapter 1 provides information about the historical developments,
advantages, ingredients, and proportioning of concrete mixes. It
also covers types of concrete and reinforcing bars and properties of
fresh and hardened concrete, since a designer should have a sound
knowledge of the material that is used for designing.

Chapter 2 discusses the various RC elements and possible
structural forms to resist gravity as well as lateral loads and a
brief discussion on formwork. This information will be useful in
practice to select the structural form.

Many failures are attributed to the lack of determination of the
actual loads acting on structures. Hence the various loads and
their combinations to be considered in the analysis are provided
in Chapter 3.

Chapter 4 introduces the design considerations and the role of the
structural designer in the complete design process. Various design
philosophies are explained with their advantages and drawbacks.
Sampling and acceptance criteria are also discussed. An introduction
to the evolving performance-based design is also provided.

The flexural analysis and design of beams is discussed in Chapter
5. This chapter deals with the analysis and design of singly and
doubly reinforced rectangular beams, flanged beams, deep, wide
and hidden beams, and lintel and plinth beams. Limits on minimum
and maximum reinforcement, slenderness limits, and design using

charts available in SP 16 are also explained. Emphasis is given to
ductility and earthquake resistance.

Chapter 6 deals with the design to resist shear forces. In addition
to explaining the behaviour of beams under shear, factors
affecting the behaviour, design and maximum shear strength,
minimum and maximum shear reinforcement, critical section for
shear as well as design and detailing of various types of shear
reinforcement based on different theories are discussed. Details
on shear in beams with high-strength concrete and steel and shear
strength of members with axial force are also included.

Chapter 7 discusses the bond between steel reinforcement
and concrete as it is necessary for the composite action of RC
members. Local and anchorage bonds are distinguished and
development length provisions for various types of bars are
discussed. Anchoring rebars with hooks/bends and headed bars
are explained and discussions on splicing and curtailment of
reinforcement are included.

IS 456 considers the design of torsion approximately as additional
bending moment and shear force. The plastic space truss model
considered in ACI and other codes is fully explained. The design
method based on this model and graphical methods for torsion
are discussed in Chapter 8. Detailing for torsion is also explained.

Chapters 9-11 deal with the design of one-way, two-way, and
flat slabs/flat plates respectively. In each of these chapters, the
behaviour of these slabs is explained and considerations for the
design are discussed. The design for concentrated load is considered
and design procedures as well as design using charts are explained.
Topics such as non-rectangular slabs, opening in slabs, ribbed or
voided slabs, slabs on grade, waffle slabs, hollow-core slabs, and
yield-line analysis are also covered. Flat plates are susceptible to
failure in punching shear. Hence, greater emphasis has been given
to the design and detailing to prevent punching shear.

Serviceability checks for deflection and cracking at working
loads are important for the proper functioning of structural
elements during their design life. This aspect is covered in
Chapter 12, with a comparison of the provisions found in other
codes. Vibration and fatigue control are also briefly discussed.

The design of short and slender columns subjected to axial load
as well as combined axial load and bending moment is covered
in Chapters 13 and I14. Different classifications of columns are
provided and the determination of effective length of columns is
explained. The design methods as well as the use of design aids
are illustrated with examples. Biaxially loaded columns as well as
L-, T-, and +-shaped columns are also discussed.

Chapter 15 deals with the design of different types of footings,
piles, and pile caps. Soil as well as structural design and detailing
are explained.

Chapter 16 discusses the design of load-bearing walls, retaining
walls, and shear walls. Behaviour of these walls is discussed
and theories of earth pressures provided. Practical topics such as
opening in walls, construction joints, drainage and compaction of
backfill are also included.



The design of different types of staircases is provided in Chapter
17 and design of tension members are covered in Chapter 18. The
design of beam-column joints, and beam-to-beam joints are provided
in Chapter 19. This chapter also discusses the design of corbels and
anchors and detailing of obtuse- and acute-angled corners.

As RC designs are carried out in design offices using standard
computer programs, a typical analysis and design of a multi-
storey building is carried out using the STAAD.Pro software in
Chapter 20. This chapter gives the students an exposure to how
designs are handled in practice and also guide them to use such
software packages.

Appendices A-E provide some useful information such as
properties of soils, strut-and-tie method of design, design aids,
conversion factors, and some rules of thumb and practical tips.

Though care has been taken to present error-free material, some
errors might have crept in inadvertently. I would highly appreciate
if these errors are brought to the attention of publishers. Any
suggestions for improvement are also welcome.
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FOREWORD

The global use of concrete is second only to water. We have been designing, constructing, using, and maintaining numerous concrete
structures in the past century to fulfil our infrastructure demands. All this professional experience, along with extensive research, has
guided us to understand the construction and behaviour of concrete structures. This vast knowledge is transferred through books and
research publications.

This book on concrete structures is outstanding in every way; congratulations to Dr Subramanian for writing such a marvellous
and useful book! Dr Subramanian has an extensive professional and research experience. He has been involved in the design and
construction of over 650 projects, and published several books and over 200 research papers. He has received many awards and
prizes for his contributions, including the Scientist of the Year Award from the Tamil Nadu Government in India. He has used his vast
professional experience, in-depth knowledge, and research outputs to produce this outstanding book.

This book is unique in many aspects. It contains extensive information on design and construction of concrete structures. The
following are some of the highlights of this book:

Numerous photographs and well-labelled illustrations

Clear numerical examples that are helpful to both young readers and professional engineers

Case studies that clearly illustrate the topic discussed

Subject matter in each chapter is extensively covered with useful information

Review questions and exercises at the end of each chapter, which are again useful to students and refreshing for professional
engineers

e Extensive list of references at the end of each chapter for further reading

This book will be highly cherished by the budding and professional engineers alike. Dr Subramanian has performed a great service
to concrete construction by writing this book. I am privileged and honoured to write this Foreword. Congratulations once again to Dr
Subramanian, and wish this book a great success!

Dr B. Vijaya Rangan
Emeritus Professor of Civil Engineering
Curtin University

Perth, Australia
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I : Copyrighted Materials

INTRODUCTION TO REINFORCED CONCRETE

1.1 INTRODUCTION

The word ‘concrete’ comes from the Latin word concretus
(meaning compact or condensed), the perfect passive
participle of concrescere, from con (together) and crescere
(to grow). This name was chosen perhaps due to the fact
that this material grows together, due to the process of
hydration, from a visco-elastic, moldable liquid into a hard,
rigid, solid rock-like substance. The Romans first invented
what is today known as hydraulic cement-based concrete or
simply concrete. They built numerous concrete structures,
including the 43.3 m diameter concrete dome, the Pantheon,
in Rome, which is now over 2000 years old but is still in
use and remains the world’s largest non-reinforced concrete
dome (see case study in Chapter 2 for more details about the
Pantheon).

Concrete is used in nearly every type of construction.
Traditionally, concrete has been primarily composed of
cement, water, and aggregates (aggregates include both coarse
and fine aggregates). Although aggregates make up the bulk
of the mix, it is the hardened cement paste that binds the
aggregates together and contributes to the strength of concrete,
with the aggregates serving largely as low-cost fillers (though
their strength also is important).

Concrete is not a homogeneous material, and its strength
and structural properties may vary greatly depending upon its
ingredients and method of manufacture. However, concrete
is normally treated in design as a homogeneous material.
Steel reinforcements are often included to increase the tensile
strength of concrete; such concrete is called reinforced cement
concrete (RCC) or simply reinforced concrete (RC).

As of 2006, about 7.5 billion cubic metres of concrete
were produced each year—this equals about one cubic metre
per year for every person on the earth (see Table 1.1). The
National Ready Mixed Concrete Association (NRMCA)
estimates that ready-mixed concrete production in 2005 was

about 349 million cubic metres in the USA alone, which is
estimated to have about 6000 ready-mixed concrete plants.

TABLE 1.1 Annual consumption of major structural materials in the world

Material Unit Weight Million Tonnes/Person
(kg/m?) Tonnes

Structural steel | 7850 1244 0.18
Cement 1440 3400 0.48
Concrete 2400 ~18,000 2.4 (990 litres)
Timber 700 277 0.04
Drinking 1000 5132 0.73 (730 litres)
water™

Notes: The estimated world population as of August 2012 is 7.031 billion.
*Assumed as two litres/day/person

Concrete technology has advanced considerably since its
discovery by the Romans. Now, concrete is truly an engineered
material, with a number of ingredients, which include a host of
mineral and chemical admixtures. These ingredients should be
precisely determined, properly mixed, carefully placed, vibrated
(not required in self-compacting concretes), and properly cured
so that the desired properties are obtained; they should also be
inspected at regular intervals and maintained adequately until
their intended life. Even the cement currently being used has
undergone a number of changes. A variety of concretes is also
being used, some tailored for their intended use and many with
improved properties. Few specialized concretes have compressive
strength and ductility matching that of steel. Even though this is
a book on RC design, it is important for the designers to know
about the nature and properties of the materials they are going
to specify for the structures designed by them. As concrete
technology has grown in parallel with concrete design, it is
impossible to describe all the ingredients, their chemistry, the
different kinds of concretes, and their properties in this chapter.
Hence, only a brief introduction is given about them, and
interested readers should consult a book on concrete technology
(many references are given at the end) for further details.



2 Design of Reinforced Concrete Structures

1.1.1 Brief History

Many researchers believe that the first use of a truly
cementitious binding agent (as opposed to the ordinary lime
commonly used in ancient mortars) occurred in southern Italy
around second century BC. Volcanic ash (called pozzuolana,
found near Pozzouli, by the Bay of Naples) was a key
ingredient in the Roman cement used during the days of the
Roman empire. Roman concrete bears little resemblance to
modern Portland cement concrete. It was never put into a
mould or formwork in a plastic state and made to harden, as
is being done today. Instead, Roman concrete was constructed
in layers by packing mortar by hand in and around stones of
various sizes. The Pantheon, constructed in AD 126, is one of
the structural marvels of all times (Shaeffer 1992).

During the Middle Ages, the use of concrete declined,
although isolated instances of its use have been documented
and some examples have survived. Concrete was more
extensively used again during the Renaissance (14th—17th
centuries) in structures like bridge piers. Pozzolanic materials
were added to the lime, as done by the Romans, to increase its
hydraulic properties (Reed, et al. 2008).

In the eighteenth century, with the advent of new technical
innovations, a greater interest was shown in concrete. In 1756,
John Smeaton, a British Engineer, rediscovered hydraulic
cement through repeated testing of mortar in both fresh and
salt water. Smeaton’s work was followed by Joseph Aspdin, a
bricklayer and mason in Leeds, England, who, in 1824, patented

CASE
The Ingalls Building

The Ingalls Building, built in 1903 in Cincinnati, Ohio, is the
world’s first RC skyscraper. This 15-storey building was designed
by the Cincinnati architectural firm Elzner & Anderson and
engineer Henry N. Hooper. Prior to 1902, the tallest RC structure
in the world was only six storeys high. Since concrete possesses
very low tensile strength, many at that time believed that a concrete
tower as tall as the Ingalls Building would collapse under wind
loads or even its own weight. When the building was completed
and the supports removed, one reporter allegedly stayed awake
through the night in order to be the first to report on the building’s
failure.

Hooper designed a monolithic concrete box of 200 mm walls,
with the floors, roof, beams, columns, and stairs all made of
concrete. Columns measured 760 mm by 860 mm for the first 10
floors and 300 mm? for the rest. It was completed in eight months,
and the finished building measured 15m by 30m at its base and
was 64 m tall.

Still in use, the building was designated a National Historic
Civil Engineering Landmark in 1974 by the American Society of
Civil Engineers; in 1975, it was added to the American National
Register of Historic Places.

the first ‘Portland’ cement, so named since it resembled the
stone quarried on the Isle of Portland off the British coast (Reed,
et al. 2008). Aspdin was the first to use high temperatures to
heat alumina and silica materials, so that cement was formed.
It is interesting to note that cement is still made in this way. L.K.
Brunel was the first to use Portland cement in an engineering
application in 1828; it was used to fill a breach in the Thames
Tunnel. During 1959-67, Portland cement was used in the
construction of the London sewer system.

The small rowboats built by Jean-Louis Lambot in the early
1850s are cited as the first successful use of reinforcements
in concrete. During 1850-1880, a French builder, Francois
Coignet, built several large houses of concrete in England and
France (Reed, et al. 2008). Joseph Monier of France, who is
considered to be the first builder of RC, built RC reservoirs in
1872. In 1861, Monier published a small book, Das System
Monier, in which he presented the applications of RC. During
1871-75, William E. Ward built the first landmark building in
RC in Port Chester, NY, USA. In 1892, Francois Hennebique
of France patented a system of steel-reinforced beams,
slabs, and columns, which was used in the construction of
various structures built in England between 1897 and 1919.
In Hennebique’s system, steel reinforcement was placed
correctly in the tension zone of the concrete; this was backed
by a theoretical understanding of the tensile and compressive
forces, which was developed by Cottancin in France in 1892
(Reed, et al. 2008).

STUDY

15-storey Ingalls Building in Cincinnati, Ohio
(Source: http://en.wikipedia.org/wiki/Ingalls_Building)




Earnest L. Ransome patented a reinforcing system using
twisted rods in 1884; he also built the first RC framed building
in Pennsylvania, USA, in 1903. In 1889, the first concrete
reinforced bridge was built. The Ingalls building, which is
the first concrete skyscraper, was built in 1904 using the
Ransome system and is still in use.

By the 1900s, concrete was generally used in conjunction
with some form of reinforcement, and steel began to
replace wrought iron as the predominant tensile material.
A significant advance in the development of RC was the pre-
stressing of steel reinforcing, which was developed by Eugéne
Freyssinet, in the 1920s, but the technique was not widely used
until the 1940s. Victoria skyscraper in Montreal, constructed
in 1964, with a height of 190m and utilizing 41 MPa concrete
in the columns, paved way for high-strength concretes (HSCs)
(Shaeffer 1992).

In 1908, Prof. Morsch and Bach of the University of Stuttgart
conducted a large number of tests to study the behaviour of
RC elements. Prof. Morsch’s work can be considered to be the
starting point of modern theory of RC design. Thaddeus Hyatt,
an American, was probably the first to correctly analyse the
stresses in an RC beam and in 1877 published a small book. In
1895, A. Considére of France tested RC beams and columns
and in 1897 published the book Experimental Researches on
Reinforced Concrete. Several early studies of RC members
were based on ultimate strength theories, for example,
flexure theory of Thullie in 1897 and the parabolic stress
distribution theory of Ritter in 1899. However, the straight
line (elastic) theory of Coignet and Tedesco, developed in
1900, was accepted universally because of its simplicity.
The ultimate strength design was adopted as an alternative
to the working stress method only in 1956-57. Ecole des
Ponts et Chaussees in France offered the first teaching course
in RC design in 1897. The first British code was published
in 1906 and the first US code in 1916. The first Indian code
was published in 1953 and revised in 1957, 1964, 1978,
and 2000.

1.1.2 Advantages and Disadvantages of Concrete

Reinforced concrete has been used in a variety of applications,
such as buildings, bridges, roads and pavements, dams,
retaining walls, tunnels, arches, domes, shells, tanks, pipes,
chimneys, cooling towers, and poles, because of the following
advantages:

Moulded to any shape It can be poured and moulded into
any shape varying from simple slabs, beams, and columns to
complicated shells and domes, by using formwork. Thus, it
allows the designer to combine the architectural and structural
functions. This also gives freedom to the designer to select
any size or shape, unlike steel sections where the designer is
constrained by the standard manufactured member sizes.
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Availability of materials The materials required for concrete
(sand, gravel, and water) are often locally available and are
relatively inexpensive. Only small amounts of cement (about
14% by weight) and reinforcing steel (about 2—4% by volume)
are required for the production of RC, which may have to be
shipped from other parts of the country. Moreover, reinforcing
steel can be transported to most construction sites more easily
than structural steel sections. Hence, RC is the material of
choice in remote areas.

Low maintenance Concrete members require less mainte-
nance compared to structural steel or timber members.

Water and fire resistance RC offers great resistance to the
actions of fire and water. A concrete member having sufficient
cover can have one to three hours of fire resistance rating
without any special fire proofing material. It has to be noted
that steel and wood need to be fireproofed to obtain similar
rating—steel members are often enclosed by concrete for
fire resistance. If constructed and cured properly, concrete
surfaces could provide better resistance to water than
steel sections, which require expensive corrosion-resistant
coatings.

Good rigidity RC members are very rigid. Due to the
greater stiffness and mass, vibrations are seldom a problem in
concrete structures.

Compressive strength Concrete has considerable compres-
sive strength compared to most other materials.

Economical 1t is economical, especially for footings,
basement walls, and slabs.

Low-skilled labour Comparatively lower grade of skilled
labour is required for the fabrication, erection, and construction
of concrete structures than for steel or wooden structures.

In order to use concrete efficiently, the designer should
also know the weakness of the material. The disadvantages of
concrete include the following:

Low tensile strength Concrete has a very low tensile
strength, which is about one-tenth of its compressive strength
and, hence, cracks when subjected to tensile stresses.
Reinforcements are, therefore, often provided in the tension
zones to carry tensile forces and to limit crack widths. If
proper care is not taken in the design and detailing and also
during construction, wide cracks may occur, which will
subsequently lead to the corrosion of reinforcement bars
(which are also termed as rebars in the USA) and even failure of
structures.

Requires forms and shoring Cast in situ concrete con-
struction involves the following three stages of construction,
which are not required in steel or wooden structures:
(a) Construction of formwork over which concrete will be
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poured—the formwork holds the concrete in place until
it hardens sufficiently, (b) removal of these forms, and (c)
propping or shoring of new concrete members until they gain
sufficient strength to support themselves. Each of these stages
involves labour and material and will add to the total cost of
the structure. The formwork may be expensive and may be in
the range of one-third the total cost of an RC structure. Hence,
it is important for the designer to make efforts to reduce the
formwork cost, by reusing or reducing formwork.

Relatively low strength Concrete has relatively low strength
per unit weight or volume. (The compressive strength of
normal concrete is about 5-10% steel, and its unit density is
about 31% steel; see Table 1.2.) Hence, larger members may
be required compared to structural steel. This aspect may be
important for tall buildings or long-span structures.

TABLE 1.2 Physical properties of major structural materials

Item Mild Steel Concrete! Wood
M20 Grade

Unit mass, 7850 (100)3 2400 (31)3 | 290-900
kg/m? (4-11)3
Maximum stress in
MPa
Compression 250 (100) 20 (8) 5.2-232(2-9)
Tension 250 (100) 3.13(1.3) 2.5-13.8 (1-5)
Shear 144 (100) 2.8(1.9) 0.6-2.6 (0.4-1.8)
Young’s modulus, |2 x 10°(100) | 22,360 (11) | 4600—18,000
MPa (2-9)
Coefficient of 12 10-14 4.5
linear thermal
expansion, °C X
1076
Poisson’s ratio 0.3 0.2 0.2

Notes:

! Characteristic compressive strength of 150 mm cubes at 28 days
2 Parallel to grain
3 The values in brackets are relative percentage values as compared to steel.

Time-dependent volume changes Concrete undergoes
drying shrinkage and, if restrained, will result in cracking or
deflection. Moreover, deflections will tend to increase with
time due to creep of the concrete under sustained loads (the
deflection may possibly double, especially in cantilevers).
It has to be noted that both concrete and steel undergo
approximately the same amount of thermal expansion or
contraction; see Table 1.2.

Variable properties The properties of concrete may widely
vary due to variation in its proportioning, mixing, pacing,
and curing. Since cast in situ concrete is site-controlled, its
quality may not be uniform when compared to materials such
as structural steel and laminated wood, which are produced in
the factory.

CO, emission Cement, commonly composed of calcium
silicates, is produced by heating limestone and other

ingredients to about 1480°C by burning fossil fuels, and it
accounts for about 5-7 per cent of CO, emissions globally.
Production of one ton of cement results in the emission of
approximately one ton of CO,. Hence, the designer should
specify cements containing cementitious and waste materials
such as fly ash and slags, wherever possible. Use of fly ash and
other such materials not only reduces CO, emissions but also
results in economy as well as improvement of properties such
as reduction in heat of hydration, enhancement of strength
and/or workability, and durability of concrete (Neville 2012;
Subramanian 2007; Subramanian 2012).

1.2 CONCRETE-MAKING MATERIALS

As already mentioned, the present-day concrete is made up
of cement, coarse and fine aggregates, water, and a host of
mineral and chemical admixtures. When mixed with water,
the cement becomes adhesive and capable of bonding the
aggregates into a hard mass, called concrete. These ingredients
are briefly discussed in the following sections.

1.2.1 Cement—Portland Cement and Other Cements

The use of naturally occurring limestone will result in
natural cement (hydraulic lime), whereas carefully controlled
computerized mixing of components can be used to make
manufactured cements (Portland cement). Portland cements
are also referred to as hydraulic cements, as they not only
harden by reacting with water but also form a water-resistant
product. The raw materials used for the manufacture of
cement consist of limestone, chalk, seashells, shale, clay,
slate, silica sand, alumina and iron ore; lime (calcium) and
silica constitute about 85 per cent of the mass.

The process of manufacture of cement consists of grinding
the raw materials finely, mixing them thoroughly in certain
proportions, and then heating them to about 1480°C in
huge cylindrical steel rotary kilns 3.7-10m in diameter and
50-150m long and lined with special firebrick. (The rotary
kilns are inclined from the horizontal by about 3° and rotate
on its longitudinal axis at a slow and constant speed of about
1-4 revolutions/minute.) The heated materials sinter and
partially fuse to form nodular shaped and marble- to fist-sized
material called clinker. (It has to be noted that at a temperature
range of 600-900°C, calcination takes place, which results
in the release of environmentally harmful CO,). The clinker
is cooled (the strength properties of cement are considerably
influenced by the cooling rate of clinker) and ground into fine
powder after mixing with 3-5 per cent gypsum (gypsum is
added to regulate the setting time of the concrete) to form
Portland cement. (In modern plants, the heated air from the
coolers is returned to the kilns, to save fuel and to increase
the burning efficiency). It is then loaded into bulk carriers or
packaged into bags; in India, typically 50kg bags are used.
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Two different processes, known as dry and wet, are used in the
manufacture of Portland cement, depending on whether the mixing
and grinding of raw materials is done in dry or wet conditions.
In addition, a semi-dry process is also sometimes employed in
which the raw materials are ground dry, mixed with water, and
then burnt in the kilns. Most modern cement factories use either
a dry or a semi-dry process. The schematic representation of the
dry process of cement manufacture is shown in Fig. 1.1.

Portland Cement

Portland cement (often referred to as ordinary Portland cement
or OPC) is the most common type of cement in general use
around the world. The different types of cements covered by
the Indian and US standards and their chemical compounds are
shown in Table 1.3. Cement production in India consists mainly
of the following three types (see Fig. 1.2): OPC ~39 per cent,
Portland pozzolana cement (PPC) ~52 per cent, and Portland
slag cement (PSC) ~8 per cent. All other varieties put together
comprise only 1 per cent of the total production (Mullick 2007).

Slag cement, 8%
PPC, 52%

Others, 1%

OPC, 39%
FIG.1.2 Production trend of different varieties of cement in India
Source: Mullick 2007

TABLE 1.3  Types of Portland cements

12089:1987)

India/UK USA Typical Compounds?
(ASTM)

OPC (IS 269, | Type I! C3S 55%, C,S 19%, C3A 10%,

IS 8112 and C4AF 7%, MgO 2.8%, SO32.9%,

IS 12269) Ignition loss 1.0%, and free CaO 1.0%
(C3A < 15%)

Type II' | C3S 51%, C,S 24%, C3A 6%, C4,AF
11%, MgO 2.9%, SO; 2.5%, Ignition
loss 1.0%, and free CaO 1.0%
(C3A < 8%)

Rapid Type III' | C3S 57%, C,S 19%, C3A 10%,

hardening C4AF 7%, MgO 3.0%, SO3 3.1%,

Portland Ignition loss 0.9%, and free CaO

cement (IS 1.3%

8041:1990) Its seven day compressive strength is
almost equal to Types I and II 28 day
compressive strengths.

Low heat Type IV | C5S 28%, C,S 49%, C3A 4%, C4,AF

Portland 12%, MgO 1.8%, SO3 1.9%, Ignition

cement (IS loss 0.9%, and free CaO 0.8% (C3A <

12600:1989) 7% and C3S < 35%)

Sulphate Type V C3S 38%, C,S 43%, C3A 4%, C4AF 9%,

resisting MgO 1.9%, SO5 1.8%, Ignition loss

Portland 0.9%, and free CaO 0.8% [C3A < 5%

cement (IS and (C4AF) + 2(C3A) < 25%]

12330:1988)

PSC (IS Type IS | Made by grinding granulated high-

455:1989, IS quality slag with Portland cement clinker

(Continued)
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TABLE 1.3 (Continued)
India/UK USA Typical Compounds?
(ASTM)
PPC [IS Type IP A blended cement made by inter-
1489- grinding Portland cement and pozzolanic
Part 1:1991 materials without burning
(fly ash
based), IS
1489-Part
2:1991
(calcined
clay based)]
Ternary Type A blended cement made by inter-
blended IT(SX) grinding Portland cement, slag, and
cement (PY)? pozzolana without burning
Notes:

1 Types Ia, Ila, and IIIa have the same composition as Types I, II, and 111, but

have an air-entraining agent ground into the mix.

2The letters X and Y stand for the percentage of supplementary cementitious
material (SCM) included in the blended cement, and S and P are the types
of SCMs, where S is for slag and P for pozzolan. For example, Type IT(S25)
(P15) contains 25 per cent slag and 15 per cent pozzolans.
3 See Table 1.5 for explanation of these compounds.

TABLE 1.4  Physical properties of various types of cements

There are other types, such as high alumina cement (IS
6452:1989), super sulphated cement (IS 6909:1990),
hydrophobic Portland cement (IS 8043: 1991), white
cement (IS 8042:1989), concrete sleeper grade cement
(IRS-T 40:1985), expanding cements, and masonry cement
(IS 3466:1988), which are used only in some special
situations. (Refer to Mehta and Monteiro (2006) and Shetty
(2005) for details regarding these cements.) Geopolymer
cements are inorganic hydraulic cements that are based
on the polymerization of minerals (see Section 4.4.7 of
Chapter 4).

Ordinary Portland cement is the most important cement
and is often used, though the current trend is to use PPC
(see Fig. 1.2). Most of the discussions to follow in this
chapter pertain to this type of cement. The Bureau of Indian
Standards (BIS) has classified OPC into the following three
grades:

1. 33 grade OPC, IS 269:1989
2. 43 grade OPC, IS 8112:1989
3. 53 grade OPC, IS 12269:1987

*Cement chemists use the following shorthand notation:
C=_Ca0, S =Si0,, A = Al,03, F =Fe,0;3, M = MgO,
H=H,0, N=Na,0, K=K,0, § =S0;.

S. No. | Type of IS Code Fineness Setting Time in Soundness Compressive Strength in MPa
Cement m?/kg Minutes
(min.) Initial Final Le Chatelier Auto Clave, for 3 days 7 days 28 days
(min.) (max.) (max.) (mm) MgO, (max.) (%)
1. OPC 33 269:1989 225 30 600 10 0.8 16 22 33
2. OPC 43 8112:1989 225 30 600 10 0.8 23 33 43
3. OPC 53 12269:1987 | 225 30 600 10 0.8 27 37 53
4. |PPC(fly | 1489:1991 [300 30 600 10 0.8 16 22 33
ash-based) | (Part 1)
5. PSC (slag) | 455:2002 225 30 600 10 0.8 16 22 33
6. SRC 12330:1988 | 225 30 600 10 0.8 10 16 33
TABLE 1.5 Chemical composition of OPC (Bogue’s Compounds) The number in the grade indicates the compressive strength
S.No. | Compound Cement | Typical Mineral of the cement in N/mm? at 28 days. The 33 grade cement is
e ie ompesitong e se suitable for producing concrete up to M25. Both 43 grade and
Notation | as % . . .
(CCNY* 53 grade cement are suitable for producing higher grades of
1 Tricalcium silicate Css 45-65 Alite concrete. The important physical properties of the three grades
3(Ca0)-Si0, of OPC and other types of cements are compared in Table 1.4.
) Dicalcium silicate C.S 15-30 Belite The chemical composition of OPC is given in Table 1.5 and
2(Ca0)-Si0, Fig. 1.3.
3 Tricalcium aluminate | CsA 510 Aluminate Approximately 95 per cent of cement particles are smaller
3(Ca0)-Al,0, than 45 micrometres, with the average particle being around
4 Tetracalcium C,AF 515 Ferrite 15 micrometres. The overall particle size distribution of
alumino ferrite cement is called fineness. Fineness affects the heat released
4(Ca0)-Al,05-Fe 04 and the rate of hydration; greater fineness causes greater
5. Gypsum CaSO,-2 H,0 2-10 early strength (especially during the first seven days) and

more rapid generation of heat. Soundness refers to the ability
of the cement paste to retain its volume after setting and is
related to the presence of excessive amounts of free lime or
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FIG. 1.3 Chemical compounds of cement

magnesia in the cement. Consistency indicates the degree of
density or stiffness of cement. Initial setting of cement is that
stage when the paste starts to lose its plasticity. Final setting
is the stage when the paste completely loses its plasticity and
attains sufficient strength and hardness. The specific gravity
of Portland cement is approximately 3.15.

As seen in Table 1.5 and Fig. 1.3, there are four major
compounds in cement and these are known as tricalcium silicate
(C5S), dicalcium silicate (C,S), tricalcium aluminate (C3A),
and tetracalcium alumino ferrite (C4AF). Their composition
varies from cement to cement and plant to plant. (The levels
of the four clinker minerals can be estimated using a method
of calculation first proposed by Bogue in 1929 or by the X-ray
diffraction analysis, which gives the exact measurement.) In
addition, to these compounds, there are other minor compounds
such as MgO, Na,O, K,0, SOs3, fluorine, chloride, and trace
metals, which are present in small quantities (Moir 2003). Of
these K,O and Na,O are called alkalis and are found to react
with some aggregates, resulting in alkali—silica reaction (ASR),
which causes disintegration of concrete at a later date.

The silicates C3S and C,S are the most important compounds
and are mainly responsible for the strength of the cement paste.
They constitute the bulk of the composition. C3A and C4AF do
not contribute much to the strength, but in the manufacturing
process they facilitate the combination of lime and silica and
act as a flux. The role of the different compounds on different
properties of cement is shown in Table 1.6.

Portland Pozzolana Cement

As mentioned already, the Romans and Greeks were aware that
the addition of volcanic ash results in better performance of
concrete. The name pozzolan is now frequently used to describe
a range of materials both natural and artificial. [A pozzolan
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TABLE 1.6  Role of different compounds on properties of cement

Characteristic Different Compounds in Cement

CsS C,S C;A C,AF
Setting Quick Slow Rapid -
Hydration Rapid Slow Rapid -
Heat Higher Lower Higher Higher
liberation
(Cal/g) 7 days
Early strength | High up to | Low up to | Not much | Insignificant

14 days 14 days beyond 1

day

Later strength | Moderate | High at - -

at later later stage

stage after 14

days

may be defined as a siliceous or siliceous and aluminous
material, which in itself possesses little or no cementitious
value. However, in finely divided form and in the presence of
water, it reacts chemically with calcium hydroxide released
by the hydration of Portland cement, at ordinary temperature,
to form calcium silicate hydrate and other cementitious
compounds possessing cementitious properties (Mehta 1987)].
Fly ash, ground granulated blast furnace slag (GGBS), silica
fume, and natural pozzolans, such as calcined shale, calcined
clay or metakaolin, are used in conjunction with Portland
cement to improve the properties of the hardened concrete.
The latest amendment (No. 3) to IS 1489 requires that PPC be
manufactured by the inter-grinding of OPC clinker with 15-35
per cent of pozzolanic material. The generally used pozzolanic
materials in India are fly ash (IS 1489-Part 1) or calcined clay
(IS 1489-Part 1). Mixtures using three cementitious materials,
called ternary mixtures, are becoming common, but no Indian
specification regarding this has been developed yet. UltraTech
PPC, Suraksha, Jaypee Cement (PPC) are some of the brand
names of PPC in India. As of now, in India, PPC is considered
equivalent to 33 grade OPC.
PPC offers the following advantages:

1. Economical than OPC as the costly clinker is replaced by
cheaper pozzolanic material

2. Converts soluble calcium hydroxide intoinsoluble cementitious
products, thus improving permeability and durability

3. Consumes calcium hydroxide and does not produce as
much calcium hydroxide as OPC

4. Improves pore size distribution and reduces micro-cracks at
the transition zone due to the presence of finer particles than
OPC

5. Reduces heat of hydration and thermal cracking

6. Has high degree of cohesion and workability in concrete
and mortar

The main disadvantage is that the rate of development of
strength is initially slightly slower than OPC. In addition, its
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effect of reducing the alkalinity may reduce the resistance
to corrosion of steel reinforcement. However, as PPC
significantly lowers the permeability, the risk of corrosion is
reduced. The setting time is slightly longer.

Portland Slag Cement

Blast furnace slag is anon-metallic product consisting essentially
of silicates and alumino-silicates of calcium developed in a
molten condition simultaneously with iron in a blast furnace.
GGBS is obtained by rapidly cooling the molten slag, which is
at a temperature of about 1500°C, by quenching in water or air
to form a glassy sand-like granulated material. Every year about
nine million tons of blast furnace slag is produced in India.
The GGBS should conform to IS 12089:1987. PSC is obtained
either by intimate inter-grinding of a mixture of Portland
cement clinker and granulated slag with the addition of gypsum
or calcium sulphate or by an intimate and uniform blending of
Portland cement and finely ground granulated slag. Amendment
No. 4 of IS 455 requires that the slag constituent not be less than
25 per cent or more than 70 per cent of the PSC. It has to be
noted that PSC has physical properties similar to those of OPC.
The following are some advantages of PSC:

1. Utilization of slag cement in concrete not only lessens the
burden on landfills; it also conserves a virgin manufactured
product (OPC) and decreases the embodied energy
required to produce the cementitious materials in concrete.
Embodied energy can be reduced by 390-886 million
Joules with 50 per cent slag cement substitution. This is a
30-48 per cent reduction in the embodied energy per cubic
metre of concrete (http://www.slagcement.org).

2. By using a 50 per cent slag cement substitution less CO,
is emitted (amounting to about 98 to 222kg per cubic
metre of concrete, a 42-46% reduction in greenhouse gas
emissions) (http://www.slagcement.org).

3. Using slag cement to replace a portion of Portland cement
in a concrete mixture is a useful method to make concrete
better and more consistent. PSC has a lighter colour,
better concrete workability, easier finishability, higher
compressive and flexural strength, lower permeability,
improved resistance to aggressive chemicals, and more
plastic and hardened consistency.

4. The lighter colour of slag cement concrete also helps
reduce the heat island effect in large metropolitan areas.

5. It has low heat of hydration and is relatively better
resistant to soils and water containing excessive amounts
of sulphates and is hence used for marine works, retaining
walls, and foundations.

Both PPC and PSC will give more strength than OPC at the
end of 12 months. UltraTech Premium, Super Steel (Madras
Cement), and S 53 (L&T) are some of the brand names of
PSC available in India.

Storage of Cement

Cement is very finely ground and readily absorbs moisture;
hence, care should be taken to ensure that the cement bags are
not in contact with moisture. They should be stored in airtight
and watertight sheds and used in such a way that the bags that
come in first are the first to go out. Cement stored for a long
time tends to lose its strength (loss of strength ranges from
5-10% in three months to 30—40% in one year). It is better to
use the cement within 90 days of its production. In case it is
used at a later date, it should be tested before use.

Tests on Cement

The usual tests carried out for cement are for chemical and
physical requirements. They are given in IS 4031 (different
parts) and IS 4032. Most of these tests are conducted at a
laboratory (Neville 2012).

Fineness is measured by the Blaine air permeability test,
which indirectly measures the surface area of the cement
particles per unit mass (m%kg), or by actual sieving (IS 4031-
Part 1:1996 and Part 2:1999). Most cement standards have
a minimum limit on fineness (in the range 225-500 m%/kg).
Soundness of cement is determined by Le-Chatelier and
autoclave tests, as per IS 4031-Part 3:1988. Consistency is
measured by Vicat apparatus, as per IS 4031-Part 4:1988. The
paste is said to be of standard consistency when the penetration
of plunger, attached to the Vicat apparatus, is 33-35 mm. The
initial and final setting times of cement are measured using
the Vicat apparatus with different penetrating attachments, as
per IS 4031-Part 5:1988. It has to be noted that the setting
time decreases with increase in temperature; the setting time
of cement can be increased by adding some admixtures. The
compressive strength of cement is the most important of all
the properties. It is found using a cement—sand mortar (ratio
of cement to sand is 1:3) cube of size 70.6 mm, as per IS 4031-
Part 6:1988. The compressive strength is taken as the average
of strengths of three cubes. The heat of hydration is tested
in accordance with IS 4031-Part 9:1988 using vacuum flask
methods or by conduction calorimetry.

A web-based computer software called Virtual Cement
and Concrete Testing Laboratory (eVCCTL) has been
developed by scientists at the National Institute of Standards
and Technology (NIST), USA, which can be used to explore
the properties of cement paste and concrete materials. This
software may be found at http://www.nist.gov/el/building_
materials/evectl.cfm.

1.2.2 Aggregates

The fine and coarse aggregates occupy about 60—75 per cent
of the concrete volume (70-85% by mass) and hence strongly
influence the properties of fresh as well as hardened concrete,
its mixture proportions, and the economy. Aggregates
used in concrete should comply with the requirement of
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IS 383:1970. Aggregates are commonly classified into fine | g No. | Factors Influence on Concrete Property
and coarse aggregates. Fine aggregates generally consist | o Gradation or particle size | Water demand (strength),
of natural sand or crushed stone with particle size smaller distribution cohesion, bleeding, and
than about Smm (materials passing through 4.75mm IS segregation
sieve). Coarse aggregates consist of one or a combination of | 7. Maximum size of aggregate | Strength and water demand
gravels or crushed stone with particle size larger than 5Smm | g Presence of deleterious Water demand (strength),
(usually between 10mm and 40 mm). Aggregates can also be materials such as dust, clay, | cohesion, bond, and durability
classified in two more ways. Depending on the source, they silt, or mud
could be either naturally occurring .
(gravel, pebbles, sand, etc.) or syn- Sslii\ée Rounded Irregular Crushed ‘:l‘;gf
thetically manufactured (bloated clay
aggregates, sintered fly ash aggregate,
etc.). Moreover, depending on the
bulk density, aggregates can either be 80
normal weight (1520-1680kg/m?), mm
lightweight (less than 1220kg/m3),
or heavyweight (more than 2000kg/ 40
3 . mm
m’). The normal weight aggregates—
sand, gravel, crushed rock (e.g.,
granite, basalt, and sand stone), oS Sl G 40
and blast furnace slag—are used 0 e & I g : mm
to produce normal weight concrete mm = -3 3 3
with a density of 2200-2400kg/m?.
Aggregates such as expanded shale, 10 : P a | 20
. . mm
clay, slate, slag, pumice, perlite, mm | e 3 ﬁ
vermiculite, and diatomite are used Z
. . 4.8 : 10
to produce structural lightweight mm * é’ @ $ | o
concrete (SLWC) with density < = -
ranging from about 1350kg/m? to ga‘g i’?g ‘a ﬁ Fine
1850kg/m?. Heavyweight aggregates | & d = .4
consist of hematite, steel, or iron and | Sieve |54 15 06 03 0.15 24 12 06 0.30.15
are used in special applications such 1
as providing radiation shielding and FIG. 1.4 Different shapes and sizes of aggregates
abrasion resistance (ACI 301M:10  Source: Ambuja technical booklet 125:2007
2010, ACI Committee E-701 2007). ) o TABLE 1.8 Properties of aggregates
The factors of aggregates that may directly or indirectly
influence the properties of concrete are given in Table 1.7 Asggregate Pmp.erty - Aggregate Pr_o‘ferty
(Ambuija technical booklets 5:1996, 125:2007). Only normal Specific Gravity g‘o‘l“(;s“;‘;“;
weight aggregates are discussed here and should confirm to IS 5
. . Gravel 2.67 River sand
383:1970. The coarse aggregates form the main matrix of the - -
. Granite 2.80 Fine 43
concrete and hence provide strength to the concrete, whereas
the fine aggregates form the filler matrix and hence reduce the |- 524 2.65 Coarse »
porosity of concrete. Some properties of aggregates are shown | Basalt 2.85 Mixed and moist | 38
in Table 1.8. Bottom ash 1.57 Mixed and dry | 30
TABLE 1.7 Factors of aggregates that may affect properties of concrete Bulk density (kg/l)
S. No. | Factors Influence on Concrete Property Broken granite 1.68 ?:ZSEZ stone,
1. Specific gravity/Porosity Strength/Absorption of water Broken stone 1.60 Maximum 46
2. Crushing strength Strength size: 25mm
3. Chemical stability Durability Stone screening | 1.45 Maximum 45
4. Surface texture Bond grip size: S0mm
5. Shape (see Fig. 1.4) Water demand (strength) (Continued)
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TABLE 1.8 (Continued)
Aggregate Property Aggregate Property
Specific Gravity Minimum

Voids (%)

Beach or river 1.60 Maximum 41

Shingle size: 63 mm

River sand Stone 48

screening

Fine 1.44 Fineness
Modulus

Medium 1.52 Sand 2.70

Coarse 1.60 Bottom ash 2.08

In several countries including India, natural course aggregates
and river sand are scarce; at the same time, the waste from
the demolition of buildings is escalating. The amount of
construction waste in India alone is estimated to be around
12-14.7 million tons per annum (Rao, et al. 2011). In such
places, recycled coarse aggregates (RCA) could be used
profitably. More details about RCA and their use in concrete
may be found in the works of Dhir and Paine (2010), Rao, et
al. (2011), and Subramanian (2012). In general, mechanical
properties such as compressive strength, split and tensile
strengths, and modulus of elasticity are reduced with
increasing percentage of RCA. It is suggested that 25 per
cent of RCA may be used in concrete, as it will not affect the
properties significantly (Rao, et al. 2011). Other substitutes
for coarse aggregate include incinerator bottom ash aggregate
and sintered fly ash pellets. Recycled glass aggregates,
bottom ash from thermal power plants, and quarry dust have
significant potential for use as fine aggregates in concrete
(Dhir and Paine 2010; Mullick 2012). Clause 5.3.1 of IS
456 stipulates that such aggregates should not contain more
than 0.5 per cent of sulphates as SO5 and should not absorb
more than 10 per cent of their own mass of water. Before
using these materials, it is better to study their effect on the
properties of concrete. For example, manufactured sand,
often referred to as M-sand, from crushed gravel or rock is
cubical in shape and results in increased water demand of the
concrete mix.

Aggregates must be clean, hard, strong, and durable; they
should be free from coatings of clay, absorbed chemicals, and
other fine materials that could affect the hydration and bond
of the cement paste. Aggregates are usually washed to remove
impurities and graded at the site or plant. Grading or particle
size distribution of aggregates is a major factor determining
the workability, segregation, bleeding, placing, and finishing
characteristics of concrete. The grading of fine aggregates
has been found to influence the properties of green (fresh)
concrete more than those of coarse aggregates. The grading
requirements recommended by the Indian and US standards
for fine aggregates is given in Table 1.9. Combined gradation

of fine and coarse aggregate may result in better control of
workability, pumpability, shrinkage, and other properties of
concrete (Kosmatka, et al. 2011). In general, aggregates that
do not have a large deficiency or excess of any size and give
a smooth grading curve will produce the most satisfactory
results (Kosmatka, et al. 2011). Coarse and fine aggregates
should be batched separately.

TABLE 1.9 Grading requirements for fine aggregates

IS Sieve Percentage Passing by Weight for ASTM
Designation Grading Zone Standard
1 I 1)1 v |C3
10mm 100 100 100 100 100
4.75mm 90-100 | 90-100 | 90-100 | 95-100 | 95-100
2.36 mm 60-95 75-100 | 85-100 | 95-100 | 80-100
1.18 mm 30-70 55-90 75-100 | 90-100 | 50-85
600 um 15-34 35-59 60-79 80-100 | 25-60
300 um 5-20 8-30 12-40 15-50 5-30
150 pum 0-10 0-10 0-10 0-15 0-10

The fineness modulus (FM) of either fine or coarse aggregate
is calculated by adding the cumulative percentages by
mass retained on each of the series of sieves and dividing
the sum by 100. The higher the FM, the coarser will be the
aggregate. The maximum size of coarse aggregate should not
be greater than the following: one-fourth of the maximum
size of member, 5mm less than the maximum clear distance
between the main bars, or 5 mm less than the minimum cover
of the reinforcement. For RCC works, 20mm aggregates
are preferred. In thin concrete members with closely spaced
reinforcement or small cover and in HSC, Clause 5.3.3 of IS
456 allows the use of 10 mm nominal maximum size. Rounded
aggregates are preferable to angular or flaky aggregates, as
they require minimum cement paste for bond and demand less
water. Flaky and elongated aggregates are also susceptible to
segregation and low strength.

It should be noted that the amount of water added to make
concrete must be adjusted for the moisture conditions of the
aggregates to accurately meet the water requirement of the mix
design. Various testing methods for aggregates to concrete are
described in IS 2386-Parts 1 to 8:1963.

1.2.3 Water

Water plays an important role in the workability, strength, and
durability of concrete. Too much water reduces the concrete
strength, whereas too little will make the concrete unworkable.
The water used for mixing and curing should be clean and free
from injurious amounts of oils, acids, alkalis, salts, sugars, or
organic materials, which may affect the concrete or steel. As per
Clause 5.4 of IS 456, potable water is considered satisfactory
for mixing as well as curing concrete; otherwise, the water to
be used should be tested as per IS 3025-Parts 1 to 32 (1984



to 1988). In general, sea water should not be used for mixing
or curing concrete. The permissible limits for impurities as per
Clause 5.4 of IS 456 are given in Table 1.10. The pH value of
water used for mixing should be greater than six.

TABLE 1.10  Permissible limits for impurities in mixing water

Impurity Maximum Permissible Limit
IS 456 (mg/l) ASTM C 94
(ppm)
Organic 200 -
Inorganic 3000 -
Sulphates 400 3000
(such as SO3)
Chlorides 2000 (for plain concrete 1000!
(such as Cl) work)
500 (for RCC)
Suspended matter 2000 50,000
Alkalis - 600
(such as Na,O +
0.658K,0)

Note:
! Prestressed concrete or concrete in bridge decks 500 ppm (ppm and mg/I are
approximately equal)

In general, the amount of water required to be added for
cement hydration is less compared to that required for
workability. For complete hydration of Portland cement, only
about 3642 per cent water (this is represented by the water/
cement or water/cementitious ratio, usually denoted by w/c
ratio or w/cm ratio), that is, w/c of 0.36-0.42, is needed. If
a w/c ratio greater than about 0.36 is used, the excess water,
which is not required for cement hydration, will remain in the
capillary pores or may evaporate in due course. This process
leads to drying shrinkage (drying shrinkage is destructive as it
leads to micro-cracking and may eventually weaken concrete).
Similarly, when a w/c ratio of less than about 0.36 is used,
some cement will remain unhydrated. The space initially
taken up by water in a cementitious mixture will be partially
or completely replaced over time by the hydration products.
If a w/c ratio of more than 0.36 is used, then porosity in the
hardened material will remain, even after complete hydration.
This is called capillary porosity and will lead to corrosion of
reinforcement.

1.2.4 Admixtures

It is interesting to note that the Romans were the first to
use admixtures in concrete in the form of blood, milk, and
lard (pig fat). Present-day admixtures may be classified as
chemical and mineral admixtures.

Chemical Admixtures

Chemical admixtures are materials in the form of powder or
fluids that are added to the concrete immediately before or
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during mixing in order to improve the properties of concrete.
They should comply with the requirements of IS 9103:1999.
Admixtures are used for several purposes, such as to increase
flowability or pumpability of fresh concrete, obtain high
strength through lowering of w/c ratio, retard or accelerate time
of initial setting, increase freeze—thaw resistance, and inhibit
corrosion (Krishnamurthy 1997). Normal admixture dosage
is about 2-5 per cent by mass of cement. The effectiveness
of an admixture depends upon factors such as type, brand,
and amount of cementing materials; water content; aggregate
shape, gradation, and proportions; mixing time; slump; and
temperature of the concrete (Kosmatka, et al. 2011).

The common types of admixtures are as follows (Rixom
and Mailvaganan 1999; Aitcin, et al. 1994; Kosmatka, et al.
2011):

1. Accelerators enhance the rate of hydration of the concrete
and, hence, result in higher early strength of concrete and
early removal of formwork. Typical materials used are
calcium chloride, triethenolamine, sodium thiocyanate,
calcium formate, calcium nitrite, and calcium thiosulphate.
Typical commercial products are Mc-Schnell OC and Mc-
Schnell SDS. Typical dosage is 2—3 per cent by weight of
cement. As the use of chlorides causes corrosion in steel
reinforcing, they are not used now.

2. Retarders slow down the initial rate of hydration of cement
and are used more frequently than accelerators. They are often
combined with other types of admixtures like water reducers.
Typical retarders are sugars, hydroxides of zinc and lead,
calcium, and tartaric acid. Typical dosage is 0.05 per cent to
0.10 per cent by weight of cement. Commonly used retarders
are lignosulphonic acids and hydroxylated carboxylic acids,
which act as water-reducing and water-retarding admixtures;
they delay the initial setting time by three to four hours when
used at normal ambient temperatures.

3. Water-reducing admixtures are used to reduce the
quantity of mixing water required to produce concrete.
Water-reducing admixtures are available as ordinary
water-reducing admixtures (WRA) and high-range
water-reducing admixtures (HRWRA). WRA enable
up to 15 per cent water reduction, whereas HRWRA
enable up to 30 per cent. Popularly, the former are called
plasticizers and the latter superplasticizers. In modern
day concreting, the distinction seems to be disappearing.
Compounds used in India as superplasticizers include
sulphonated naphthalene formaldehyde condensates
(SNF), sulphonated melamine formaldehyde condensates
(SMF), and modified lignosulphonates (MLS). Some new
generation superplasticizers include acrylic polymer based
(AP) superplasticizers, copolymers of carboxylic acid with
acrylic ether (CAE), polycarboxylate ethers (PCs), and
multi-polycarboxylate ethers (MCEs). The naphthalene
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and melamine types of superplasticizers or HRWRA are
typically used in the range 0.7-2.5 per cent by weight of
cement and give water reductions of 16-30 per cent. The
PCs are more powerful and are used at 0.3—1.0 per cent
by weight of cement to typically give 20 per cent to over
40 per cent water reduction. Use of superplasticizers with
reduced water content and w/c ratio can produce concretes
with (a) high workability (in fresh concretes), with increased
slump, allowing them to be placed more easily, with less
consolidating effort, (b) high compressive strengths, (c)
increased early strength gain, (d) reduced chloride ion
penetration, and (e) high durability. It has to be noted that it is
important to consider the compatibility of superplasticizers
with certain cements (Jayasree, et al. 2011; Mullick 2008).

4. Air entraining admixtures are used to entrain tiny air bubbles
in the concrete, which will reduce damage during freeze—
thaw cycles, thereby increasing the concrete’s durability.
Furthermore, the workability of fresh concrete is improved
significantly, and segregation and bleeding are reduced or
eliminated. However, entrained air entails a trade off with
strength, as each 1 per cent of air may result in 5 per cent
decrease in compressive strength. The materials used in such
admixtures include salts of wood resins, some synthetic
detergents, salts of petroleum acids, fatty and resinous acids
and their salts, and salts of sulphonated hydrocarbons.

5. Corrosion inhibitors are used to minimize the corrosion of
steel and steel bars in concrete.

The other chemical admixtures include foaming agents (to
produce lightweight foamed concrete with low density),
alkali—aggregate reactivity inhibitors, bonding admixtures
(to increase bond strength), colouring admixtures, shrinkage
reducers, and pumping aids. It is important to test all chemical
admixtures adequately for their desired performance. It is also
desirable to prepare trial mixes of concrete with chemical
admixtures and test their performance before using them in
any large construction activity (see also Clause 5.5 of IS 456).
They should not be used in excess of the prescribed dosages,
as they may be detrimental to the concrete.

Mineral Admixtures

Mineral admixtures are inorganic materials that also have
pozzolanic properties. These very fine-grained materials are
added to the concrete mix to improve the properties of concrete
(mineral admixtures) or as a replacement for Portland cement
(blended cements). Pozzolanic materials react with the calcium
hydroxide (lime) released during the hydration process of
cement to form an additional C-S-H gel. This can reduce
the size of the pores of crystalline hydration products, make
the microstructure of concrete more uniform, and improve the
impermeability and durability of concrete. These improvements
can lead to an increase in strength and service life of concrete.
Some of the mineral admixtures are briefly described here:

1. Fly ash is a by-product of coal-fired thermal power plants. In
India, more than 120 million tons of fly ash is produced every
year, the disposal of which poses a serious environmental
problem. Any coal-based thermal power station may produce
four kinds of ash: fly ash, bottom ash, pond ash, and mound
ash. The quality of fly ash to be used in concrete is governed
by IS 3812 (Parts 1 and 2):2003, which groups all these types
of ash as pulverized fuel ash (PFA). PFA is available in two
grades: Grade I and grade II (Class F—siliceous fly ash and
Class C—calcareous fly ash, as per ASTM). Both these grades
can be used as admixtures. Up to 35 per cent replacement of
cement by fly ash is permitted by the Indian codes. Fly ash is
extracted from flue gases through electrostatic precipitator in
dry form. It is a fine material and possesses good pozzolanic
properties. The properties of fly ash depend on the type of
coal burnt. The lower the loss on ignition (LOI), the better
will be the fly ash. The fineness of individual fly ash particles
range from 1 micron to 1 mm in size. The specific gravity of
fly ash varies over a wide range of 1.9 to 2.55. For a majority
of site-mixed concrete, fly ash-based blended cement is the
best option. Fly ash particles are generally spherical in shape
and reduce the water requirement for a given slump. The
use of fly ash will also result in reduced heat of hydration,
bleeding, and drying shrinkage.

2. Ground granulated blast furnace slag is a by-product
of steel production and has been used as a cementitious
material since the eighteenth century. It is currently inter-
ground with Portland cement to form blended cement,
thus partially replacing Portland cement. It reduces the
temperature in mass concrete, permeability, and expansion
due to alkali—aggregate reaction and improves sulphate
resistance. See Section 1.2.1 for more details on PSC.

3. Silica fume is also referred to as micosilica or condensed
silica fume. It is a by-product of the production of silicon
and ferrosilicon alloys. Silica fume used in concrete should
conform to IS 15388:2003; as per Clause 5.2.1.2 of IS 456,
its proportion is 5-10 per cent of cement content of a mix.
Silica fume is similar to fly ash, with spherical shape, but
has an average particle size of about 0.1 micron, that is, it
is 100 times smaller than an average cement particle. This
results in a higher surface to volume ratio and a much faster
pozzolanic reaction. Silica fume addition benefits concrete
in two ways: (a) The minute particles physically decrease
the void space in the cement matrix—this phenomenon is
known as packing. (b) Silica fume is an extremely reactive
pozzolan; it increases the compressive strength and improves
the durability of concrete. Silica fume for use in concrete
is available in wet or dry form. It is usually added during
concrete production at a concrete plant. However, it generally
requires the use of superplasticizers for workability.

4. Rice husk ash (RHA) is produced by burning rice husk
in controlled temperature, without causing environmental



pollution. (India produces about 125 million tons of
paddy and 30 million tons of rice husk.) It exhibits high
pozzolanic characteristics and its use in concrete results
in high strength and impermeability. Water demand and
drying shrinkage should be studied before using rice husk.

5. High-reactivity Metakaolin (HRM) is obtained by calci-
nation of pure or refined kaolinitic clay at a temperature
between 650 °C and 850 °C followed by grinding to achieve
a fineness of 700-900 m?/kg. The strength and durability of
concrete produced with the use of HRM is similar to that
produced with silica fume. Whereas silica fume is usually
dark grey or black in colour, HRM is usually bright white
in colour, making it the preferred choice for architectural
concrete, where appearance is important.

More details about mineral admixtures may be found in the
works of Bapat (2012) and Ramachandran (1995).

1.3 PROPORTIONING OF CONCRETE MIXES

Concrete mix design is the process of proportioning
various ingredients such as cement, cementitious materials,
aggregates, water, and admixtures optimally in order to
produce a concrete at minimal cost and will have specified
properties of workability and homogeneity in the green state
and strength and durability in the hardened state (SP 23:1982).

Earlier mix design procedures such as minimum voids
method, Fuller’s maximum density method, Talbot—Richart
method, and fineness modulus method are based on the principles
of minimum voids and maximum density (Krishna Raju 2002).
The modern mix design methods include the Road Note No.
4 method, the ACI (American Concrete Institute) method, the
USBR (United States Bureau of Reclamation) method, the
Bolomeya model, the British mix design method, and the BIS
method (Krishna Raju 2002; Nataraja and Reddy 2007). All
these methods are mostly based on empirical relations, charts,
graphs, and tables developed through extensive experiments
using locally available materials. Although the older BIS code
(IS 10262:1982) differed from the ACI method (ACI 211.1,
1991) in some aspects, the present BIS code (IS 10262:2009)
is in line with the ACI code method (Nataraja and Das 2010).
In all these mix proportioning methods, the ingredients are
proportioned by weight per unit volume of concrete.

The main objective of any concrete mix proportioning
method is to make a concrete that has the following features:

1. Satisfies workability requirements in terms of slump for
easy placing and consolidating

2. Meets the strength requirements as measured by the
compressive strength

3. Can be mixed, transported, placed, and compacted as
efficiently as possible

4. Will be economical to produce
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5. Fulfils durability requirements to resist the environment in
which the structure is expected to serve

Changes in Procedure for Mix Proportioning in
IS 10262:2009

As per Clause 9.1.1 of IS 456, the minimum grade of concrete
to be used in an RCC should not be less than M20. Moreover,
all concretes above M20 grade for RCC work must be design
mixes. Concrete grades above M60 fall under the category of
HSC and hence should be proportioned using the guidelines
given in specialist literature, such as ACI 211.4-93 and the
work of Krishna Raju (2002) and de Larrard (1999).

The 2009 version of the code does not contain the graph
of w/c ratio versus 28-day compressive strength. Now, the
relationship between w/c ratio and the compressive strength
of concrete needs to be established for the materials actually
used or by using any other available relationship based on
experiments. The maximum w/c ratio given in IS 456:2000
for various environmental conditions may be used as a starting
point. The water content per cubic metre of concrete in the
earlier version of the standard was a constant value for various
nominal maximum sizes of aggregates. However, in the revised
version, the maximum water content per cubic metre of concrete
is suggested. Another major inclusion in the revised standard is
the estimation of volume of coarse aggregate per unit volume
of total aggregate for different zones of fine aggregate. As air
content in normal (non-air entrained) concrete will not affect
the mix proportioning significantly, it is not considered in the
revised version; it is also not considered in IS 456:2000.

Data for Mix Proportioning

The following basic data is required for concrete mix
proportioning of a particular grade of concrete:

1. Exposure condition of the structure under consideration
(see Table 3 of IS 456:2000 and Table 4.4 in Chapter 4 of
this book for guidance)

2. Grade designation—The minimum grade of concrete
to be designed for the type of exposure condition under
consideration (see Tables 3 and 5 of IS 456:2000 and Table
4.4 in Chapter 4 and Table 1.11 of this book for guidance)

3. Type of cement (OPC, PPC, PSC, etc.)

TABLE 1.11  Grades of concrete

Group Grade Designation Specified Characteristic
28-day Compressive
Strength of 150 mm cube,
N/mm?

Ordinary M10-M20 10-20

concrete

Standard M25-M60 25-60

concrete

High-strength | M65-M100 65-100

concrete
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4. Minimum and maximum cement content (see Tables 3, 4,
5, and 6 of IS 456:2000 and Tables 4.4 and 4.5 in Chapter
4 of this book for guidance)

5. Type of aggregate (basalt, granite, natural river sand,
crushed stone sand, etc.)

6. Maximum nominal size of aggregate to be used (40mm,
20mm, or 12.5 mm)

7. Maximum w/c ratio (see Tables 3 and 5 of IS 456:2000
and Tables 4.4 and 4.5 in Chapter 4 of this book for
guidance)

8. Desired degree of workability (see Table 1.12, which is
based on Clause 7 of IS 456)

9. Use of admixture, its type, and conditions of use

10. Maximum temperature of concrete at the time of placing
11. Method of transporting and placing
12. Early age strength requirements, if required

TABLE 1.12  Workability of concrete

Placing Conditions Degree of Workability | Slump, mm
Mud mat, shallow Very low 0.70-0.80
section, pavement (compacting factor)
using pavers
Mass concrete; Low 25-75
lightly reinforced
slabs, beams, walls,
columns; strip
footings
Heavily reinforced Medium 50-100
slabs, beams, walls,
columns
Slip formwork, Medium 75-100
pumped concrete
In situ piling, trench | High 100-150
fill
Tremie concrete Very high 150-200
(flow test as per
IS 9103:1999)

Note: Internal (needle) vibrators are suitable for most of the placing conditions.
The diameter of the needle should be determined based on the density and
spacing of reinforcements and the thickness of sections. Vibrators are not
required for tremie concrete.

The step-by-step mix proportioning procedure as per IS 10262
is as follows (IS 10262:2009; Nagendra 2010):

Step 1 Calculate the target mean compressive strength
for mix proportioning. The 28-day target mean compressive
strength as per Clause 3.2 of IS 10262 is

S =fp+1.65%s (1.1)

where f, is the target mean compressive strength at 28 days
(N/mm?), f. is the characteristic compressive strength at
28 days (N/mm?), and s is the standard deviation (N/mm?).
Standard deviation should be calculated for each grade of
concrete using at least 30 test strength of samples (taken from

site), when a mix is used for the first time. In case sufficient
test results are not available, the values of standard deviation
as given in Table 1.13 may be assumed for proportioning the
mix in the first instance. As soon as sufficient test results are
available, actual standard deviation shall be calculated and
used to proportion the mix properly.

TABLE 1.13 Assumed standard deviation

S.No. | Grade of Concrete | Assumed Standard Deviation, N/mm?
1. MI10
3.5
2. M15
3. M20
4.0
4. M25
5. M30
6. M35
7. M40
5.0
8. M45
9. M50
10. M55

Note: These values correspond to strict site control of storage of cement,

weigh batching of materials, controlled addition of water, and so on. The values
given in this table should be increased by 1 N/mm? when the aforementioned are
not practised.

Step 2 Select the w/c ratio. The concrete made today has
more than four basic ingredients. We now use both chemical
and mineral admixtures to obtain concretes with improved
properties both in fresh and hardened states. Even the qualities
of both coarse and fine aggregates in terms of grading, shape,
size, and texture have improved due to the improvement in
crushing technologies. As all these variables will play a
role, concretes produced with the same w/c ratio may have
different compressive strengths. Therefore, for a given set
of materials, it is preferable to establish the relationship
between the compressive strength and free w/c ratio. If such
a relationship is not available, maximum w/c ratio for various
environmental exposure conditions as given in Table 5 of IS
456 (Table 4.5 in Chapter 4 of this book) may be taken as a
starting point. Any w/c ratio assumed based on the previous
experience for a particular grade of concrete should be
checked against the maximum values permitted from the point
of view of durability, and the lesser of the two values should be
adopted.

Step 3 Select the water content. The quality of water
considered per cubic metre of concrete decides the workability
of the mix. The use of water-reducing chemical admixtures in
the mix helps to achieve increased workability at lower water
contents. The water content given in Table 1.14 (Table 2 of
IS 10262) is the maximum value for a particular nominal
maximum size of (angular) aggregate, which will achieve a
slump in the range of 25 mm to 50 mm. The water content per



TABLE 1.14 Maximum water content per cubic metre of concrete for
nominal maximum size of (angular) aggregate
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TABLE 1.15 Volume of coarse aggregate per unit volume of total
aggregate for different zones of fine aggregate

S. No. | Nominal Maximum Size Maximum Water Content”, kg
of Aggregate, mm

1. 10 208

2. 20 186

3. 40 165

Note: These quantities of mixing water are for use in computing cementitious
material contents for trial batches.
“Water content corresponding to saturated surface dry aggregate

unit volume of concrete can be reduced when increased size
of aggregate or rounded aggregates are used. On the other
hand, the water content per unit volume of concrete has to
be increased when there is increased temperature, cement
content, and fine aggregate content.

In the following cases, a reduction in water content is
suggested by IS 10262:

1. For sub-angular aggregates, a reduction of 10kg
2. For gravel with crushed particles, a reduction of 20kg
3. For rounded gravel, a reduction of 25kg

For higher workability (greater than 50mm slump), the
required water content may be established by trial, an increase
by about 3 per cent for every additional 25mm slump, or
alternatively by the use of chemical admixtures conforming
to IS 9103:1999.

Use of water reducing admixture Depending on the per-
formance of the admixture (conforming to IS 9103:1999) that
is proposed to be used in the mix, a reduction in the assumed
water content can be made. Water-reducing admixtures will
usually decrease water content by 5-10 per cent and super-
plasticizers decrease water content by 20 per cent and above
at appropriate dosages. As mentioned earlier, the use of PC-
based superplasticizers results in water reduction up to 30—40
per cent.

Step 4 Calculate the content of cementitious material. The
cement and supplementary cementitious material content
per unit volume can be calculated from the free w/c ratio of
Step 2. The total cementitious content so calculated should
be checked against the minimum content for the requirements
of durability and the greater of the two values adopted.
The maximum cement content alone (excluding mineral
admixtures such as fly ash and GGBS) should not exceed
450kg/m?> as per Clause 8.2.4.2 of IS 456.

Step 5 Estimate the proportion of coarse aggregate. Table
1.15 (Table 3 of IS 12062) gives the volume of coarse
aggregate for unit volume of total aggregate for different
zones of fine aggregate (as per IS 383:1970) for a w/c ratio
of 0.5, which requires to be suitably adjusted for other w/c
ratios. This table is based on ACI 211.1:1991. Aggregates of

Nominal Volume of Coarse Aggregate” Per Unit Volume of Total
Maximum Aggregate for Different Zones of Fine Aggregate (for w/c
Size of Ratio = 0.5)

Aggregate, Zone IV Zone 111 Zone 11 Zone I

mm

10 0.50 0.48 0.46 0.44

20 0.66 0.64 0.62 0.60

40 0.75 0.73 0.71 0.69

Note: The volume of coarse aggregate per unit volume of total aggregate needs
to be changed at the rate of £0.01 for every +0.05 change in w/c ratio.
“Volumes are based on aggregate in saturated surface dry condition.

essentially the same nominal maximum size, type, and grading
will produce concrete of satisfactory workability when a given
volume of coarse aggregate per unit volume of total aggregate
is used. It can be seen that for equal workability, the volume
of coarse aggregate in a unit volume of concrete is dependent
only on its nominal maximum size and the grading zone of
fine aggregate.

Step 6 Identify the combination of different sizes of coarse
aggregate fractions. Coarse aggregates from stone crushes are
normally available in two sizes, namely 20 mm and 12.5 mm.
Coarse aggregates of different sizes can be suitably combined
to satisfy the gradation requirements (cumulative per cent
passing) of Table 2 in IS 383:1970 for the given nominal
maximum size of aggregate.

Step 7 Estimate the proportion of fine aggregate. The
absolute volume of cementitious material, water, and the
chemical admixture is found by dividing their mass by
their respective specific gravity, and multiplying by 1/1000.
The volume of all aggregates is obtained by subtracting the
summation of the volumes of these materials from the unit
volume. From this, the total volume of aggregates, the weight
of coarse and fine aggregate, is obtained by multiplying their
fraction of volumes (already obtained in Step 5) with the
respective specific gravities and then multiplying by 1000.

Step 8 Perform trial mixes. The calculated mix proportions
should always be checked by means of trial batches. The
concrete for trial mixes shall be produced by means of actual
materials and production methods. The trial mixes may be
made by varying the free w/c ratio by £10 per cent of the
pre-selected value and a suitable mix selected based on the
workability and target compressive strength obtained. Ribbon-
type mixers or pan mixers are to be used to simulate the site
conditions where automatic batching and pan mixers are used
for the production of concrete. After successful laboratory
trials, confirmatory field trials are also necessary.

The guidelines for mix proportioning for HSC are provided
by ACI 211.4R:93, for concrete with quarry dust by Nataraja,
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et al. (2001), and for concrete with internal curing by Bentz,
et al. (2005). Rajamane (2004) explains a procedure of mix
proportioning using the provisions of IS 456:2000. Optimal
mixture proportioning for concrete may also be performed
using online tools such as COST (Concrete Optimization
Software Tool) developed by NIST, USA (http://ciks.cbt.nist.
gov/cost/).

1.4 HYDRATION OF CEMENT

When Portland cement is mixed with water, a series of
chemical reactions takes place, which results in the formation
of new compounds and progressive setting, hardening of the
cement paste, and finally in the development of strength. The
overall process is referred to as cement hydration. Hydration
involves many different reactions, often occurring at the
same time. When the paste (cement and water) is added to
aggregates (coarse and fine), it acts as an adhesive and
binds the aggregates together to form concrete. Most of the
hydration and about 90 per cent strength development take
place within 28 days; however, the hydration and strength
development continues, though more slowly, for a long time
with adequate moisture and temperature (50% of the heat is
liberated between one and three days, 75% in seven days,
and about 90% in six months). Hydration products formed
in hardened cement pastes are more complicated, and the
chemical equations are shown in Table 1.16. More details

TABLE 1.16  Portland cement compound hydration reactions

Basic Cement Compounds Hydrated Compounds

2(C5S) +11H =C5S,Hg +3 (CH)

Tricalcium Water Calcium Calcium

silicate silicate hydrate | hydroxide
(C-S-H)

2(Czs) +9H = C3$2H8 +CH

Dicalcium Water Calcium Calcium

silicate silicate hydrate | hydroxide
(C-S-H)

CA +3(CSH,) | +26H = C¢AS;Hs,

Tricalcium Gypsum Water Ettringite (AFt)

aluminate

2(GA) +C4AS; Hy, | H4H =3(C4,A SHyy)

Tricalcium Ettringite Water Calcium mono-

aluminate (AFt) sulphoaluminate

(AFm)

C3A +CH +12H =C4A13H

Tricalcium Calcium Water Tetracalcium

aluminate hydroxide aluminate

hydrate

C4AF +10H +2(CH) =6CAF12H

Tetracalcium | Water Calcium Calcium alumino-

aluminoferrite hydroxide ferrite hydrate

S = SOj3 (Sulfur trioxide)

of the chemical reactions may be found in the works of
Johansen, et al. (2002), Lea (1971), Powers (1961), and
Taylor (1997).

As shown in Fig. 1.5, tricalcium silicate (C3S) hydrates
and hardens rapidly and is mainly responsible for the initial
set and early strength of concrete. Thus, OPC containing
increased percentage of C3S will have high early strength.
On the other hand, dicalcium silicate (C,S) hydrates and
hardens slowly and contributes to strength increase only after
about seven days. Tricalcium aluminate (C3A) is responsible
for the large amount of heat of hydration during the first few
days of hydration and hardening. It also contributes slightly to
the strength development in the first few days. Cements with
low percentages of C3A are more resistant to soils and waters
containing sulphates. Tetracalcium aluminoferrite (C4AF)
contributes little to strength. The grey colour of cement is
due to C4AF and its hydrates. As mentioned earlier, gypsum
(calcium sulphate dihydrate) is added to cement during final
grinding to regulate the setting time of concrete and reacts
with C3A to form ettringite (calcium trisulphoaluminate or
AFt). In addition to controlling setting and early strength gain,
gypsum also helps control drying shrinkage (Kosmatka, et
al. 2003). Figure 1.5 shows the relative reactivity of cement
compounds. The ‘overall curve’ has a composition of 55 per
cent C3S, 18 per cent C,S, 10 per cent C3A, and 8 per cent
C,AF.
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FIG.1.5 Relative reactivity of cement compounds

Source: Reprinted from Tennis, P.D. and H.M. Jennings 2000, ‘A Model for Two
Types of Calcium Silicate Hydrate in the Microstructure of Portland Cement
Pastes’, Cement and Concrete Research, Vol. 30, No. 6, pp. 855-63, with
permission from Elsevier.
Heat of hydration When Portland cement is mixed with
water, heat is liberated as a result of the exothermic chemical
reaction. This heat is called the heat of hydration. The heat
generated by the cement’s hydration raises the temperature



of concrete; temperature rises of 55°C have been observed
with mixes having high cement content. Such a temperature
rise will result in the cracking of the concrete. As a rule of
thumb, the maximum temperature differential between
the interior and exterior concretes should not exceed 20°C
to avoid crack development. ACI 211.1:91 states that as a
rough guide, hydration of cement will generate a concrete
temperature rise of about 4.7-7.0°C per 50kg of cement
per cubic metre of concrete. Usually, the greatest rate of
heat of hydration occurs within the first 24 hours and a large
amount of heat evolves within the first three days. Factors
influencing heat development in concrete include the cement
content (cements with higher contents of tricalcium silicate
(C3S) and tricalcium aluminate (C3A) and higher fineness
have higher rates of heat generation), w/c ratio, placing and
curing temperature, the presence of mineral and chemical
admixtures, and the dimensions of the structural element.
Higher temperatures greatly accelerate the rate of hydration
and the rate of heat liberation at early stages (less than seven
days). Kulkarni (2012) observed that over the years there is a
large increase in the C3S content and fineness of cement, both
of which speed up the hydration reaction and provide high
early strength and accompanying side effect of higher heat
of hydration (for example, in 1920s, the cement in the USA
contained 21% of C3S and 48% of C,S; now their proportion
is completely reversed and it is 56% of C3S and 17% of C,S).
In view of these changes in the cement characteristics, design
strengths could be achieved with low cement content and
higher w/c ratio.

Mineral admixtures (e.g., fly ash), can significantly reduce
the rate and amount of heat development. The methods to
minimize the rise in concrete temperature include cooling
the mixing water, using ice as part of the mixing water, using
a moderate-heat Portland cement or moderate- or low-heat
blended cement, using chemical admixtures (water-reducer or
water-retarder), keeping cement contents to a minimum level,
or cooling the aggregate. Moreover, curing with water helps to
control temperature increases and is better than other curing
methods.

1.5 TYPES OF CONCRETE

Depending on where it is mixed, concrete may be classified as
site-mixed concrete or ready-mixed (factory-mixed) concrete
(RMC). Site mixing is not always recommended as the
mixing may not be thorough and the control on the w/c or
w/cm ratio cannot be strictly maintained. Hence, it is used
only in locations where RMC is not readily available. Concrete
without reinforcement is called plain concrete and with
reinforcement is called RCC or RC. Even though concrete
is strong in compression, it is weak in tension and tends to
crack when subjected to tensile forces; reinforcements are
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designed to resist these tensile forces and are often provided
in the tension zones. Hence, only RCC is used in structures.
Depending on the strength it may attain in 28 days, concrete
may be designated as ordinary concrete, standard or normal
strength concrete (NSC), HSC, and ultra-high-strength
concrete (UHSC). In IS 456, the grades of concrete are
designed as per Table 1.11. Clause 6.1.1 of IS 456 defines
the characteristic strength as the strength of the concrete
below which not more than five per cent of the test results will
fall (refer to Section 4.7.3 and Fig. 4.25 of Chapter 4). The
minimum grade for RC as per IS 456 is M20); it should be noted
that other international codes specify M25 as the minimum
grade. In general, the usual concretes fall in the M20 to M50
range. In normal buildings M20 to M30 concretes are used,
whereas in bridges and prestressed concrete construction,
strengths in the range of M35 to M50 are common. Very high-
strength concretes in the range of M60 to M70 have been
used in columns of tall buildings and are normally supplied
by ready-mix concrete companies (Kumar and Kaushik
2003).

Concrete with enhanced performance characteristics is
called high-performance concrete (HPC). Self-compacting
concrete (SCC) is a type of HPC, in which maximum
compaction is achieved using special admixtures and without
using vibrators. Structural engineers should aim to achieve
HPC through suitable mix proportioning and the use of
chemical and mineral admixtures.

When fibres are used in concrete, it is called fibre-
reinforced concrete (FRC). (Fibres are usually used in
concrete to control cracking due to plastic shrinkage and
drying shrinkage.) High-performance FRCs are called ductile
fibre-reinforced cementitious composites (DFRCCs); they
are also called ultra-high-performance concretes (UHPCs)
or engineered cementitious composites (ECCs). Due to the
non-availability of standard aggregates or to reduce the self-
weight, lightweight aggregates may be used; such concretes
are called SLWCs or autoclaved aerated concretes (AACs). A
brief description of these concretes is given in the following
sections.

1.5.1 Ready-mixed Concrete

Ready-mixed concreteis atype of concrete thatis manufactured
in a factory or batching plant, based on standardized mix
designs, and then delivered to the work site by truck-mounted
transit mixers. This type of concrete results in more precise
mixtures, with strict quality control, which is difficult to follow
on construction sites. Although the concept of RMC was known
in the 1930s, this industry expanded only during the 1960s.
The first RMC plant started operating in Pune, India, in 1987,
but the growth of RMC picked up only after 1997. Most of
the RMC plants are located in seven large cities of India,
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and they contribute to about 30-60 per cent of total concrete
used in these cities. (Even today, a substantial proportion
of concrete produced in India is volumetrically batched and
site-mixed, involving a large number of unskilled labourers
in various operations.) The fraction of RMC to total concrete
being used is 28.5 per cent. RMC is being used for bridges,
flyovers, and large commercial and residential buildings
(Alimchandani 2007).

The RMC plants should be equipped with up-to-date
equipment, such as transit mixer, concrete pump, and concrete
batching plant. RMC is manufactured under computer-
controlled operations and transported and placed at site using
sophisticated equipment and methods. The major disadvantage
of RMC is that since the materials are batched and mixed at
a central plant, travelling time from the plant to the site is
critical over longer distances. It is better to have the ready mix
placed within 90 minutes of batching at the plant. (The average
transit time in Mumbai is four hours during daytime.). Though
modern admixtures can modify that time span, the amount and
type of admixture added to the mix may affect the properties of
concrete.

1.5.2 High-performance Concrete

High-performance concrete may be defined as any concrete
that provides enhanced performance characteristics for a
given application. It is difficult to provide a unique definition
of HPC without considering the performance requirements
of the intended use. ACI has adopted the following broad
definition of HPC: ‘A concrete meeting special combinations
of performance and uniformity requirements that cannot
always be achieved routinely by using only conventional
materials and normal mixing, placing, and curing
practices. The requirements may involve enhancements
of characteristics such as easy placement, compaction
without segregation, long-term mechanical properties,
early-age strength, permeability, density, heat of hydration,
toughness, volume stability, and long service life in severe
environments’ (ACI 363 R-10). Table 1.17 lists a few of
these characteristics. Concretes possessing many of these
characteristics often achieve higher strength (HPCs usually
have strengths greater than 50-60MPa). Therefore, HPCs
will often have high strength, but a HSC need not necessarily
be called HPC (Mullick 2005; Muthukumar and Subramanian
1999).

The HPCs are made with carefully selected high-quality
ingredients and optimized mixture designs (see Table 1.18).
These ingredients are to be batched, mixed, placed,
compacted, and cured with superior quality control to get
the desired characteristics. Typically, such concretes will
have a low water—cementitious materials ratio of 0.22
to 0.40.

TABLE 1.17 Desired characteristics of HPCs

Property

Criteria that may be specified

High strength

70-140 MPa at 28-91 days

High early compressive strength

20-28 MPa at 3—12 hours or 1-3
days

High early flexural strength

2— 4 MPa at 3—12 hours or 1-3
days

High modulus of elasticity

More than 40 GPa

Abrasion resistance

0-1 mm depth of wear

Low permeability

500-2000 Coulombs

Chloride penetration

Less than 0.07% Cl at 6 months

Sulphate attack

0.10% or 0.5% maximum
expansion at 6 months for
moderate or severe sulphate
exposures

Low absorption

2-5%

Low diffusion coefficient

1000 x 10~ m/s

Resistance to chemical attack

No deterioration after 1 year

Low shrinkage

Shrinkage strain less than 0.04%
in 90 days

Low creep

Less than normal concrete

TABLE 1.18 Typical HPC mixtures used in some structures

Structure
Two Great Kaiga Petronas | Urban
Union Belt Link, | Atomic | Tower, Viaduct,
Ingredients Square, |East Project | Malaysia, | Mumbai,
Seattle, | Bridge, Unit 2, 1999 India,
1988 Denmark, | India, 2002
1996 1998
Water 130 130 136 152 | 148
kg/m
Portland = 1513 | 35 400 186 | 500
cement, kg/m-
Fly ash, kg/m? - 40 - 345" -
Silica fume, 43 23 25 35 50
kg/m-
Coarse 762
aggregates, (20mm)
ke/m? 1080 1140 1069 1000 +384
(10 mm)
Fine
aggregates, 685 710 827 725 682
kg/m?
Water reducer, B 15 _ 3 3
L/m3 ’
Air content % - 5.5 2 - 1.5
Superplasti- 15.7 5.0 5.82 9.29 8.25
cizer,
L/m3

(Continued)



TABLE 1.18 (Continued)
Structure
Two Great Kaiga Petronas | Urban
Union Belt Link, | Atomic | Tower, Viaduct,
Ingredients Square, | East Project | Malaysia, | Mumbai,
Seattle, | Bridge, Unit 2, 1999 India,
1988 Denmark, | India, 2002
1996 1998
W/cm ratio 0.25 0.34 0.32 0.25- 0.269
0.27
Slump, mm - - 175 + 180-220 | 130-180
25 (at
plant)
80-120
(at site)
Strength at 28 119 - 75.9 80 79.6—
days, MPa 81.3
Strength at 91 145 - 81.4 100 87.2—
days, MPa (180 (56 87.4
days) days)

“Mascrete, which is a cement—fly ash compound in the ratio 20:80

Superplasticizers are usually used to make these concretes fluid
and workable. It should be noted that without superplasticizers,
the w/cm ratio cannot be reduced below a value of about 0.40.
Typically, 5-15L/m? of superplasticizer can effectively replace
45-75L/m? of water (Aitcin and Neville 1993). This drastic
reduction in mixing water reduces the distance between cement
particles, resulting in a much denser cement matrix than NSC.
The optimal particle-packing mixture design approach may be
used to develop a workable and highly durable design mixture
(with cement content less than 300kg/m?), having compressive
strength of 70-80 MPa (Kumar and Santhanam 2004).

As the crushing process takes place along any potential zones
of weakness within the parent rock, and thus removes them,
smaller particles of coarse aggregates are likely to be stronger
than the large ones. Hence, for strengths in excess of 100 MPa,
the maximum size of aggregates should be limited to 10—12 mm;
for lesser strengths, 20mm aggregates can be used (Aitcin
and Neville 1993; Aitcin, 1998). Strong and clean crushed
aggregates from fine-grained rocks, mostly cubic in shape, with
minimal flaky and elongated shapes are suitable for HPC. In
order to have good packing of the fine particles in the mixture,
as the cement content increases, the fine aggregates should be
coarsely graded and have fineness modulus of 2.7-3.0.

As the HPC has very low water content, it is important to
effectively cure HPC as early as possible. Membrane curing
is not suitable for HPC, and hence fogging or wet curing
should be adopted to control plastic and autogenous shrinkage
cracking (see Section 1.7).

HPC has been primarily used in tunnels, bridges, pipes
carrying sewage, offshore structures, tall buildings, chimneys,
and foundations and piles in aggressive environments for its
strength, durability, and high modulus of elasticity. It has also been
used in shotcrete repair, poles, parking garages, and agricultural
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applications. It should be noted that in severe fires, HPC results
in bursting of the cement paste and spalling of concrete. More
information on HPC may be obtained from ACI 363R-10 and IS
9103:1999 codes and the works of Zia, et al. (1991), Zia, et al.
(1993), Aitcin and Neville (1993), and Aitcin (1998).

Self-compacting Concrete

Self-compacting concrete, also known as high-workability con-
crete, self-consolidating concrete, or self-levelling concrete, is
a HPC, developed by Prof. Okamura and associates at the Uni-
versity of Tokyo (now Kochi Institute of Technology), Japan,
in 1988 (Okamura and Ouchi 2003). SCC is a highly workable
concrete that can flow through densely reinforced and com-
plex structural elements under its own weight and adequately
fill all voids without segregation, excessive bleeding, excessive
air migration, and the need for vibration or other mechanical
consolidation. The highly flowable nature of SCC is due to
very careful mix proportioning, usually replacing much of the
coarse aggregate with fines and cement, and adding chemical
admixtures (EFNARC 2005). SCC may be manufactured at a
site batching plant or in an RMC plant and delivered to site by
a truck mixer. It may then be placed by either pumping or pour-
ing into horizontal or vertical forms. To achieve fluidity, new
generation superplasticizers based on polycarboxylic esters
(PCE) are used nowadays, as it provides better water reduction
and slower slump loss than traditional superplasticizers. The
stability of a fluid mix may be achieved either by using high
fines content or by using viscosity-modifying agents (VMA).
Several new tests have evolved for testing the suitability
of SCC (see Fig. 1.6). They essentially involve testing the
(a) flowability (slump flow test), (b) filling ability (slump flow
test, V-funnel, and Orimet) (It may be noted that in the slump
flow test, the average spread of flattened concrete is measured
horizontally, unlike the conventional slump test, where vertical
slump is measured.), (c) passing ability (L-box, J-ring, which is a
simpler substitute for U-box), (d) robustness, and (e) segregation
resistance or stability (simple column box test, sieve stability
test). The details of these test methods may be found in the
works of Okamura and Ouchi (2003) and Hwang, et al. (2006).
The SCC has been used in a number of bridges and precast
projects in Japan, Europe, and USA (Ouchi 2003). Recently,
SCC has been used in a flyover construction in Mumbai,
India (ICJ, August 2009). The various developments in SCC
undertaken in India may be found in ICJ (2004, 2009). An
amendment (No. 3, August 2007) in the form of Annex J was
added to IS 456, which prescribes the following for SCC:

1. Minimum slump flow: 600 mm

2. Amount of fines (< 0.125mm) in the range of 400-600
kg/m?, which may be achieved by having sand content
more than 38 per cent and using mineral admixture to the
order of 25-50 per cent by mass of cementitious materials

3. Use of HRWRA and VMA
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FIG. 1.6 Tests on self-consolidating concrete (a) Slump flow test (b) L-box (c) J-ring (d) V-funnel (e) U-flow test

Source: Okamura and Ouchi 2003, reprinted with permission from JCI.

1.5.3 Structural Lightweight Concrete

Some of the early structures from the Roman Empire that still
survive today, including the Pantheon, have elements that were
constructed with lightweight concrete. The use of lightweight
concrete in modern times started when Steven J. Hayde, a
brick-maker from Kansas City, Missouri, developed a rotary
kiln method for expanding clays, shales, and slates in the early
1900s. SLWC is made with lightweight coarse aggregates such
as natural pumice or scoria aggregates and expanded slags;
sintering-grate expanded shale, clay, or fly ash; and rotary-
kiln expanded shale, clay, or slate (ACI E1-07). The in-place
density (unit weight) of such SLWC will be of the order of
1360-1850kg/m?, compared to the density of normal weight
concrete of 2240-2400kg/m?. For structural applications, the
strength of such SLWC should be greater than 20 MPa. The
use of SLWC allows us to reduce the deadweight of concrete
elements, thus resulting in overall economy. In most cases,
the slightly higher cost of SLWC is offset by reductions in
the weight of concrete used. Seismic performance is also
improved because the lateral and horizontal forces acting on
a structure during an earthquake are directly proportional to
the inertia or mass of a structure. Companies like Lafarge
produce varieties of industrial lightweight aggregates;
examples include Aglite™, Haydite™, Leca™, Litex™,
Lytag™, True Lite™, and Vitrex™ (www.escsi.org). As a
result of these advantages, SLWC has been used in a variety
of applications in the past 80 years. The reduced strength of
SLWC is considered in the design of the ACI code by the
factor A.

An effective technique developed to help mitigate and
overcome the issues of autogenous shrinkage and self-
desiccation is internal curing; autogenous shrinkage is defined
as a concrete volume change occurring without moisture
transfer to the environment, as a result of the internal chemical
and structural reactions (Holt 2001). Autogenous shrinkage
is accompanied by self-desiccation during hardening of the
concrete, which is characterized by internal drying. Self-
desiccation, or internal drying, is a phenomenon caused by the
chemical reaction of cement with water (Persson and Fagerlund
2002). The reaction leads to a net reduction in the total volume
of water and solid (Persson, et al. 2005). The porosity of
lightweight aggregates provides a source of water for internal
curing, resulting in continued enhancement of the strength
and durability of concrete. However, this does not prevent the
need for external curing. More details about the mix design,
production techniques, properties, and so on may be found in the
ACI 213R-03 manual and the works of Neville (1996), Clarke
(1993), Bentz, et al. 2005, and Chandra and Berntsson (2002).

Autoclaved Aerated Concrete

Autoclaved aerated concrete, also known as autoclaved
cellular concrete (ACC) or autoclaved lightweight concrete
(ALC) with commercial names Siporex, e-crete, and Ytong,
was invented in the mid-1920s by the Swedish architect Johan
Axel Eriksson. It is a lightweight, strong, inorganic, and non-
toxic precast building material that simultaneously provides
strength, insulation, and fire, mould, and termite resistance.
Though relatively unknown in countries such as the USA,
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India, Australia, and China, AAC
now accounts for over 40 per cent of
all construction in the UK and more
than 60 per cent of construction in
Germany.

Autoclaved aerated concrete is
a precast product manufactured by

combining silica (either in the form of
quartz/silica sand or recycled fly ash),

cement, lime, water, and an expansion
agent—aluminium powder—at the
rate of 0.05-0.08 per cent (it has to
be noted that no coarse aggregates
are used). Aluminium powder

v For quick and easy mixing

reacts with calcium hydroxide and
water to form numerous hydrogen
bubbles, resulting in the expansion of
concrete to roughly two to five times
its original volume. The hydrogen
subsequently evaporates, leaving a
highly closed-cell aerated concrete.
When the forms are removed from the material, it is solid
but still soft. It is then cut into either blocks or panels and
placed in an autoclave chamber for 12 hours. AAC blocks
(typically 600mm long, 200mm high, and 150-300mm
thick) are stacked one over the other using thin-set mortar,
as opposed to the traditional concrete masonry units (CMU)
construction.

Flat

1.5.4 Fibre-reinforced Concrete

Fibres are added to concrete to control cracking caused by
plastic shrinkage and drying shrinkage. The addition of
small closely spaced and uniformly dispersed fibres will act
as crack arresters and enhance the tensile, fatigue, impact,
and abrasion resistance of concrete. They also reduce the
permeability of concrete. Though the flexural strength may
increase marginally, fibres cannot totally replace flexural steel
reinforcement (the concept of using fibres as reinforcement is
not new; fibres have been used as reinforcement since ancient
times, for example, horsehair in mortar and asbestos fibres in
concrete).

Clause 5.7 (Amendment No. 3) of IS 456:2000 permits
the use of fibres in concrete for special applications to
enhance its properties. Steel, glass, polypropylene, carbon,
and basalt fibres have been used successfully; steel fibres
are the most common (see Fig. 1.7). Steel fibres may be
crimped, hooked, or flat. This type of concrete is known
as FRC.

The amount of fibres added to a concrete mix is expressed
as a percentage of the total volume of the composite (concrete
and fibres) and termed volume fraction, which is denoted by
Vyand typically ranges from 0.25 per cent to 2.5 per cent (of

Glued fibre-bundles

(a) (©

FIG. 1.7 Fibres used in concrete (a) Different types and shapes of steel fibres (b) Fine fibrillated
polypropylene fibres (c) Glass fibres

Courtesy. Dr V.S. Parameswaran

which 0.75-1.0 is the most common fraction). The aspect ratio
of a fibre is the ratio of its length to its diameter. Typical aspect
ratio ranges from 30 to 150. The diameter of steel fibres may
vary from 0.25mm to 0.75 mm. Increasing the aspect ratio of
the fibre usually increases the flexural strength and toughness
of the matrix. However, fibres that are too long tend to ‘ball’
in the mix and create workability problems (Subramanian
1976b). To obtain adequate workability, it is necessary to use
superplasticizers. The ultimate tensile strength of steel fibres
should exceed 350 MPa. More information on FRC may be had
from the works of Parameswaran and Balasubramanian (1993)
and Bentur and Mindess (2007) and ACI 544.1R-96 report.

1.5.5 Ductile Fibre-reinforced Cementitious
Composites

Ductile fibre-reinforced cementitious composite is a broader
class of materials that has properties and superior perfor-
mance characteristics compared to conventional cementi-
tious materials such as concrete and FRC. DFRCCs have
unique properties including damage reduction, damage tol-
erance, energy absorption, crack distribution, deformation
compatibility, and delamination resistance (delamination
is a mode of failure in composite materials—splitting or
separating a laminate into layers) (Matsumoto and Mihashi
2003). The various subgroups of DFRCC are shown in
Fig. 1.8 and Table 1.19 (Matsumoto and Mihashi 2003). It
should be noted that DFRCC encompasses a group of high-
performance fibre-reinforced cementitious composites
(HPFRCC). UHPC, also known as ultra-high performance
fibre-reinforced concrete (UHPFRC) or reactive powder con-
crete (RPC),developedinFranceinthe late 1990s, is anew class
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of DFRCCs that have ultra-strength and ultra-performance

characteristics.

f
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FIG. 1.8 Classification of cementitious materials
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Source: Matsumoto and Mihashi 2003, reprinted with permission from JCI

TABLE 1.19 Characteristics of different cementitious materials

Characteristics Cement, Concrete, | DFRCC HPFRCC
Mortar FRC

Material Brittle Quasi Quasi- Ductile
response brittle brittle

(tension)

or ductile

(flexure)
Strain softening - Strain Strain Strain
or hardening softening | softening hardening
(see Fig. 1.9) (tension) or

hardening

(flexure)
Cracking Localized | Localized | Multiple Multiple
behaviour cracking | cracking | cracking cracking
(flexure)”
Cracking Localized | Localized | Localized Multiple
behaviour cracking | cracking | cracking cracking
(tension)

“Cracking behaviour in flexure is dependent on specimen size. This comparison
is based on specimen size of 100 X 100 x 400 mm
Source: Matsumoto and Mihashi 2003, reprinted with permission from JCI

Tensile stress

Tensil h g
ensile strengtl Ductile

First cracking

strength Strain softening

Strain
Tensile ultimate

strain
FIG. 1.9 Definitions of brittle, ductile, strain softening, and strain
hardening under uniaxial tensile loading

First cracking strain

Source: Matsumoto and Mihashi 2003, reprinted with permission from JCI

Engineered Cementitious Composites

Engineered cementitious composites are a special type of
HPFRCC that has been micro-structurally tailored based
on micro-mechanics. ECC is systematically engineered to
achieve high ductility under tensile and shear loading. By
employing material design based on micro-mechanics, it can
achieve maximum ductility in excess of three per cent under
uniaxial tensile loading with only two per cent fibre content
by volume. Experiments have shown that even at the ultimate
load (5% strain), the crack width remains at about 60 um and
is even lower at strain below one per cent.

As shown in Fig. 1.10, extensive experimental studies
have demonstrated superior seismic response as well as
minimum post-earthquake repair (Fischer and Li 2002).
It should be noted that even at high drift level of 10 per
cent, no spalling of the reinforced ECC was observed; in
contrast, the RCC column lost the concrete cover after bond
splitting and being subjected to heavy spalling. The test
results also illustrated the potential reduction or elimination
of steel stirrups by taking advantage of the shear ductility
of ECC. The tensile ductility in ECC also translates into
shear ductility since the material undergoes diagonal
tensile multiple cracking when subjected to shear (Li, et al.
1994).

FIG. 110 Damage of column at 10% drift after reverse cyclic loading
(@) RCC (b) ECC without stirrups

Source: Fischer and Li 2002, reprinted with permission from ACI

Life cycle cost comparison showed that ECC slab systems
provide 37 per cent cost efficiency, consume 40 per cent less
total primary energy, and produce 39 per cent less carbon
dioxide compared to conventional RCC systems (Li 2003).
More details about the behaviour and application of ECC may
be found in the study of Li (2003).



Ultra-high-performance Concrete

Ultra-high-performance concrete is a high-strength, high-
stiffness, self-consolidating, and ductile material, formulated
by combining Portland cement, silica fume, quartz flour, fine
silica sand, high-range water reducer, water, and steel or organic
fibres. Originally it was developed by the Laboratoire Central
des Ponts et Chaussées (LCPC), France, containing a mixture
of short and long metal fibres and known as multi-scale fibre-
reinforced concrete (Rossi 2001). It has to be noted that there are
no coarse aggregates, and a low w/cm ratio of about 0.2 is used in
UHPC compared to about 0.4—0.5 in NSC. The material provides
compressive strengths of 120-240MPa, flexural strengths of
15-50MPa, and post-cracking tensile strength of 7.0-10.3 MPa
and has modulus of elasticity from 45 GPa to 59 GPa [Ductal®
(Lafarge, France), CoreTUFF® (US Army Corps of Engineers),
BSI®, Densit® (Denmark), and Ceracem® (France and
Switzerland) are some examples of commercial products].
The enhanced strength and durability properties of UHPC are
mainly due to optimized particle gradation that produces a very
tightly packed mix, use of steel fibres, and extremely low water
to powder ratio (Nematollahi, et al. 2012).

Some of the potential applications of UHPC are in
prestressed girders and precast deck panels in bridges, columns,
piles, claddings, overlays, and noise barriers in highways. The
60m span Sherbrooke pedestrian bridge, constructed in 1997
at Quebec, Canada, is the world’s first UHPC bridge without
any bar reinforcement. More details of this bridge may be had
from the works of Blais and Couture (1999) and Subramanian
(1999). The 15m span Shepherds Creek Road Bridge, New
South Wales, Australia, built in 2005 is the world’s first UHPC
bridge for normal highway traffic. Since then, a number of
bridges and other structures have been built utilizing UHPC
all over the world (see www.thwa.dot.gov).

The materials for UHPC are usually supplied by the
manufacturers in a three-component premix: powders
(Portland cement, silica fume, quartz flour, and fine silica
sand) pre-blended in bulk bags; superplasticizers; and organic
fibres. Care should be exercised during mixing, placing, and
curing. The ductile nature of this material makes concrete to
deform and support flexural and tensile loads, even after initial
cracking. The use of this material for construction is simplified
by the elimination of reinforcing steel and its ability to be
virtually self-placing. More details about UHPC may be found
in the works of Schmidt, et al. (2004), Fehling, et al. (2008), and
Schmidt, et al. (2012). A comparison of stress—strain curves in
concretes is provided in Fig. 1.11. The influence of fibres and
confinement on the ductility of RPC should be noted.

Slurry Infiltrated Fibrous Concrete and Slurry
Infiltrated Mat Concrete

Slurry infiltrated fibrous concrete (SIFCON), invented by
Lankard in 1979, is produced by infiltrating cement slurry
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FIG. 1.11 Comparison of stress—strain curves of NSC, HPC, and
RPC

Source: Blais and Couture 1999

(made of cement and sand in the proportion 1:1, 1:1.5, or 1:2,
with fly ash and silica fume equal to 10-15% by weight of
cement, w/cm ratio of 0.3-0.4, and superplasticizer equal to
2-5% by weight of cement) into pre-placed steel fibres (single
plain or deformed fibres) in a formwork. It has to be noted
that it does not contain any coarse aggregates but has a high
cementitious content. Due to the pre-placement of fibres, its
fibre volume fraction may be as high as 6-20 per cent. The
confining effect of numerous fibres yields high compressive
strengths from 90MPa to 210MPa, and the strong fibre
bridging leads to tensile stain hardening behaviour in some
SIFCONSs. Slurry infiltrated mat concrete (SIMCON) is
similar to SIFCON, but uses pre-placed fibre mat instead of
steel fibres. SIFCON and SIMCON are extremely ductile and
hence ideally suitable for seismic retrofit of structures (Dogan
and Krstulovic-Opara 2003). They also have improved
uniaxial tensile strength, flexural, shear, impact strengths, and
abrasion resistance (Parameswaran 1996). They are best suited
for the following applications: pavement rehabilitation, safety
vaults, strong rooms, refractory applications, precast concrete
products, bridge decks and overlays, repair and rehabilitation
of structures, especially in seismic zones, military applications,
and concrete mega-structures, such as offshore platforms
and solar towers. More details about SIFCON and SIMCON
may be found in the works of Parameswaran, et al. (1990),
Parameswaran (1996), Lankard (1984), Naaman, et al. (1992),
Sashidhar, et al. (2010, 2011) and Hackman, et al. (1992).

1.5.6 Ferrocement

Ferrocement also known as ferrocrete, invented by Jean Louis
Lambot of France, in 1848, is a composite material like RCC.
In RCC, the reinforcement consists of steel bars placed in
the tension zone, whereas ferrocement is a thin RC made
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of rich cement mortar (cement to sand ratio of 1:3) based
matrix reinforced with closely spaced layers of relatively
small diameter wire mesh, welded mesh, or chicken mesh.
(The diameter of wires range from 4.20mm to 9.5mm and
are spaced up to 300mm apart.) The mesh may be metallic
or synthetic (Naaman 2000). The mortar matrix should
have excellent flow characteristics and high durability. The
use of pozzolanic mineral admixtures such as fly ash (50%
cement replacement with fly ash is recommended) and use of
superplasticizers will not only permit the use of water—binder
ratio of 0.40-0.45 by mass but will also enhance the durability
of the matrix. A mortar compressive strength of 40-50 MPa is
recommended.

During the 1940s, Pier Luigi Nervi, an Italian engineer,
architect, and contractor, had used ferrocement for the
construction of aircraft hangars, boats and buildings. It has
to be noted that though Nervi used a large number of meshes
in his structures, in many present-day applications, only
two layers of mesh reinforcement are used. Applications
of ferrocement include boats, barges, water tanks, pipes,
biogas digesters, septic tanks, toilet blocks, and monolithic
or prefabricated housing (Subramanian 1976a). Recently,
Spanos, et al. (2012) studied the use of ferrocement panels
as permanent load bearing formwork for one-way and two-
way slabs. Such panels provide economic advantages and the
slabs incorporating them will provide superior serviceability
performance. At the new Sydney Opera House, the sail-shaped
roofs (built of conventional RC) have been covered with tile-
surfaced panels of ferrocement, which serve as waterproofs
for the concrete underneath. More information about the
design and construction of ferrocement may be had from the
study of Naaman (2000) and ACI 549.1R-93 manual.

Polymer concrete Polymer concrete is obtained by
impregnating ordinary concrete with a monomer material
and then polymerizing it by radiation, by heat and catalytic
ingredients, or by a combination of these two techniques.
Depending on the process by which the polymeric materials
are incorporated, they are classified as (a) polymer concrete
(PC), (b) polymer impregnated concrete (PIC), and (c)
polymer modified concrete (PMC). Due to polymerization,
the properties are much enhanced and polymer concrete is
also used to repair damaged concrete structural members
(Subramanian and Gnana Sambanthan 1979).

In addition to these types of concrete, prestressed concrete
is often used in bridges and long-span structures; however, it is
outside the scope of this book. A prestressed concrete member
is one in which internal stresses (compressive in nature) are
introduced, which counteract the tensile stresses resulting
from the given external service level loads. The prestress is
commonly introduced by tensioning the high-strength steel
reinforcement (either by using the pre-tensioning or the

post-tensioning method), which applies pre-compression to
the member. The design of prestressed concrete members
should conform to IS 1343:1980.

1.6 REINFORCING STEEL

As stated earlier, steel reinforcements are provided in RCC to
resist tensile stresses. The quality of steel used in RCC work
is as important as that of concrete. Steel bars used in concrete
should be clean and free from loose mill scales, dust, loose rust
and any oily materials, which will reduce bond. Sand blasting
or similar treatment may be done to get clean reinforcement.

As per Clause 5.6 of IS 456, steel reinforcement used in
concrete may be of the following types (see Table 1.1 of SP
34 (S&T):1987 for the physical and mechanical properties of
these different types of bars):

1. Mild steel and medium tensile steel bars (MS bars)
conforming to IS 432 (Part 1):1982

2. High-yield strength-deformed steel bars (HYSD bars) con-
forming to IS 1786:2008

3. Hard drawn steel wire fabric conforming to IS 1566:1982

4. Structural steel conforming to Grade A of IS 2062:2006

It should be noted that different types of rebars, such as plain
and deformed bars of various grades, say grade Fe 415 and
Fe 500, should not be used side by side, as this may lead to
confusion and error at site. Mild steel bars, which are produced
by hot rolling, are not generally used in RCC as they have
smooth surface and hence their bond strength is less compared
to deformed bars (when they are used they should be hooked
at their ends). They are used only as ties in columns or stirrups
in beams. Mild steel bars have characteristic yield strength
ranging from 240N/mm? (grade I) to 350 N/mm? (medium
tensile steel) and percentage elongation of 20-23 per cent
over a gauge length of 5.65 Jarea.

Hot rolled high-yield strength-deformed bars (HYSD bars)
were introduced in India in 1967; they completely replaced
mild steel bars except in a few situations where acute bending
was required in bars greater than 30mm in diameter. They
were produced initially by cold twisting (CTD bars) and later
by heat treatment (TMT bars) and micro-alloying. They were
introduced in India by Tata Steel as Tistrong bars and later as
Tiscon/Torsteel bars. Cold twisted deformed bars (CTD bars
or Torsteel bars) are first made by hot rolling the bars from
high-strength mild steel, with two or three parallel straight ribs
and other indentations on it. After cooling, these bars are cold
twisted by a separate operation, so that the steel is strained
beyond the elastic limit and then released. As the increase in
strength is due to cold-working, this steel should not be normally
welded. In CTD bars, the projections will form a helix around
the bars; if they are over-twisted, the pitch of the helixes will
be too close. Cold twisting introduces residual stresses in steel,
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and as a result, these bars corrode much faster than other bars;
hence, these are not recommended in many advanced countries.

Thermo-mechanically treated reinforcement bars (TMT
Bars) are a class of hot rolled HYSD bars, which are rapidly
cooled to about 450°C by a controlled quenching process using
water when they are leaving the last stand of the rolling mill at
a temperature of about 950°C. This sudden partial quenching,
along with the final cooling, transforms the surface layer of
the bars from austenite to tempered

martensite, with a semi-tempered middle Strain hardening 600 1]

ring of martensite and bainite and a Yield l __ Ultimate 500 /| Fe 500/
fine-grained ferrite—pearlite core (see plateau Stress iy ?'/4‘175/

Fig. 1.12). TMT bars can be welded as = 400 /; T
per IS 9417 using ordinary electrodes z 2 § 7

and no extra precautions are required. é’ Elastic f,§ g 2 300 Fe 250
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It is better to adopt precautions against corrosion even while
using such bars, as they are not 100% corrosion-resistant.
Though IS 1786 specifies four grades for these HYSD bars,
namely Fe 415, Fe 500, Fe 550, and Fe 600, and additional
three grades with a suffix D, denoting that they are ductile,
the availability of Fe 550, Fe 600, Fe 415D, Fe 500D, and Fe
550D grades are limited (the numbers after Fe denoting the
0.2% proof or yield stress, in N/mm?).

The mostimportant characteristic of the reinforcing bar is its
stress—strain curve; the important property is its characteristic
yield strength or 0.2 per cent proof stress as the case may be
(see Fig. 1.13 and Table 1.20), and as per Clause 5.6.3 of IS
456, the modulus of elasticity E; for these steels may be taken
as 200kN/mm?. (For HYSD bars the yield point is not easily
defined based on the shape of the stress—strain curve; hence
an offset yield point is arbitrarily defined at 0.2% of the strain.
Thus by drawing a line paralled to the elastic portion of the
stress—strain curve from the 0.2% strain, the yield point stress
is located on the stress—strain curve as shown in Fig. 1.13b.)
The design stress—strain curves for steel reinforcements (both
mild steel and HYSD bars) are given in Fig. 5.5 of Chapter 5.
The inelastic strains in HYSD bars for some design stress
values, as per IS 456, are given in Table 5.1 (see Section 5.4).
The chemical composition of various grades of steel is given
in IS 1786:2008 specifications.

|
o
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TMT. Bars produced by RINL are called S S S S S 3
REBARS. As it is visually difficult to @ (b)Stram
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distinguish TMT bars from mild steel
deformed bars, the following procedure
is suggested in IS 1786: A small piece
(about 12mm long) can be cut and the transverse face lightly
ground flat on progressively finer emery papers up to ‘0’ size.
The sample can be macro-etched with nital (five % nitric acid
in alcohol) at ambient temperature for a few seconds to reveal
a darker annular region corresponding to martensite or bainite
microstructure and a lighter core region.

By micro-alloying with elements such as copper,
phosphorus, and chromium, thermo-mechanically treated
corrosion resistant steel bars (TMT CRS bars) are produced,
which have better corrosion resistance than ordinary TMT bars.

shown)

FIG. 113  Stress-Strain curve (a) Mild steel (b) HYSD bars (only initial portions of the curves are

Clause 5.3 of IS 13920 stipulates that steel reinforcements
of grade Fe 415 or less should be used in structures situated
in earthquake zones. However, TMT bars of grades Fe 500
and Fe 550, having elongation more than 14.5 per cent, are
also allowed. For providing sufficient bond between the bars
and the concrete, the area, height, and pitch of ribs should
satisfy Clause 5 of IS 1786 (see Fig. 1.14). The nominal size
(in millimetres) of the available bars as per IS 1786 are 4,
5, 6, 8, 10, 12, 16, 20, 25, 28, 32, 36, and 40. A density of
7,850/kgm? may be taken for calculating the nominal mass.
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TABLE 1.20 Mechanical properties of high-strength deformed bars as per IS 1786:2008

S. No. | Property Fe 415 Fe 415D Fe 500 Fe 500D Fe 550 Fe 550D Fe 600
1. 0.2% proof
stressfyield 1 15 415.0 500.0 500.0 550.0 550.0 600.0
stress, min.
N/mm?
2. Elongation,
percentage,
min. on gauge 14.5 18.0 12.0 16.0 10.0 14.5 10.0
length
5.65vA”
3. Tensile 10% more 12% more 8% more than | 10% more 6% more than | 8% more than | 6% more than
strength, min. | than the actual | than the actual | the actual than the actual | the actual the actual the actual
0.2% proof 0.2% proof 0.2% proof 0.2% proof 0.2% proof 0.2% proof 0.2% proof
stress/yield stress/yield stress/yield stress/yield stress/yield stress/yield stress/yield
stress but stress but stress but stress but stress but stress but stress but
not less than not less than not less than not less than not less than not less than not less than
485.0N/mm? | 500.0N/mm? | 545.0N/mm2 | 565.0N/mm? |585.0N/mm? | 600.0N/mm? | 660.0 N/mm?
4. Total
elongation
at maximum
force. - 5% - 5% - 5% -
percentage,
min. on gauge
length
5.65+A"
“A is the cross-sectional area of the test piece.
Pitch of deformation For steel bars surrounded by sound concrete, the passive
y Height of deformation corrosion rate is typically 0.1 um per year. Without the passive
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Welded wire fabrics (WWF) consist of hard drawn steel
wire mesh made from medium tensile steel, drawn out from
higher diameter steel bars. As they undergo cold-working,
their strength is higher than that of mild steel. WWF consists
of longitudinal and transverse wires (at right angles to one
another) joined by resistant spot welding using machines.
They are available in different widths and rolls and as square
or oblong meshes; see Table C-1 of SP 34 (S&T):1987 and SP
1566:1982. Their use in India is limited to small size slabs.

1.6.1 Corrosion of Rebars

Corrosion of steel rebars is considered the main cause of
deterioration of numerous RCC structures throughout the
world. In fact, the alkaline environment of concrete (pH of
12-13) provides a thin oxide passive film over the surface
of steel rebars and reduces the corrosion rate considerably.

film, the steel would corrode at rates at least 1000 times higher
(ACT 222R-01). The destruction of the passive layer occurs
when the alkalinity of the concrete is reduced or when the
chloride concentration in concrete is increased to a certain
level. In many cases, exposure of RC to chloride ions is the
primary cause of premature corrosion of steel reinforcement.
Although chlorides are directly responsible for the initiation
of corrosion, they appear to play only an indirect role in
the rate of corrosion after initiation. The primary factors
controlling the corrosion rate are the availability of oxygen,
electrical resistivity and relative humidity of the concrete,
pH, and prevailing temperature. Carbonation is another cause
for corrosion. Carbonation-induced corrosion often occurs in
building facades that are exposed to rainfall, are shaded from
sunlight, and have low concrete cover over the reinforcing
steel. Carbonation occurs when carbon dioxide from the
air penetrates the concrete and reacts with hydroxides (e.g.,
calcium hydroxide), to form carbonates. In the reaction
with calcium hydroxide, calcium carbonate is formed. This
reaction reduces the pH of the pore solution to as low as 8.5,
destroying the passive film on steel rebars. It has to be noted
that carbonation is generally a slow process. In high-quality
concrete, carbonation is estimated to proceed at a rate up
to 1.0mm per year. The highest rates of carbonation occur



when the relative humidity is maintained between 50 per cent
and 75 per cent. The amount of carbonation is significantly
increased in concrete with a high water-to-cement ratio, low
cement content, short curing period, low strength, and highly
permeable paste. Corrosion can also occur when two different
metals are in contact within concrete. For example, dissimilar
metal corrosion can occur in balconies where embedded
aluminium railings are in contact with the reinforcing steel.

Conventional concrete contains pores or micro-cracks.
Detrimental substances or water can penetrate through these
cracks or pores, leading to corrosion of steel bars. When
corrosion takes place, the resulting rust occupies more than
three times the original volume of steel from which it is
formed. This drastic expansion creates tensile stresses in the
concrete, which can eventually cause cracking, delamination,
and spalling of cover concrete (see Fig. 4.5 of Chapter 4).
The presence of corrosion also reduces the effective cross-
sectional area of the steel reinforcement and leads to the failure
of a concrete element and subsequently the whole structure.
Mitigation measures to reduce the occurrence of corrosion
include (a) decreasing the w/c or w/cm ratio of concrete and
using pozzolans and slag to make the concrete less permeable
(pozzolans and slag also increase the resistivity of concrete,
thus reducing the corrosion rate, even after it is initiated),
(b) providing dense concrete cover, as per Table 16 of IS
456, using controlled permeability formwork (CPF), thus
protecting the embedded steel rebars from corrosive materials
(see Section 4.4.5 for the details of CPF), (¢) including
the use of corrosion-inhibiting admixtures, (d) providing
protective coating to reinforcement, and (e) using of sealers
and membranes on the concrete surface. It should be noted
that the sealers and membranes, if used, have to be reapplied
periodically (Kerkhoff 2007).

As mentioned, one of the corrosion mitigation methods is
by using the following reinforcements:

Fusion-bonded epoxy-coated reinforcing bars Typical
coating thickness of these bars is about 130-300 um. Damaged
coating on the bars, resulting from handling and fabrication
and the cut ends, must be properly repaired with patching
material prior to placing them in the structure. These bars
have been used in RC bridges from the 1970s and their
performance is found to be satisfactory (Smith and Virmani
1996). They may have reduced bond strength.

Galvanized reinforcing bars The precautions mentioned
for epoxy-coated bars are applicable to these bars as well.
The protective zinc layer in galvanized rebars does not break
easily and results in better bond.

Stainless steel bars Stainless steel is an alloy of nickel and
chromium. Two types of stainless steel rods, namely SS304 and
SS316, are used as per BS 6744:2001. Though the initial cost of
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these bars is high, life cycle cost is lower and they may provide
80-125 years of maintenance-free service. The Progresso
Bridge in New Mexico, USA, was built during 1937-41 using
stainless rebar and has not required maintenance until now.

Fibre-reinforced polymer bars (FRP bars) These are
aramid fibre (AFRP), carbon fibre (CFRP) or glass fibre
(GFRP) reinforced polymer rods. They are non-metallic and
hence non-corrosive. Although their ultimate tensile strength
is about 1500 MPa, their stress—strain curve is linear up to
failure. In addition, they have one-fourth the weight of steel
reinforcement and are expensive. The modulus of elasticity
of CFRP is about 65 per cent of steel bars and the bond
strength is almost the same. As the Canadian Highway Bridge
Design Code, CSA-S6-06, has provisions for the use of GFRP
rebars, a number of bridges in Canada are built using them.
More details about them may be obtained from the work of
GangaRao, et al. (2007) and the ACI 440R-07 report.

Basalt bars These are manufactured from continuous basalt
filaments and epoxy and polyester resins using a pultrusion
process. It is a low-cost, high-strength, high-modulus, and
corrosion-resistant alternative to steel reinforcement. More
information about these bars may be found in the study of
Subramanian (2010).

In addition, Zbar, a pretreated high-strength bar with both
galvanizing and epoxy coating, has been recently introduced
in the USA. High-strength MMFX steel bars, conforming to
ASTM A1035, with yield strength of 827 MPa and having low
carbon and 8-10 per cent chromium have been introduced in
the USA recently, which are also corrosion-resistant, similar
to TMT CRS bars (www.mmfx.com).

Clause 5.6.2 of IS 456 suggests the use of coating to
reinforcement, and Amendment No. 3 of this clause states that
the reduction of design bond strength of coated bars should be
considered in design, but it does not elaborate. See Sections
7.4.2 and 7.5.3 of Chapter 7 for the reduction of design bond
strength based on the ACI code provisions.

Viswanatha, et al. (2004), based on their extensive
experience of testing rebars, caution about the availability
of substandard rebars in India, including rerolled bars and
inadequately quenched or low carbon content TMT bars.
Hence, it is important for the engineer to accept the rebars
only after testing them in accordance with IS 1608:2005 and
IS 1786:2008. Basu, et al. (2004) also provide an overview of
the important characteristics of rebars and a comparison of
specifications of different countries.

1.7 CONCRETE MIXING, PLACING, COMPACTING,
AND CURING

The measurement of materials for making concrete is called
batching (see also Clause 10.2 of IS 456). Though volume
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batching is used in small works, it is not a good method and
weigh batching should always be attempted (fully automatic
weigh batching equipment are used in RMC plants). The
mixing of materials should ensure that the mass becomes
homogeneous, uniform in colour and consistency. Again,
hand mixing is not desirable for obvious reasons and machine
mixing is to be adopted for better quality. Several types of
mixtures are available; pan mixtures with revolving star
blades are more efficient (Shetty 2005; IS 1791:1985; IS
12119:1987). Clause 10.3 of IS 456 stipulates that if there is
segregation after unloading from the mixer, the concrete should
be remixed. It also suggests that when using conventional
tilting type drum mixtures, the mixing time should be at
least two minutes and the mixture should be operated at a
speed recommended by the manufacturer (normal speeds are
15-20 revolutions/minute). Clause 10.3.3 of IS 456 restricts
the dosage of retarders, plasticizers, superplasticizers, and
polycarboxylate-based admixtures to 0.5 per cent, 1.0 per
cent, 2.0 per cent, and 1.0 per cent, respectively, by weight of
cementitious materials.

Concrete can be transported from the mixer to the
formwork by a variety of methods and equipment such as
mortar pans, wheel barrows, belt conveyors, truck-mixer-
mounted conveyor belts, buckets used with cranes and cable
ways, truck mixer and dumpers, chutes or drop chutes, skip
and hoist, transit mixer (in case of RMC), tremies (for placing
concrete under water) or pumping through steel pipes. As
there is a possibility of segregation during transportation, care
should be taken to avoid it. More details about the methods of
transportation may be found in the works of Panarese (1987),
Kosmatka (2011), and Shetty (2005).

It is also important that the concrete is placed in the
formwork properly to yield optimum results. Prior to placing,
reinforcements must be checked for their correctness (location
and size), cover, splice, and anchorage requirements, and any
loose rust must be removed. The formwork must be cleaned,
its supports adequately braced, joints between planks or
sheets effectively plugged, and the inside of formwork applied
with mould-releasing agents for easy stripping. Details of
different kinds of formwork and their design may be found
in the work of Hurd (2005) and IS 14687:1999 guidelines. It
is necessary to thoroughly clean the surface of previous lifts
with a water jet and treat them properly. Concrete should be
continuously deposited as near as possible to its final position
without any segregation. In general, concrete should be placed
in thicker members in horizontal layers of uniform thickness
(about 150mm thick for reinforced members); each layer
should be thoroughly consolidated before the next is placed.
Chutes and drop chutes may be used when the concrete is
poured from a height, to avoid segregation. Though Clause
13.2 of IS 456 suggests a permissible free fall of 1.5m, it has
been found that a free fall of even high-slump concrete of

up to 46m directly over reinforcing steel does not result in
segregation or reduction of compressive strength (Suprenant
2001).

Concreting during hot or cold weather should conform to
the requirements of IS 7861(Part 1):1975 and IS 7861 (Part
2):1981. More guidance on hot weather concreting is given
in the work of Venugopal and Subramanian (1977) and ACI
305R-10 manual. Guidance for underwater concreting is
provided in Clause 14 of IS 456.

Right after placement, concrete contains up to 20 per cent
entrapped air. Vibration consolidates concrete in two stages:
first by moving the concrete particles and then by removing
entrapped air. The concrete should be deposited and compacted
before the commencement of initial setting of concrete and
should not be disturbed subsequently. Low-slump concrete
can be consolidated easily, without adding additional water,
by the use of superplasticizers. High frequency power driven
internal or external vibrators (as per IS 2505, IS 2506, IS 2514,
and IS 4656) also permit easy consolidation of stiff mixes
having low w/cm ratio (manual consolidation with tamping
rod is suitable only for workable and flowing mixtures). The
internal vibrator or needle vibrator is immersed in concrete
and the external vibrator is attached to the forms. (The radius
of action of a needle vibrator with a diameter of 20—40 mm
ranges between 75mm and 150 mm; ACI 309R:05 provides
more data on consolidation.) Good compaction with vibrators
prevents honeycombing and results in impermeable and dense
concrete, better bond between concrete and reinforcement,
and better finish. Guidance on construction joints and cold
joints is provided in Clause 13.4 of IS 456.

All newly placed and finished concrete slabs should be
cured and protected from drying and from extreme changes
in temperature. Wet curing should start as soon as the final
set occurs and should be continued for a minimum period of
7-15 days (longer curing is required in case of concretes with
fly ash). It has to be noted that in concretes without the use
of retarders or accelerators, final set of cement takes place at
about six hours. Concreting in hot weather conditions requires
special precautions against rapid evaporation and drying
due to high temperatures. More information on curing is
provided in Clause 13.5 of IS 456 and also in Section 4.4.5 of
Chapter 4.

Removal of forms It is advantageous to leave forms in
place as long as possible to continue the curing period. As
per Clause 11.3 of IS 456, the vertical supporting members of
formwork (shoring) should not be removed until the concrete
is strong enough to carry at least twice the stresses to which
the concrete may be subjected to at the time of removal of
formwork. When the ambient temperature is above 15°C and
where Portland cement is used and adequate curing is done,
the vertical formwork to columns, walls, and beams can be



removed in 16-24 hours after concreting. Beam and floor slab
forms and supports (props) may be removed between 3 and 21
days, depending on the size of the member and the strength
gain of the concrete (see Clause 11.3.1 of IS 456). If high
early strength concrete is used, these periods can be reduced.
Since the minimum stripping time is a function of concrete
strength, the preferred method of determining stripping time
in other cases is to be determined based on the tests of site-
cured cubes or concrete in place. More details including
shoring and reshoring of multi-storey structures may be found
in ACI 347-04 guide.

1.8 PROPERTIES OF FRESH AND HARDENED
CONCRETE

A designer needs to have a thorough knowledge of the properties
of concrete for the design of RC structures. As seen in the
previous sections, present-day concrete is much complicated
and uses several different types of
materials, which considerably affect the

100 dia.
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or flow table) as described in IS 1199:1955. Although it does
not measure all factors contributing to workability, slump test
is the most commonly used method to measure the consistency
of the concrete, because of its simplicity. This test is carried
out using an open-ended cone, called the Abrams cone. This
cone is placed on a hard non-absorbent surface and filled with
fresh concrete in three stages, and each time the concrete is
tamped using a rod of standard dimensions. At the end of the
third stage, the concrete is struck off level with a trowel at the
top of the mould. Now, the mould is carefully lifted vertically
upwards without disturbing the concrete in the cone, thereby
allowing the concrete to subside. This subsidence is termed as
slump and is measured to the nearest 5 mm. Figure 1.15 shows
the slump testing mould, measurement, and types of slumps.
If a shear slump (indicates concrete is non-cohesive) or
collapse slump (indicates a high workability mix) is achieved,
a fresh sample should be taken and the test repeated. A slump
of about 50—100 mm is used for normal RC (see Table 1.12)

strength and other properties. Complete
knowledge of these materials and their
use and effects on concrete can be had
from the works of Gambhir (2004),
Mehta and Monteiro (2006), Mindess,
et al. (2003), Neville (2012), Neville
and Brooks (2010), Santhakumar
(2006), and Shetty (2005). An

introduction to some of the properties, |

200 dia.

which are important for the designer |
and
presented in this section.

1.8.1 Workability of Concrete

As discussed in Section 1.2.3, water
added to the concrete mix is required
not only for hydration purposes but
also for workability. Workability
may be defined as the property of
the freshly mixed concrete that
determines the ease and homogeneity with which it can be
mixed, placed, compacted, and finished. The desired degree
of workability of concrete is provided in Table 1.12. The
main factor that affects workability is the water content (in
the absence of admixtures). The other interacting factors that
affect workability are aggregate type and grading, aggregate/
cement ratio, presence of admixtures, fineness of cement, and
temperature. It has to be noted that finer particles require more
water to wet their large specific surface, and the irregular
shape and rough texture of angular aggregate demand more
water. Workability should be checked frequently by one of the
standard tests (slump, compacting factor, Vee Bee consistency,

construction  professionals, is (2)
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FIG.1.15 Slump testing (a) Typical mould for slump test (b) Measuring slump (c) Types of slump

1.8.2 Compressive Strength

Compressive strength ataspecifiedage, usually 28 days, measured
on standard cube or cylinder specimens, has traditionally been
used as the criterion for the acceptance of concrete. It is very
important for the designer because concrete properties such as
stress—strain relationship, modulus of elasticity, tensile strength,
shear strength, and bond strength are expressed in terms of the
uniaxial compressive strength. The compressive strengths used
in structural applications vary from 20N/mm? to as high as
100N/mm?. (In One, World Trade Center, New York, USA, a
concrete with a compressive strength of 96.5 MPa was used with
a modulus of elasticity of 48,265 MPa).
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Cube and Cylinder Tests

In India, the UK, and several European countries, the
characteristic compressive strength of concrete (denoted by
fu) 1s determined by testing to failure 28-day-old concrete
cube specimens of size 150mm X 150mm X 150 mm, as per IS
516:1959. When the largest nominal size of aggregate does not
exceed 20mm, 100mm cubes may also be used. However, in
the USA, Canada, Australia, and New Zealand, the compressive
strength of concrete (denoted by f) is
determined by testing to failure 28-
day-old concrete cylinder specimens
of size 150mm diameter and 300 mm
long. Recently, 70mm cube or 75 mm
cylinder HSC or UHSC specimen is
being recommended for situations
in which machine capacity may be
exceeded (Graybeal and Davis 2008).

The concrete is poured in the cube
or cylinder mould in layers of 50 mm
and compacted properly by either
hand or a vibrator so that there are no
voids. The top surface of these specimens should be made even
and smooth by applying cement paste and spreading smoothly
on the whole area of the specimen. The test specimens are
then stored in moist air of at least 90 per cent relative humidity
and at a temperature of 27°C £ 2°C for 24 hours. After this
period, the specimens are marked and removed from the
moulds and kept submerged in clear fresh water, maintained
at a temperature of 27°C + 2°C until they are tested (the water
should be renewed every seven days). The making and curing
of test specimen at site is similar (see also Clause 3.0 of
IS 516).

These specimens are tested by a compression testing
machine after 7 days of curing or 28 days of curing. Load
should be applied gradually at the rate of 140kg/cm? per
minute until the specimen fails. Load at the failure divided
by the area of specimen gives the compressive strength of
concrete. A minimum of three specimens should be tested
at each selected age. If the strength of any specimen varies
by more than +15 per cent of average strength, results of
such a specimen should be rejected (Clause 15.4 of IS
456). The average of three specimens gives the compressive
strength of concrete. Sampling and acceptance criteria for
concrete strength, as per IS 456, are provided in Section
4.7.4 of Chapter 4. (In the USA, the evaluation of concrete
strength tests is done as per ACI 214R-02.) Figure 1.16
shows the cube testing and various failure modes of concrete
cubes. The ideal failure mode, with almost vertical cracks (see
Fig. 1.16b) is rarely achieved due to the rough contact surface
between the concrete cube and the plate of testing machine.
When the stress level reaches about 75-90 per cent of the

()

maximum, internal cracks are initiated in the mortar throughout
the concrete mass, parallel to the direction of the applied load.
The concrete tends to expand laterally due to Poisson’s effect,
and the cube finally fails leaving two truncated pyramids one
over the other (see Fig. 1.16b). Sometimes the failure may
be explosive, especially in cubes of HSC; to avoid injuries,
proper precautions should be taken to contain the debris using
high resistance and transparent polycarbonate or steel mesh
shields around the testing machine.

P
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i

Ideal failure

Non-explosive

Explosive
(b)
FIG. 1.16 Cube testing and failure of concrete cubes (a) Cubes in testing machine (b) Failure of
concrete cubes

Factors Affecting Compressive Strength

The compressive strength of concrete is affected by the
following important factors: w/c or w/cm ratio, type of
cement, use of supplementary cementitious materials, type
of aggregates, quantity and quality of mixing water, moisture
and temperature conditions during curing, age of concrete,
rate of loading during the cube or cylinder test (the measured
compressive strength of concrete increases with increasing
rate of loading), and the size of specimen.

The w/c ratio is inversely related to concrete strength: the
lower the ratio, the greater the strength. It is also directly
linked to the spacing between cement particles in the cement
paste. When the spacing is smaller, cement hydrates fill the
gaps between the cement particles faster and the links created
by the hydrates will be stronger, resulting in stronger concrete
(Bentz and Aitcin, 2008). Various mathematical models have
been developed to link strength to the porosity of the hydrates.
In 1918, Abrams presented his classic law of the following
form (Shetty 2005):

K,

we
k2

Jeos = (1.22)

where f, g is the 28-day compressive strength, k; and k, are
the empirical constants, and wc is the w/c ratio by volume.
For 28-day strength of concrete recommended by ACI
211.1-91, the constants k; and k, are 124.45MPa and 14.36,
respectively. Popovics (1998) observed that these values are
conservative and suggested the values 187MPa and 23.07,
respectively, for k; and k,. Abrams’ w/c ratio law states that



the strength of concrete is dependent only upon the w/c ratio,
provided the mix is workable. Abram’s law is a special case
of the following Feret formula developed in 1897 (Shetty
2005):

Jeos = k(*} (1.2b)
V.+V, +V,

where V., V,, and V, are the absolute volumes of cement,
water, and entrained air, respectively, and k is a constant. In
essence, strength is related to the total volume of voids and
the most significant factor in this is the w/c ratio. The graph
showing the relationship between the strength and w/c ratio is
approximately hyperbolic in shape (see Fig. 1.17).

50

&

G
2,
2.
oy,
/p@ "
g %,
= 30 601/3
=
on
=}
8 ‘%
)
20 2

10
Flexural strength
(modulus of rupture)
(777]
MM“
0.4 0.5 0.6 0.7

Water—Cement ratio, by weight

FIG. 1.17 Relation between strength and wic
ratio of normal concrete

At a more fundamental level, this relation can be expressed
as a function of the gel/space ratio (x), which is the ratio
of the volume of the hydrated cement paste to the sum
of the volumes of the hydrated cement and the capillary
voids. The data from Powers (1961) gives the following

relationship:
[0 = 234x* MN/m? (1.2¢)

were x is the gel/space ratio and 234 is the intrinsic strength of
the gel in MPa for the type of cement and specimen used by
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Powers. It has to be noted that this relation is independent of the
age of the concrete and the mix proportions. This equation is
valid for many types of cement, but the values of the numerical
coefficients vary a little depending on the intrinsic strength
of the gel. Such models that focus only on the cement paste
ignore the effects of the aggregate characteristics on strength,
which can be significant. A comparison of these mathematical
models is provided by Popovics (1998). Based on the strength
vs w/c ratio curves provided in the earlier version of IS 10262,
Rajamane (2005) derived the following equation.

foas = 0.39f,, [(Vwe) = 0.50] (1.2d)

where f.,,, is the 28-day compressive strength of cement tested
as per IS 4031(MPa) and wc is the w/c ratio by weight.

Many researchers have also attempted to estimate the
strength of concrete at 1, 3, or 7 days and correlate it to the 28-
day strength. This relationship is useful for formwork removal
and to monitor early strength gain; however, it depends on
many factors such as the chemical composition of cement,
fineness of grinding, and temperature of curing. The 7-day
strength is often estimated to be about 75 per cent of the
28-day strength (Neville 2012). Neville, however, suggests
that if the 28-day strength is to be estimated using the
strength at 7 days, a relationship between the 28-day and
7-day strengths has to be established experimentally for the
given concrete. For concrete specimens cured at 20°C, Clause
3.1.2(6) of Eurocode 2 (EN 1992-1-1:2004) provides the
following relationship.

0.5
fom @) =exp [s(l - (2_:3) ]] fom

where f,,,(f) is the mean compressive strength at age ¢ days, f..,,
is the mean 28-day compressive strength, and s is a coefficient
depending on the type of cement; s = 0.2, 0.25, and 0.38 for
high early strength, normal early strength, and slow early
strength cement, respectively. ACI Committee 209.2R-08
recommends the relationship for moist-cured concrete made
with normal Portland concrete as given here:

(1.3a)

1.3b
a+ bt ( )

fcm (t) = (#) f;:28

The values of constants @ and b are 4.0 and 0.85, respectively,
for normal Portland cement and 2.3 and 0.92, respectively,
for high early strength cement. The 1978 version of IS 456
specified an ‘age factor’, based on Eq. (1.3b), using a = 4.7
and b = 0.833, but that provision has been deleted in the 2000
version of the code.

Influence of Size of Specimen

The pronounced effect of the height/width ratio and the cross-
sectional dimension of the test specimen on the compressive
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FIG. 1.18 Correction factor for height/diameter ratio of cylinder

strength has been observed by several researchers. The
difference in compressive strength of different sizes of
specimens may be due to several factors such as St Venant’s
effect, size effect, or lateral restraint effect due to the testing
machine’s platen (Pillai and Menon 2003). In addition, the
preparation of the end conditions (cappings) of the concrete
cylinder can significantly affect the measured compressive
strength. When the height/diameter ratio of cylinders is less
than 2.0, IS 516:1959, suggests a correction factor as shown in
Fig. 1.18. Standard cubes with height/width ratio of 1.0 have
been found to have higher compressive strength than standard
cylinders with height/diameter ratio of 2.0. The ratio of standard
cylinder strength and standard cube strength is about 0.8-0.95;
higher ratio is applicable for HSC. Similarly 100 mm x 200 mm
cylinders exhibit 2—10 per cent higher strengths than 150 mm X
300mm cylinders; the difference is less for higher strength
concrete (Graybeal and Davis 2008). It has to be noted that
the ACI code formulae, which are based on standard cylinder
strength, f have been converted to standard cube strength,
fe» for easy comparison, by using the relation f = 0.8f,
throughout this book. A more precise coefficient R to convert
cylinder strength to cube strength is R = 0.76 + 0.2 log(f.’/20).
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In the case of cubes, the specimens are placed in the testing
machine in such a way that the load is applied on opposite
sides of the cube as cast, that is, not to the top and bottom. On
the other hand, cylinders are loaded in the direction in which
they are cast. Due to this reason and also because the standard
cylinders have height/width ratio of two, the compressive
strengths predicted by cylinders are more reliable than cubes.

1.8.3 Stress-Strain Characteristics

Typical stress—strain curves of normal weight concrete of
various grades, obtained from uniaxial compression tests, are
shown in Fig. 1.19(a) and a comparison of normal weight and
lightweight concrete is shown in Fig. 1.19(b). (The idealized
stress—strain curve for concrete, and the assumed stress
block adopted in IS 456 are given in Fig. 5.4 in Section 5.4
of Chapter 5). It has to be noted that, for design, the value
of maximum compressive strength of concrete in structural
elements is taken as 0.85 times the cylinder strength, f,
which is approximately equal to 0.67f.

Itis seen from Fig.1.19 that the curves are initially linear and
become non-linear when the stress level exceeds about 40 per
cent of the maximum stress. The maximum stress is reached
when the strain is approximately 0.002; beyond this point,
the stress—strain curve descends. IS 456 limits the maximum
failure strain in concrete under direct compression to 0.002
(Clause 39.1a) and under flexure to 0.0035 (Clause 38.1b).
The shape of the curve is due to the formation of micro-cracks
within the structure of concrete. The descending branch of the
curve can be fully traced only with rigid testing machines. In
axially flexible testing machines, the test cube or cylinder will
fail explosively when the maximum stress is reached.

Numerical approximations of stress-strain curves of
concretes have been provided by various researchers, and a
comparison of these formulae is provided by Popovics (1998).
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FIG.1.19 Typical stress—strain curves of concrete in compression (a) Concrete with normal weight aggregates (b) Normal weight vs lightweight

aggregate concrete



Such a mathematical definition of stress—strain curve is
required for non-linear analysis of concrete structures. HSCs
exhibit more brittle behaviour, which is reflected by the shorter
horizontal branch of stress—strain curves.

1.8.4 Tensile Strength

As mentioned earlier, concrete is very week in tension,
and direct tensile strength is only about 8-11 per cent of
compressive strength for concretes of grade M25 and above
(Shetty 2005). The use of pozzolanic admixtures increases the
tensile strength of concrete. Although the tensile strength of
concrete increases with an increase in compressive strength,
the rate of increase in tensile strength is of the decreasing order
(Shetty 2005). The tensile strength of concrete is generally
not taken into account in the design of concrete elements.
Knowledge of its value is required for the design of concrete
structural elements subject to transverse shear, torsion, and
shrinkage and temperature effects. Its value is also used in
the design of prestressed concrete structures, liquid retaining
structures, roadways, and runway slabs. Direct tensile strength
of concrete is difficult to determine. The splitting (cylinder)
tensile test on 150mm x 300mm cylinders, as per IS
5816:1999, or the third-point flexural loading test on 150 mm X
150mm X 700mm concrete beams, as per IS 516:1959, is
often used to find the tensile strength. The splitting tensile test
is easier to perform and gives more reliable results than other
tension tests; though splitting strength may give 5-12 per
cent higher value than direct tensile strength (Shetty 2005).
According to Mehta and Monteiro (2010), the third-point
flexural loading test tends to overestimate the tensile strength
of concrete by 50-100 per cent.

The theoretical maximum flexural tensile stress occurring
in the extreme fibres of RC beams, which causes cracking,
is referred to as the modulus of rupture, f,.. Clause 6.2.2
of IS 456 gives the modulus of rupture or flexural tensile
strength as

[, =07 (1.4)

It should be noted that Clause 9.5.2.3 of ACI 318 code suggests
a lower, conservative value for the modulus of rupture,
which equals 40.55 \/f , where A is the modification factor
for lightweight concrete and equals 1.0 for normal weight
concrete, 0.85 for sand-lightweight concrete, and 0.75 for all
lightweight concrete. IS 456 does not provide an empirical
formula for estimating the direct tensile strength, f,,. Clause
R8.6.1 of ACI 318 suggests an average splitting tensile
strength of

fu=05JF4 (1.5)

Shear strength Pure shear is a rare occurrence; usually a
combination of flexural and shear stresses exists, resulting in a
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diagonal tension failure. The design shear strength of concrete
is given in Table 19 of IS 456 as a function of percentage
flexural reinforcement. The maximum shear stress in concrete
with shear reinforcement is restricted in Clause 40.2.3 to the
following value:

=0.63,/f, (1.6)

Tc,max

More discussions on shear strength of concrete are provided
in Chapter 6.

Bond strength The common assumption in RC that plane
sections remain plane after bending will be valid only if there is
perfect bond between concrete and steel reinforcement. Bond
strength depends on the shear stress at the interface between
the reinforcing bar and the concrete and on the geometry of
the reinforcing bar. Clause 26.2.1.1 of IS 456 provides a table
for design bond stress and is approximately represented by

o = 0.16(£,)*3 (1.7)

More discussions on bond strength of concrete are provided
in Chapter 7.

1.8.5 Bearing Strength

The compressive stresses at supports, for example, at the base
of column, must be transferred by bearing (Niyogi 1974).
Clause 34.4 of IS 456 stipulates that the permissible bearing
stress on full area of concrete in the working stress method
can be taken as 0.25f,; and for limit state method it may be
taken as 0.45f,,. According to Clause 10.4.1 of ACI 318, the
design bearing strength of concrete should not exceed ¢0.85
fc', where @1is the strength reduction factor, which is taken as
0.65. Thus, it is approximately equal to 0.442f,,.

1.8.6 Modulus of Elasticity and Poisson’s Ratio

Concrete is not an elastic material, that is, it will not recover its
original shape on unloading. In addition, it is non-linear and
exhibits a non-linear stress—strain curve. Hence, the elastic
constants such as modulus of elasticity and Poisson’s ratio are
not strictly applicable. However, they are used in the analysis
and design of concrete structures, assuming elastic behaviour.
The modulus of elasticity of concrete is a key factor for
estimating the deformation of buildings and members as well
as a fundamental factor for determining the modular ratio, m.
The use of HSC will result in higher modulus of elasticity
and in reduced deflection and increased tensile strengths. The
modulus of elasticity is primarily influenced by the elastic
properties of the aggregates and to a lesser extent by the curing
conditions, age of the concrete, mix proportions, porosity of
concrete, and the type of cement. It is normally related to the
compressive strength of concrete and may be determined by
means of an extensometer attached to the compression test
specimen as described in IS 516:1959.
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The Young’s modulus of elasticity may be defined as the ratio
of axial stress to axial strain, within the elastic range. When
the loading is of low intensity and of short duration, the initial
portion of the stress—strain curve of concrete in compression
is linear, justifying the use of modulus of elasticity. However,
when there is sustained load, inelastic creep occurs even at
relatively low stresses, making the stress—strain curve non-
linear. Moreover, the effects of creep and shrinkage will make
the concrete behave in a non-linear manner. Hence, the initial
tangent modulus is considered to be a measure of dynamic
modulus of elasticity (Neville and Brooks 2010).

When linear elastic analysis is used, one should use the
static modulus of elasticity. Various definitions of modulus
of elasticity are available: initial tangent modulus, tangent
modulus (at a specified stress level), and secant modulus (at
a specified stress level), as shown in Fig. 1.20. Among these,
the secant modulus, which is the slope of a line drawn from
the origin to the point on the stress—strain curve corresponding
to 40 per cent of the failure stress, is found to represent the
average value of E,. under service load conditions (Neville
and Brooks 2010). Clause 6.2.3.1 of IS 456 suggests that the
short-term static modulus of elasticity of concrete, E,., may be
taken as

E.=5000+//s N/mm? (1.8a)
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FIG. 1.20 Various definitions of modulus of elasticity of concrete

As per Clause 8.5.1 of ACI 318, the modulus of elasticity for
concrete may be taken as

E.= p'0.038,/f,, N/mm? (1.8b)

where p.is the unit weight of concrete (varies between
1440kg/m3 and 2560kg/m3). For normal weight concrete,
ACI code allows it to be taken as (assuming o, = 2300 N/mm?)

E,=4200+/fx N/mm? (1.8¢)

Both IS 456 and ACI 318 caution that the actual measured
values may differ by 20 per cent from the values obtained
from Eq. (1.8). Moreover, the US code value is 16 per cent less
than the value specified by the Indian code. It has to be noted
that the use of lower value of E. will result in a conservative
(higher) estimate of the short-term elastic deflection.

The ACI committee report on HSC (ACI 363R-92) suggests
the following equation, which has been adopted by NZS 3101-
Part 1:2006 and CSA A23.3-04:

E.= (2970 fsx +6900) (0./2300)!> N/mm?

for 26 MPa < £, < 104 MPa (1.8d)

Noguchi, et al. (2009) proposed the following equation, which
is applicable to a wide range of aggregates and mineral
admixtures used in concrete.

E.= kk, x3.36x10%(p./2400)*(f,,/75)"° N/mm?  (1.8¢)

where the correction factors k; and k, are given in Tables 1.21
and 1.22.

TABLE 1.21  Values of correction factor k;
Type of Coarse Aggregate Value of k;
Crushed limestone, calcined bauxite 1.20
Crushed quartzite aggregate, crushed andesite, crushed | 0.95
basalt, crushed clay slate, crushed cobblestone
Coarse aggregate other than above 1.0
TABLE 1.22 Values of correction factor k,

Type of Mineral Admixture Value of k,

Silica fume, GGBS, fly ash fume 0.95

Fly ash 1.10

Mineral admixture other than the above 1.0

The dynamic modulus of elasticity of concrete, E..;, corresponds
to a small instantaneous strain. It can be determined by the
non-destructive electro-dynamic method, by measuring the
natural frequency of the fundamental mode of longitudinal
vibration of concrete prisms, as described in IS 516:1959. The
dynamic modulus of elasticity has to be used when concrete is
used in structures subjected to dynamic loading (i.e., impact
or earthquake). The value of E_; is generally 20 per cent,
30 per cent, and 40 per cent higher than the secant modulus
for high-, medium-, and low-strength concretes, respectively
(Mehta and Monteiro 2006).

Poisson’s ratio is defined as the ratio of lateral strain to the
longitudinal strain, under uniform axial stress. Experimental
studies have predicted widely varying values of Poisson’s
ratio, in the range of 0.15-0.25. A value of 0.2 is usually
suggested for design for both NSCs and HSCs. For lightweight
concretes, the Poisson’s ratio has to be determined from
tests.



1.8.7 Strength under Combined Stresses

Structural members are usually subjected to a combination
of forces, which may include axial force, bending moments,
transverse shear, and twisting moments. Any state of combined
stress acting at any point in a member may be reduced to three
principal stresses acting at right angles to each other on an
appropriately oriented elementary cube in the material. Any
or all of the principal stresses can be either compression or
tension. When one of these three principal stresses is zero, a
state of biaxial stress exists; if two of them are zero, the state
of stress is uniaxial. In most of the situations, only the uniaxial
strength properties are known from simple tests described in
this chapter. The failure strength under combined stresses
is usually defined by an appropriate failure criterion. Until
now, neither a general theory of strength of concrete under
combined stresses nor a universally accepted failure criterion
has been proposed.

However, the strength of concrete for biaxial state of
stress has been established experimentally by Kupfer, et al.
(1969) (see Fig. 1.21). This figure shows that under biaxial
tension, the strength is close to that of uniaxial tension. When
one principal stress is tension and other is compressive, the
concrete cracks at a lower stress than it would have in uniaxial
tension or compression. Under biaxial compression, the
strength is greater than the uniaxial compression by about
27 per cent.
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\
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Strength of concrete in biaxial stress

FIG. 1.21
Source: Kupfer, et al. 1969, reprinted with permission from ACI

1.8.8 Shrinkage and Temperature Effects

As shrinkage and temperature effects are similar, they are
both considered in this section.

Shrinkage Effects

Shrinkage and creep are not independent phenomena. For
convenience, their effects are treated as separate, independent,
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and additive. The total shrinkage strain in concrete is composed
of the following:

1. Autogenous shrinkage, which occurs during the hardening
of concrete (Holt 2001)

2. Drying shrinkage, which is a function of the migration of
water through hardened concrete

Drying shrinkage, often referred to simply as shrinkage, is
caused by the evaporation of water from the concrete. Both
shrinkage and creep introduce time-dependent strains in
concrete. However, shrinkage strains are independent of the
stress conditions of concrete. Shrinkage can occur before
and after the hydration of the cement is complete. It is most
important, however, to minimize it during the early stages
of hydration in order to prevent cracking and to improve the
durability of the concrete. Shrinkage cracks in RC are due
to the differential shrinkage between the cement paste, the
aggregate, and the reinforcement. Its effect can be reduced
by the prolonged curing, which allows the tensile strength of
the concrete to develop before evaporation occurs. The most
important factors that influence shrinkage in concrete are (a)
type and content of aggregates, (b) w/c ratio, (c) effective age
at transfer of stress, (d) degree of compaction, (e) effective
section thickness, (f) ambient relative humidity, and (f)
presence of reinforcement (ACI 209R-92).

Shrinkage strain is expressed as a linear strain (mm/mm).
In the absence of reliable data, Clause 6.2.4.1 of IS 456
recommends the approximate value for the total shrinkage
strain for design as 0.0003. (ACI 209R-92 suggests an average
value of 780 X 10°mm/mm for the ultimate shrinkage
strain, &y,). Different models for the prediction of creep under
compression and shrinkage induced strains in hardened
concrete are presented and compared in ACI 209.2R-08.
Long-term deflection calculations considering the effects of
shrinkage and creep are covered in Chapter 12.

Temperature Effects

Concrete expands with rise in temperature and contracts with
fall in temperature. The effects of thermal contraction are
similar to the effects of shrinkage. To limit the development
of temperature stresses, expansion joints are to be provided,
especially when there are marked changes in plan dimensions.
In addition, when the length of the building exceeds 45m,
expansion joints are to be provided, as per Clause 27 of
IS 456. Temperature stresses may be critical in the design
of concrete chimneys and cooling towers. Roof slabs may
also be subjected to thermal gradient due to solar radiation.
In large and exposed surfaces of concrete such as slabs,
nominal reinforcements are usually placed near the exposed
surface to take care of temperature and shrinkage stresses.
The coefficient of thermal expansion depends on the type of
cement and aggregate, cement content, relative humidity, and
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the size of section. Clause 6.2.6 of IS 456 provides a table to
choose the value of coefficient of thermal expansion based
on the aggregate used. However, SP 24:1983 recommends a
value of 11 x 10®mm/mm per degree Celsius for the design
of liquid storage structures, bins and chimneys, which is close
to the thermal coefficient of steel (about 11 X 10~°mm/mm
per degree Celsius). The calculation of deflection due
to temperature effects is discussed in Section 12.4.3 of
Chapter 12. More discussions on thermal and shrinkage
effects are provided in Section 3.9.2 of Chapter 3.

Fire design of concrete structures is outside the scope
of this book. When exposed to fire, both concrete and steel
reinforcement of RC members lose 60 per cent of their
characteristic strength at a temperature of 500°C. Where
HSCs are used, consideration should be given to mitigate the
effects of spalling (e.g., use of fibre reinforcement, sacrificial
concrete layers, thermal barriers, and fire-resisting concrete. ).
More information on fire design may be found in fib reports
(2007, 2008).

1.8.9 Creep of Concrete

Creep in concrete is the gradual increase in deformation
(strain) with time in a member subjected to sustained loads.
The creep strain is much larger than the elastic strain on
loading (creep strain is typically two to four times the elastic
strain). If the specimen is unloaded, there is an immediate
elastic recovery and a slower recovery in the strain due to
creep (see Fig. 1.22). Both amounts of recovery are much less
than the original strains under load. If the concrete is reloaded
at a later date, instantaneous and creep strains develop again.
Creep occurs under both compressive and tensile stresses
and always increases with temperature. HSCs creep less
than NSCs. When the stress in concrete does not exceed one-
third of its characteristic compressive strength, creep may be
assumed proportional to the stress (Clause 6.2.5 of IS 456).
It has to be noted that, unlike concrete, steel will creep only

above 700°F.
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Delayed

creep
recovery

Unloadingl

Creep strain

Strain

Residual
creep strain

Elastic strain

Time since application of load

FIG.1.22 Typical creep curve

The main factors affecting creep strain are the concrete mix
and strength, the type of aggregate used, curing, ambient
relative humidity, and the magnitude and duration of sustained

loading. As per IS 456, the ultimate creep strain &, is to be
calculated from the creep coefficient C, (& in IS nomenclature)
given in Clause 6.2.5.1. Calculation of long-term deflection
due to creep is provided in Section 12.4.1 of Chapter 12.

More information on creep, shrinkage, and temperature
effects may be obtained from the work of Bamforth, et al.
(2008).

1.8.10 Non-destructive Testing

Non-destructive tests are used to find the strength of existing
concrete elements. They are classified as follows:

1. Half-cell electrical potential method to detect the
corrosion potential of reinforcing bars in concrete
2. Schmidt/Rebound hammer test (IS 13311-Part 2:1992) to
evaluate the surface hardness of concrete
3. Carbonation depth measurement test to determine
whether moisture has reached the depth of the reinforcing
bars, thereby leading to corrosion
4. Permeability test to measure the flow of water through the
concrete
5. Penetration resistance or Windsor probe test to measure
the surface hardness and hence the strength of the surface
and near-surface layers of the concrete
6. Covermeter testto measure the distance of steel reinforcing
bars beneath the surface of the concrete and the diameter
of the reinforcing bars
7. Radiographic test to detect voids in the concrete and the
position of prestressing ducts
8. Ultrasonic pulse velocity test (IS 13311-Part 1:1992)
mainly to measure the time of travel of ultrasonic pulse
passing through the concrete and hence concrete quality
9. Sonic methods, which use an instrumented hammer
providing both sonic echo and transmission methods, to
predict the integrity of piles and bridge decks
10. Tomographic modelling, which uses the data from
ultrasonic transmission tests in two or more directions, to
detect voids in concrete
11. Impact echo testing to detect voids, delamination, and
other anomalies in concrete
12. Ground penetrating radar or impulse radar testing to
detect the position of reinforcing bars or stressing ducts
13. Infrared thermography to detect voids, delamination, and
other anomalies in concrete and also to detect water entry
points in buildings

The details of these tests may be found in ACI 228.1R-03
manual and the work of Malhotra and Carino (2003).

1.9 DURABILITY OF CONCRETE

Although several unreinforced concrete structures, built
2000 years ago, such as the Pantheon in Rome and several



aqueducts in Europe, are still in excellent condition, many
RC structures built in the twentieth century have deteriorated
within 10-20 years. In several countries like the USA, about
40-50 per cent of the expenditure in the construction industry
is spent on repair, maintenance, and rehabilitation of existing
structures. These deteriorating concrete structures not only
affect the productivity of the society but also have a great
impact on our resources, environment, and human safety. It
has been realized that the deterioration of concrete structures
is due to the main emphasis given to mechanical properties
and the structural capacity and the neglect of construction
quality and life cycle management (ACI 201.2R-08). Strength
and durability are two separate aspects of concrete; neither
will guarantee the other. Hence, clauses on durability were
included for the first time in the fourth revision of IS 456,
published in 2000 (see Clause 8 of the code).

As per Clause 8.1 of IS 456, a durable concrete is one that
performs satisfactorily in the working environment of anticipated
exposure conditions during its service life. The following
factors affect the durability of concrete: (a) Environment,
(b) concrete cover to the embedded steel, (c) quality and type
of constituent materials, (d) cement content and w/c ratio of
concrete, (e) degree of compaction and curing of concrete, and
(f) shape and size of member. The prescriptive requirements
given in IS 456 are discussed in Section 4.4.5 of Chapter 4. The
requirement of concrete exposed to sulphate attack is provided
in Clause 8.2.2.4 and Table 4 of IS 456. Guidance to prevent
alkali—aggregate reaction is given in Clause 8.2.5.4 of IS 456.

EXAMPLES

ExampLE 1.1 (Mix proportioning for M25 concrete):
Calculate the mix proportioning for M25 concrete if the
following are the stipulations for proportioning:

. Grade designation: M25

. Type of cement: OPC 43 grade conforming to IS 8112
Maximum nominal size of aggregate: 20 mm

. Exposure condition: Moderate

Minimum cement content (Table 5 of IS 456): 300 kg/m?
. Workability: Slump 75 mm

Method of concrete placing: Pumping

. Degree of supervision: Good

. Type of aggregate: Crushed angular aggregate

. Maximum cement content: 450kg/m?

. Chemical admixture type: Superplasticizer

— SO0 A W~
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The test data for materials is as follows:

1. Cement used: OPC 43 grade conforming to IS 8112

2. Specific gravity of cement: 3.15

3. Chemical admixture: Superplasticizer conforming to IS
9103
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4. Specific gravity of materials is as follows:
(a) Coarse aggregate: 2.68
(b) Fine aggregate: 2.65
(c) Chemical admixture: 1.145
5. Water absorption is as follows:
(a) Coarse aggregate: 0.6 per cent
(b) Fine aggregate: 1.0 per cent
6. Free (surface) moisture data is as follows:
(a) Coarse aggregate: Nil (absorbed moisture also nil)
(b) Fine aggregate: Nil
7. Sieve analysis data is as follows:
(a) Coarse aggregate: Conforming to Table 2 of IS
383:1970
(b) Fine aggregate: Conforming to grading zone 1 of Table 4
of IS 383:1970

SOLUTION:
Step 1 Calculate the target strength for mix proportioning.
From Eq. (1.1)

fh=f,+1.65%s

From Table 8 of IS 456 (see Table 1.13), standard deviation
for M25, s = 4 N/mm?
Therefore, target strength = 25 + 1.65 x 4 = 31.6 N/mm?

Step2 Selectthe w/cratio. From Table 5 of IS 456 (Table 4.5),
maximum water cement ratio for moderate exposure is 0.50.
Adopt w/c ratio as 0.45 < 0.50.

Step 3  Select water content. From Table 2 of IS 10262,
Maximum water content = 186kg (for 25-50 mm slump and
for 20mm aggregate)

Estimated water content for 75 mm slump = 186 + 3/100 x
186 =191.58kg

As superplasticizer is used, the water content can be reduced
to more than 20 per cent. Based on trials with superplasticizer,
water content reduction of 20 per cent has been achieved.
Hence, the assumed water content = 191.58 X 0.80 = 153.2kg.

Step 4 Calculate the cement content.

w/c ratio = 0.45

Cement content = 153.2/0.45 = 340.4kg/m3

From Table 5 of IS 456 (Table 4.5), minimum cement
content for moderate exposure condition = 300kg/m?. Since
340.4kg/m? > 300kg/m?, it is acceptable.

Step 5 Determine the proportion of volume of coarse
aggregate and fine aggregate content. From Table 3 of IS 10262
(Table 1.15), volume of coarse aggregate corresponding to
20 mm size aggregate and fine aggregate (Zone 1) for w/c ratio
of 0.50 is 0.60. We now have w/c ratio as 0.45. Therefore, the
volume of coarse aggregate has to be increased to decrease
the fine aggregate content. As the w/c ratio is lower by 0.05,
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the proportion of volume of coarse aggregate is increased by
0.01 (at the rate of —/4-0.01 for every +0.05 change in the w/c
ratio). Therefore, corrected proportion of volume of coarse
aggregate for the w/c ratio of 0.45 is 0.61.

Note: Even if the selected coarse aggregate is not angular, the
volume of coarse aggregate has to be increased suitably, based
on experience.

For pumpable concrete, these values should be reduced by
10 per cent.

Therefore, volume of coarse aggregate =0.61 X 0.09 =0.55

Volume of fine aggregate content = 1 — 0.55 = 0.45

Step 6 Perform the mix calculations. The mix calculations
per unit volume of concrete are as follows:

1. Volume of concrete = 1 m?
2. Volume of cement = Mass of cement/Specific gravity of
cement X 1/1000

a=340.4/3.15 x 1/1000 = 0.108 m?

3. Volume of water = Mass of water/Specific gravity of water X
1/1000

b=153.2/1 x 1/1000 = 0.153 m?

4. Volume of chemical admixture (superplasticizer) (at 1.0
per cent by mass of cementitious material)

¢ = Mass of chemical admixtures/Specific gravity of
admixture x 1/1000
=3.4/1.145 x 1/1000 = 0.00297 m?

5. Total volume of aggregate (coarse + fine)
d=[l-(a+b+c¢c)]=1-(0.108 + 0.153 + 0.00297)
=0.736m’?

6. Mass of coarse aggregate =d X volume of coarse aggregate X
specific gravity of coarse aggregate X 1000 =0.736 % 0.55 x
2.68 x 1000 = 1084.86kg

7. Mass of fine aggregate = d X volume of fine aggregate X
specific gravity of fine aggregate X 1000 = 0.736 x 0.45 x
2.65 x 1000 = 877.68kg

Step 7 Determine the mix proportions for trial number 1.
Cement = 340.40kg/m>
Water = 153.2kg/m?
Fine aggregate = 878 kg/m3
Coarse aggregate = 1085kg/m?
Chemical admixture = 3.4kg/m?
w/c ratio = 0.45

The following are the adjustments for moisture in aggregates
and water absorption of aggregates and the correction for
aggregates:

Free (surface) moisture is nil in both fine and coarse
aggregates.

Corrected water content = 153.2 + 878 (0.01) + 1085
(0.006) = 168.49kg

The estimated batch masses (after corrections) are as
follows:

Cement = 340.4kg/m?

Water = 168.5kg/m?

Fine aggregate = 878.0kg/m?

Coarse aggregate = 1085kg/m>

Superplasticizer = 3.4kg/m>

Two more trial mixes with variation of £10 per cent of w/c
ratio should be carried out to achieve the required slump and
dosage of admixtures. A graph between the three w/c ratios
and their corresponding strengths should be plotted to correctly
determine the mix proportions for the given target strength.

ExampLE 1.2 (Mix proportioning for M25 concrete, using fly
ash as part replacement of OPC):

Calculate the mix proportioning for M25 concrete with the
same stipulations for proportioning and the same test data for
materials as given in Example 1.1, except that fly ash is used
as part replacement of OPC.

SOLUTION:

Considering the same data as in Example 1.1 for M25 concrete,

the mix proportioning steps from 1 to 3 will remain the same.
The procedure of using fly ash as a partial replacement to

OPC has been explained in step 4.

Step 4 Calculate the cement content.

From Example 1.1, cement content = 340.4 kg/m>

Now, to proportion a mix containing fly ash, the following
steps are suggested:

1. Decide percentage of fly ash to be used based on project
requirement and quality of materials.

2. In certain situations, increase in cementitious material
content may be warranted.

The decision to increase cementitious material content and
its percentage may be based on experience and trial. Let
us consider an increase of 10 per cent in the cementitious
material content.

Cementitious material content = 340.4 x 1.1 = 374.4kg/m>

Water content = 153.2kg/m? (from Example 1.1)

Hence, w/c ratio = 153.2/374.4 =0.41

Fly ash at 35 per cent of total cementitious material content=
374.4 x 35% = 131kg/m?

Cement (OPC) content = 374.4 — 131 = 243.4kg/m>

Saving of cement while using fly ash = 374.4 — 2434 =
97kg/m?

Fly ash being utilized = 131 kg/m?

Step 5 Determine the proportion of volume of coarse
aggregate and fine aggregate content. From Table 3 of IS 10262
(Table 1.15), the volume of coarse aggregate corresponding to
20 mm size aggregate and fine aggregate (Zone I) for w/c ratio



of 0.50 is 0.60. In this example, w/c ratio is 0.41. Therefore,
the volume of coarse aggregate is required to be increased to
decrease the fine aggregate content. As the w/c ratio is lower
by approximately 0.10, the proportion of volume of coarse
aggregate is increased by 0.02 (at the rate of —/40.01 for
every +0.05 change in the w/c ratio). Therefore, the corrected
proportion of volume of coarse aggregate for the w/c ratio of
0.41is 0.62.

Note: Even if the selected coarse aggregate is not angular, the
volume of coarse aggregate has to be increased suitably, based
on experience.

For pumpable concrete, these values should be reduced by
10 per cent.

Therefore, volume of coarse aggregate = 0.62 x 0.09 = 0.56

Volume of fine aggregate content = 1 — 0.56 = 0.44

Step 6 Perform the mix calculations. The mix calculations
per unit volume of concrete shall be as follows:

1. Volume of concrete = 1 m?
2. Volume of cement = Mass of cement/Specific gravity of
cement X 1/1000

a=243.4/3.15 x 1/1000 = 0.0773 m*

3. Volume of fly ash = Mass of fly ash/Specific gravity of fly
ash x 1/1000

b=131/2.0 x 1/1000 = 0.0655 m?

4. Volume of water = Mass of water/Specific gravity of
water X 1/1000

¢=153.2/1 x 1/1000 = 0.153 m?
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5. Volume of chemical admixture (superplasticizer) (at 0.8
per cent by mass of cementitious material)
d=Mass of chemical admixture/Specific gravity of
admixture x 1/1000
=3/1.145 x 1/1000 = 0.0026 m?

6. Total volume of aggregate (coarse + fine)
e=[l—-(a+b+c+d)]
=1-1(0.0773 + 0.0655 + 0.153 + 0.0026) = 0.7016 m?

7. Mass of coarse aggregate
=e X volume of coarse aggregate X Specific gravity of
coarse aggregate X 1000 =0.7016 X 0.56 x 2.68 x 1000 =
1053kg
8. Mass of fine aggregate
=e X volume of fine aggregate X specific gravity of fine
aggregate X 1000 = 0.7016 x 0.44 x 2.65 x 1000
=818kg

Step 7 Determine the mix proportions for trial number 1.

Cement = 243.4kg/m>

Fly ash = 131 kg/m?

Water = 153 kg/m>

Fine aggregate = 818 kg/m3
Coarse aggregate = 1053 kg/m?
Chemical admixture = 3kg/m?
w/c ratio = 0.41

Note: The aggregate should be used in saturated surface dry
condition. As mentioned in Example 1.1, three trial mixes
with slightly varying w/cm ratio has to be made to determine
experimentally the exact mix proportions that will result in the
required workability, strength, and durability.

SUMMARY

Concrete technology has advanced considerably since the discovery of
the material by the Romans more than 2000 years ago. A brief history
of developments that resulted in the current day RC is provided. The
advantages and drawbacks of concrete as a construction material
are listed. Cement is the most important ingredient of concrete as it
binds all the other ingredients such as fine and coarse aggregates. The
cements that are in use today include OPC, rapid hardening Portland
cement, low heat Portland cement, sulphate-resisting Portland cement,
PSC, PPC, and ternary blended cement. The making and properties of
these various types of cements are briefly discussed. The three grades
of cement and their properties are also provided. The fine and coarse
aggregates occupy about 6075 per cent of the concrete volume (70—
85% by mass) and hence strongly influence the properties of fresh as
well as hardened concrete, its mixture proportions, and the economy.
Mixing water plays an important role in the workability, strength, and
durability of concrete. Hence, their properties and use in concrete are
briefly discussed.

As we now use a variety of chemical and mineral admixtures to
improve properties of concrete, a brief introduction to them is also
provided. It is important to realize the chemical interaction of these

admixtures with the ingredients of cement, as they may ultimately
affect the performance of concrete. Proportioning of concrete mixes,
as per the latest IS 10262:2009, is described. Hydration of cement
and heat of hydration are also described. In addition to the ordinary
concrete, we now have a host of different types of concretes, such as
RMC, HPC, SCC, SLWC, AAC, FRC, DFRC (which include ECC,
UHPC, SIFCON and SIMCON), polymer concrete, and ferrocement.
They are used in some situations to achieve strength and durability.

When reinforcing steel (often called rebar) is placed inside a
concrete mass (they are often placed in the tension zone, as concrete
is weak in tension), the solidified mass is called RC. Though
traditionally mild steel was used as rebar, a number of different
types of rebars are now available and include hot rolled HYSD, hard
drawn wire fabric, TMT bars, and TMT CRS bars. The mechanical
properties of these steel bars are also provided. A brief description
of the corrosion of steel bars, which is mainly responsible for the
deterioration of RCC structures all over the world, is also included.
Corrosion may be mitigated by the use of fusion-bonded epoxy-
coated rebars, galvanized rebars, FRP bars, basalt bars, or TMT
CRS bars.
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In order to get quality concrete, careful mixing, placing,
compacting, and curing of concrete is necessary at site. Forms should
be removed only after concrete has gained sufficient strength to carry
at least twice the stresses it may be subjected to at the time of removal
of forms. Important properties of concrete such as workability of
concrete (usually measured by slump test), compressive strength
(measured by conducting tests on carefully made and cured cubes
or cylinders on the 28th day), stress—strain characteristics, tensile
and bearing strength, modulus of elasticity, and Poisson’s ratio are

discussed. Expressions for finding compression strength at any
day, modulus of elasticity, and tensile, shear, bond, and bearing
strengths, are provided as per Indian codes and compared with
the provisions of the US code. Discussions on strength under
combined stresses and shrinkage, temperature, and creep effects
are also included. Various non-destructive tests performed on
concrete to assess the strength of existing structures are also listed.
Two examples are provided to explain the mix proportioning of
concrete.

REVIEW QUESTIONS

1. Write a short history of concrete, beginning with the Roman
concrete.
2. What are the advantages and drawbacks of concrete?
3. Compare the major properties of steel, concrete, and wood.
4. What are the processes by which modern cement is made?
Explain the dry process of cement manufacture.
5. List five different cements that are in use today.
6. What are the three different grades of cements used in India?
How is the grade of cement fixed?
7. How does the fineness of cement affect the concrete?
8. What are the four major compounds used in cement? How do
they affect the different properties of concrete?
9. How is PPC manufactured? What are its advantages?
10. How is PSC manufactured? What are its advantages?
11. Name any three tests that are conducted on cement.
12. What are the different classifications of aggregates? List five
factors of aggregates that may affect the properties of concrete.
13. The specific gravity of gravel is

() 2.80 (c) 2.67
(b) 2.85 (d) 3.10

14. The maximum size of coarse aggregate used in concrete is the
lesser of

(a) one-fourth the size of member, 5 mm less than max. clear
distance between bars, and min. cover
(b) one-fourth the size of member and 20 mm
(c) one-fourth the size of member, 5mm less than max. clear
distance between bars, and 10 mm less than min. cover
15. Can sea water be used for mixing or curing of concrete? State
the reason.
16. Name any three chemical admixtures used in concrete.
17. Name any two compounds used as superplasticizers in India.
18. Name any three mineral admixtures used in concrete.
19. Write short notes on the following:
(a) Fly ash
(b) Silica fume
(c) GGBS
20. What are the main objectives of concrete mix proportioning?
21. How is target mean compressive strength fixed for mix propor-
tioning?
22. How is initial w/c ratio assumed in mix proportioning?
23. What is meant by hydration of cement? What is heat of hydration?

24. Name any three types of concretes.

25. Why is it better to use RMC than site-mixed concrete?

26. As per IS 456, which of the following is considered standard
concrete (NSC)?

(a) M25-M60, (¢) M50-M75,
(b) M30-M50, (d) M20-M40
27. As per IS 456, which of the following is considered HSC?
(a) M50-MS80, (c) M60-M90,
(b) M65-M100, (d) M50-M90

28. How does HPC differ from HSC?
29. Write short notes on the following:

(a) HPC (e) DFRCC

(b) SCC (f) SIFCON and SIMCON
(c) FRC (g) Ferrocement

(d) SLWC

30. How are TMT bars manufactured? How do they differ from cold
twisted deformed bars?

31. Draw the stress—strain curve for mild steel bars and HYSD
bars.

32. As per IS 13920, which of the following should not be used in
earthquake zones?
(a) Bars of grade Fe 500 and above
(b) Bars of grade Fe 550 and above
(c) Bars of grade Fe 600 and above
(d) All of these

33. When does corrosion of rebars take place? What are the different
methods adopted to mitigate corrosion?

34. Name three types of rebars that are used in corrosive environ-
ments.

35. State the three methods by which concrete is compacted.

36. What is workability of concrete? Name and describe the test to
measure workability.

37. How is compressive strength of concrete determined?

38. Name any three factors that may affect the compressive strength
of concrete.

39. How does the stress—strain curve of HSC differ from NSC?

40. Write the expressions of modulus of elasticity, tensile, shear,
and bearing strength of concrete as per IS 456.

41. Write short notes on shrinkage, temperature, and creep effects
of concrete.

42. Name any three non-destructive tests performed on concrete.

EXERCISES

1. Determine the mix proportioning for M30 concrete for the data
given in Example 1.1.

2. Determine the mix proportioning for M30 concrete for the data
given in Example 1.1, with fly ash as part replacement of OPC.
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STRUCTURAL FORMS

2.1 INTRODUCTION

The art of structural design is manifested in the selection of
the most suitable structural system for a given structure. The
arrangement of beams and columns to support the vertical
(gravity) loads and the selection of a suitable structural system
to resist the horizontal (lateral) loads pose a great challenge
to the structural engineer, as these factors will determine the
economy and functional suitability of the building. In bridge
design, the choice of continuous or simple span structures, box
girders, cable suspension or cable-stayed girders, and steel
orthotropic (bridge floor) or concrete decks will determine
not only the economy but also the resulting aesthetics of the
bridge (Subramanian 1987). The selection of a suitable system
is made mainly based on previous data or experience.

Depending upon the way a structure resists loads and on
the different forms, reinforced concrete (RC) structures may
be classified as follows:
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FIG. 2.1

1. Gravity masonry structures: This consists of load-bearing
walls, which resist loads transmitted to them by floor slabs.
The stability of the structure depends on gravity loads.
These are suitable only for buildings with up to two or three
floors.

2. Framed structures: This consists of a concrete skeleton
that collects loads from plate elements (concrete floors and
masonry/RC walls) and transmits them to the foundations.

3. Shell or folded plate structures: These are curved or folded
surfaces enclosing the area and carrying loads.

4. Other structures: These include structures and structural
elements such as silos or bunkers, retaining walls, liquid
retaining structures, chimneys, poles, and foundations for
which RC is the ideal material of construction.

Examples of these structures are shown in Fig. 2.1. The
structures are also sometimes classified as non-habitat
structures (e.g., bridges, transmission line towers, silos,

Elevation

Plan
(©)

(® (h)

Examples of RC structures (a) Load-bearing brick wall with concrete slabs (b) Rigid frame building (c) Chimney (d) Hyperbolic

paraboloid roof (e) Concrete dome (f) Folded plate roof (g) Bunker (h) Water tank
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CASE STUDY

Pantheon in Rome

The oldest-known concrete shell, the Pantheon in Rome, Italy,
completed in about AD 125, is still standing and is the world’s
largest unreinforced concrete dome. It has a massive concrete dome
43.3m in diameter, with an oculus at its centre. The downward
thrust of the dome is carried by eight barrel vaults in the 6.4m
thick drum wall into eight piers. The thickness of the dome varies
from 6.4 m at the base of the dome to 1.2 m around the oculus. The
stresses in the dome were found to be substantially reduced by the
use of successively less-dense aggregate stones in the higher layers
of the dome. The interior coffering was not only decorative but also
reduced the weight of the roof, as did the elimination of the apex
by means of the oculus.

Pantheon with concrete dome

television towers, liquid retaining structures, and chimneys)
and habitat structures (e.g., buildings and stadiums). We
are concerned only with RC buildings in this book. Hence
an introduction to the different types of structural systems
and elements that are used in RC buildings is given in this
chapter.

2.2 BASIC STRUCTURAL ELEMENTS

An RC structure consists of different structural elements. It
may also contain non-structural elements, such as partitions
and false ceilings. The function of any structure is to resist
the applied loads (gravitational, for example, dead and
imposed loads, and lateral, for example, wind and earthquake)
effectively and to transmit the resulting forces to the supporting
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FIG.2.2 Different elements of a typical RC structure

Courtesy: Concrete Reinforcing Steel Institute, USA

ground without differential settlement. At the same time,
the structure should satisfy serviceability requirements, be
durable, and should not pose problems of maintenance.

The most common RC construction is the building. Hence,
consider a typical two-storey building as shown in Fig. 2.2. It
has a slab-and-beam system, in which the slabs span between
the beams. The loads (dead, imposed, or snow) applied on
the slabs are transferred to the beams, which are, in turn,
transferred to the columns and through the columns to the
footing. The footings distribute the load over sufficient area
of soil underneath. Sometimes, the floor or roof slab loads
may be transferred to secondary beams. The reactions of the
secondary beams, in turn, are transferred to the main girders,
which are supported by columns. In Fig. 2.2, the roof is shown
as a concrete joist-slab construction, which is popular in the
USA. Here, a series of parallel ribs
or joists support the load from the
roof slab. The slabs carry the loads
in the north—south direction and are
considered as one-way slabs (see also
Section 2.3).

In load-bearing wall systems,
instead of the beam and column, the
concrete slabs rest directly on the
masonry wall. As mentioned earlier,
such systems are suitable only up to
two or three floors. As the height of
the building increases, the behaviour
of the system is affected by lateral
loads such as wind and earthquake.
Several structural systems have been
developed in the past for resisting
the lateral loads and are discussed in
Section 2.5.

Construction
joint



2.2.1 Footings

As mentioned in Section 2.2, footings distribute the load they
receive from columns or walls to the soil underneath in such a
way that settlement, particularly uneven or relative settlement,
of the structure is limited and failure of the underlying soil is
avoided. Hence, the size of footings is so chosen that the pressure
under them is less than the allowable bearing pressure of the
soil. When there are lateral or uplift loads, footings are required
to provide sufficient resistance to sliding and overturning. The
depth of footing may vary between 1 m and 2 m, depending on the
availability of proper bearing material at the site. If good bearing
strata are not available at a reasonable depth, the use of deep
foundations, for example, piles, may be warranted. The design
of footing requires proper understanding of soil mechanics.

Among the several types of RC footings in common use
are the wall, isolated spread, combined, raft foundations, pile,
and pile cap types, which are shown in Fig. 2.3. The design of
footings is discussed in detail in Chapter 15.
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2.2.2 Columns

Columns are vertical structural elements that transfer the load
from the beams to the foundations. When they carry only axial
load they are called axially loaded columns. However, in actual
practice, there are no perfect axially loaded columns. Due to
the eccentricity of loads, imperfections in their construction,
and so forth, there may be secondary moments in the columns.
There may be bending moments due to the rigid frame actions
or lateral loads. Such columns with large bending moments
are called beam columns. Beam columns may carry uniaxial
or even biaxial bending moments.

Reinforced concrete columns with rectangular or square
shapes are often used because of the simplicity of constructing
the formwork. However, when they are used in open spaces,
circular shapes are attractive. Square and circular shapes are
also preferable in high earthquake zones. L-, +-, and T-shaped
columns are also used on rare occasions (see Fig. 2.4).
Reinforcement in the form of longitudinal bars is often provided

Wall
Column Column
(a) (b)
Column Columns Column (©) (d)
Pile cap
Piles
() (e) () ©

FIG. 2.3 Types of footings (a) Wall footing (b) Isolated spread footing
(c) Sloped footing (d) Combined footing (e) Raft foundation (f) Pile foundation

FIG. 2.4 Different shapes of columns (a) Circular (b)
Rectangular (c) L-section (d) T-section (e) Cross section
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shown in Fig. 2.5. (c) Composite columns

FIG. 2.5 Different types of columns (a) Square-tied column (b) Circular spirally reinforced column
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Columns are often classified either as short or stocky
columns, when they fail essentially by squashing and their
strength is governed by the material properties, or as long or
slender columns, when they fail by buckling. The design of
columns is discussed in detail in Chapters 13 and 14.

2.2.3 Beams

A beam is a structural element that is primarily subjected to
bending. Beams support the slabs and transfer the load applied
on slabs to columns. Secondary beams may transfer the load
to main beams, which, in turn, transfer the load to columns.
RC beams are normally cast monolithically with slabs. As a
result, the two parts act together to resist the loads. Hence,
though beams are normally rectangular in shape, some extra
slab width at the top, called flange, is assumed to act together
in the design. The resulting beams are called L-beams or
T-beams, depending on whether flanges are on only one
side or on both the sides, as shown in Figs 2.6(b) and (c),
respectively.

The most efficient cross section for a simply supported
beam is an I- or H-section beam (see Fig. 2.6d). I-section
and box section beams are normally adopted in bridges.

A steel-concrete composite beam, as shown in Fig. 2.6(f),
which consists of a steel wide-flange shape attached to
a concrete floor slab, may also be employed in bridge
structures.

Normally, RC beams are designed for bending moment
and shear force. Longitudinal reinforcements are provided
to resist the tension produced by bending moments and
stirrups are provided to resist the shear forces, as shown in
Fig. 2.7. In some situations, wherein the beams may also be
subjected to torsion, the longitudinal and transverse stirrups
jointly resist the torsional moments (see Chapter 8). Beams in
frames subjected to lateral loads may have to be designed to
resist reversal of moments and additional axial forces. Beams
can be singly or doubly reinforced, depending on whether
they are reinforced only in the tension zone or reinforced
with steel in both the compression and tension zones,
respectively. They can also be simply supported, continuous,
or cantilevered. The design of beams is discussed in detail in
Chapters 5, 6, and 8.

2.2.4 Slabs

Buildings and bridges require a floor slab to provide protection

for occupants and for the vehicles to

7 /7
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pass through, respectively. Concrete
is the ideal material of choice for the
slab because its mass and stiffness
can be used to reduce deflections and
vibrations of the floor system and to
provide the required fire protection.
Slabs can be simply supported,
continuous, or cantilevered. Slabs are
supported on beams, which are, in
turn, supported by columns. They are
classified in many ways such as one-
way, two-way, flat plates, flat slabs,
waffle slabs, and ribbed (joist) slabs.
Details of floor and roof systems are
provided in Section 2.3. The design
of slabs is discussed in detail in
Chapters 9-11.

Welded wire
fabric

®
FIG.2.6 Different types of beams (a) Rectangular (b) L-section (c) T-section (d) I-section (e) Box section
(f) Steel-Concrete composite beam

2.2.5 Walls

3_ 41678 @ 1001 2- #127#8 @ 200-#8 @ 100 3-#16 . 2.#12,  Walls are vertical elements and are of

~ E 5 S — masonry or RC construction. Walls

J éﬁ ' ' may be of different types such as

. s —#280(? load-bearing walls, shear walls,

3- #2241 L 4 5-#22 T s_app retaining walls, and partition walls.
- - bos5 When they support gravity loads in
Section 1-1 buildings, they are called load-bearing

FIG. 2.7 Typical reinforcement details in a beam

walls and when they resist lateral



loads due to wind or earthquake, they
are called shear walls.

When walls are provided as
non-structural  dividing elements,
their thickness is decided based on
sound insulation and fire resistance \‘
requirements, and only nominal
reinforcements are provided. In
general, several walls or wall systems
(walls connected monolithically,
around the lift cores of buildings)
placed symmetrically in the plan in
two perpendicular directions resist
the lateral loads (see Fig. 2.8a).
A coupled wall is a form of shear
wall, often found in practice, which
consists of two or more shear walls
in the same plane, connected at the
floor levels by beams, as shown
in Fig. 2.8(b). Load-bearing walls
may have thickness in the range
of 150mm to 200mm, whereas
shear walls may be considerably
thicker. They may be considered
as a series of vertical strips and designed as a column,
when designing vertical reinforcement. Slenderness effects
must also be considered, as for columns. If the walls are
subjected mainly to lateral bending, they may be designed as
slabs.

Retaining walls are used to retain earth in a vertical position,
at locations where abrupt changes occur in the ground levels.
Designing any retaining wall requires knowledge of lateral
earth pressure. The wall and the supporting foundation have
to be designed for the lateral pressure exerted by soil, and
checked for strength, overturning, and sliding. Retaining
walls are of the following types (see Fig. 2.9):

A
G i

1. Gravity wall (Fig. 2.9a): In this type of wall, stability is
provided by its own weight. It is usually of masonry or
plain concrete construction. Plain concrete wall is preferred
only if the height is less than about 3m.

2. Cantilever retaining wall (Fig.2.9b): This is the most
common type of wall and consists of a vertical stem and
base slabs. The stem acts as a vertical cantilever, and the heel
and toe slabs act as horizontal cantilevers. Reinforcements
should be provided as shown in Fig. 2.9(b).

3. Counterfort retaining wall (Fig. 2.9c): When the height
of the material to be retained is more than about 7-8m,
cantilever walls become uneconomical; hence, counterfort
retaining walls are adopted. The counterforts behave
like vertical cantilever beams with a T-section and
varying depth. The vertical slab (stem) is designed with

(@)
FIG.2.8 Types of shear walls (a) Solid shear walls (b) Coupled shear walls
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a fixed boundary condition on three sides and is free at
the top.

4. Buttress retaining wall (Fig. 2.9d): A buttress wall is similar
to a counterfort retaining wall, except that the transverse
support walls are located on the side of the stem opposite
the retaining material and act as compression struts. Hence,
they are more efficient than the tension counterforts and are
economical for heights over 7-8 m. However, counterforts
are widely used as they are hidden behind the retained
material, unlike the buttress walls that also occupy usable
space in front of the wall.

5. Basement wall (Fig. 2.9e): The exterior walls at the
basement of a building also act as retaining walls, with
the top of the wall being restrained, due to the RC slab
at the ground floor level. The wall may be designed as a
propped cantilever.

The design of shear walls and retaining walls are discussed in
detail in Chapter 16.

2.2.6 Trusses

For covering long-span industrial buildings, precast RC trusses
with prestressed tie member, as shown in Fig. 2.10, are often
employed. These types of trusses are often advantageous and
economical compared to steel trusses for use in coastal areas,
where corrosion is the main concern. The configuration of
the truss depends on the general layout and span of the roof to be
covered. Usually, high-strength concrete of grade M35-M60 is
used for these trusses. The members of these trusses are subjected
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FIG.2.9 Types of retaining walls (a) Gravity wall (b) Cantilever retaining wall (c) Counterfort wall (d) Buttress wall (e) Basement wall

to axial tension or compression, though the top chord may be The bowstring configuration is preferable and economical when
subjected to additional bending if there are intermediate purlins. compared to polygonal truss configuration. This is because
the web members in bowstring
configuration are subjected to forces
of low magnitude, and the bottom tie
is subjected to very high tension and is
hence ideal for prestressing.

The height of these trusses may be
in the range of 1/7 to 1/9 of their span
and the spanis normally in the range of
15m to 30 m. The width of members
other than diagonals are kept in the
range of 200mm to 300mm. The
diagonal members can have a depth
of 100mm to 150mm, as they will
carry forces of less magnitude.
Precast roof slabs of width 3m are
used as roof covering. Such trusses
have been used extensively to cover
industrial buildings in countries such

(c) as Russia, Poland, Slovakia, Serbia
FIG. 210 Typical configuration of precast RC trusses with prestressed tie member (a) Bowstring ~ (erstwhile Yugoslavia), and Germany.
configuration (b) Trapezoidal truss (c) Polygonal truss configuration with typical member sizes The analysis of these trusses is
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similar to any steel truss and is done assuming that the joints
are hinged. It is important to consider the fabrication and
erection loads as well as the initial stresses due to prestressing
in the bottom chord member in the analysis. More details
about the design and construction of these trusses may be
found in Indian Standard (IS) 3201 (1988); Murashev, et al.
(1976); and Krishna Raju (2007).

2.3 FLOOR AND ROOF SYSTEMS

The structural system of any building
may be conveniently considered to be
composed of two load-transmission
mechanisms, namely gravity load
resisting and lateral load resisting
mechanisms, even though the two
mechanisms, in reality, are inseparable.
Moreover, although real buildings
are three-dimensional structures, it
is convenient to consider them to be
composed of two-dimensional or
planar subsystems in the vertical and
horizontal planes. Now, let us consider a
few gravity load resisting floor systems.
Floors and roofs are elements in the
horizontal plane, supported by beams
and vertical elements such as walls or
columns. They support dead loads such as their own weight,
partition walls, and finishes, together with imposed loads.
Floors are stiff in the horizontal plane and act as diaphragms.
The factors that influence the choice of a floor system include
architectural concerns, its role in resisting lateral loads, and
speed of erection.

Reinforced concrete floor systems may be categorized as
one-way or two-way depending on whether the slab spans
in one direction between the supporting beams or walls, or
spans in orthogonal directions. In both systems, continuity
over interior supports may be advantageously considered by
providing negative moment reinforcement in the slab at the
interior supports.

\\
N

FIG. 2.11

2.3.1 Bearing Wall Systems

Bearing walls can be of different types such as (a) masonry
walls, (b) confined masonry walls, (c) insulated RC walls, and
(d) tilt-up concrete walls, which are briefly discussed in the
following sub-sections.

Masonry Walls

The bearing wall systems, as shown in Fig. 2.1(a), consist
of 100-200 mm thick floor slabs, which are supported on
load-bearing masonry walls. The slabs may be square or
rectangular, with spans ranging between 3m and 7 m. This
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system is adopted for buildings up to four floors. Though
they may be economical, they do not provide freedom in
plan layout; slabs should be placed on walls below and
openings in walls are restricted. Further, it may be necessary
to provide horizontal RC bands and vertical reinforcement
in walls as per IS 4326 (see Fig. 2.11) to resist earthquake
loads.

2
1
<~ 2
~ 1
=
~2 Legend
~ 1 1. Lintel band
2. Roof/Floor band
~+——7 3. Vertical reinforcing
bar at corner
= 6 4. Door
5 5. Window
4 6. Plinth band
3 7. Window sill band

Vertical and horizontal bands in masonry walls to resist earthquakes

Confined Masonry Construction

An innovative system, as shown in Fig. 2.12, called confined
masonry construction offers an alternative to both unreinforced
masonry and RC frame constructions. In fact, confined masonry
construction has features of both these technologies. It consists of

Slab

Confining
beams and
columns

Foundation
Plinth

FIG.2.12 Typical confined masonry construction

Source: Brzev 2007
Courtesy: NICEE, IT Kanpur
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masonry walls (made of either clay brick or concrete block units)
and horizontal and vertical RC confining members built on all
four sides of a masonry wall panel. Vertical members, called tie-
columns, resemble columns in RC frame construction, except that
they tend to be of a far smaller cross section. Horizontal elements,
called tie-beams, resemble beams in RC frame construction. A
very important feature of confined masonry is that tie-columns
are cast-in-place after the masonry wall construction has been
completed (Brzev 2007 and Schacher 2009).

In this system, the vertical load is resisted by the beam-
column system and the lateral loads by the brick walls acting
as boxed units. The size of columns is restricted to 230 mm X
230mm and the columns are designed to carry only vertical
loads. The beams are designed as continuous beams. This
system is suitable for buildings with four to five floors.

Confined masonry construction is similar to reinforced
masonry. In reinforced masonry, vertical reinforcement bars
are placed in the hollow cores of hollow concrete or masonry
blocks, which are subsequently grouted with a cement-based
grout to protect the reinforcement from corrosion.

Insulated Reinforced Concrete Walls

When RC walls are used, insulated concrete forms (ICFs), made
of polystyrene, can be used to achieve greater energy efficiency.
Once the concrete is poured inside these forms, the forms stay
in place as a permanent part of the wall assembly (see Fig. 2.13).
There are many benefits in using insulated concrete forms. Once
left in place, the forms provide not only a continuous insulation
and sound barrier, but also a backing for drywall on the inside
or brick on the outside. ICF walls are also more resistant to fire
and provide up to four hours of fire-resistance rating. They also
offer resistance to many pests such as rodents, termites, and
insects. The form material on either side of the walls can easily
accommodate electrical and plumbing installations.

These walls may have a uniform R-value of up to R-35 as well
as 30-50 per cent less air infiltration than a conventional frame
building. Studies show that buildings with ICF exterior walls
require an estimated 44 per cent less energy to heat and 32 per cent
less energy to cool than comparable wood-frame buildings.

Concrete
Tongue and

Moreover, ICFs do not produce any harmful gases that
might affect indoor air quality. The material is very resource
efficient and ICF construction generates very little waste,
most of which can be recycled on the job site. The use of
ICF can help projects earn several Leadership in Energy and
Environmental Design (LEED) points. More details about ICF
are available in Vanderwerf, et al. (1997).

Tilt-up Concrete Wall Panels

Tilt-up (also called tilt-slab or tilt-wall) is a cost-effective and
efficient type of construction method. In this method, concrete
walls are horizontally cast on the building floor. After the
concrete is cured and has attained sufficient strength, the forms
are removed. A crane is used to lift or ‘tilt up’ the panel into a
vertical position above the footings. The crew members help
to guide the concrete panel into position and the crane sets it
into place. The wall elements are braced into position until the
remaining building structural components (roofs, intermediate
floors, and walls) are secured (see Fig. 2.14). An experienced
tilt-up crew can erect as many as 30 panels in a single day. Once
all the panels are erected, the crew members apply finishes and
patch any imperfections in the walls. Now, the roof system is
installed and the work inside the building begins.

Tilt-up construction is a dominant method of construction
throughout North America, several Caribbean nations, Australia,
and New Zealand. However, this method is not yet popular in
Europe and Asia. Tilt-up differs from prefabrication or plant
cast construction in that all elements are constructed on the job
site. This eliminates the size limitation imposed by transporting
elements from a factory to the project site. More information on
this type of construction may be found in TCA Manual 2006 or
American Concrete Institute (ACI) Guide 2005.

2.3.2 One-way and Two-way Slab Systems

Irrespective of the supporting system (wall or beam), slabs
are classified as one-way or two-way slabs depending on
the way in which they bend. Thus, one-way slabs, supported
by parallel walls or beams, bend in only one direction and
transfer their loads to the two
opposite support walls or beams.
Even when a rectangular slab is

groove Exterior finish - {
Reeveled Concrete supported on all the four edges, the
plastf?\l;eis Steel slab may be considered as a one-
reinforcement way slab if the length-to-breadth

Furring strips
(studs)

Polystyrene

FIG.2.13 Insulated RC walls

Insulating concrete

+

(L/B) ratio of the slab is equal to or
greater than two. In this case, the slab
e spans predominantly in the direction
- parallel to the shorter edge, as shown
in Fig. 2.15. The spanning direction
in each case is shown by the double-
headed arrow.

forms




FIG. 2.14 Tilt-up wall construction
Courtesy: Insul-Deck LLC, www.insuldeck.com
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Waffle (with integral beams)

(b)

FIG.2.16  Types of slab designs (a) One-way slabs (b) Two-way slabs

When the ratio of long side to short side of a slab is less than

L
(@)

FIG. 215 Plan view of one-way slab (a) Supported on two opposite

edges (b) Supported on all edges (L/B > 2)

A one-way slab is designed for the
spanning direction alone; the main
tension reinforcing bars of such
slabs run parallel to the span. For
the transverse direction, a minimum
amount of shrinkage reinforcement
is provided. The slab thickness is
governed by deflection considerations
and varies between 100mm and
150mm. One-way slabs may be
economically provided up to a span
of 3.60m. One-way slab action is
assumed in a ribbed floor (slab with
joist beams) made of precast double tee
sections, in ribbed floor with integral
beams, and also in hollow-block
or -cored slabs (see Figs 2.16a and
2.17). The design of one-way slabs is
elaborated in Chapter 9. Ambalavanan,
et al. (1999) have analysed the cost
effectiveness of alternate one-way
floor or roof systems.

L
(b)

two, it is called two-way slab (see Fig. 2.16b). The panel

will deflect in a dish- or saucer-like form under the action of
external load, as shown in Fig. 2.18 and its corners will lift if
the slab is not monolithically cast with the supports. Two-way

slabs are designed to transfer their loads to all the four support
walls. It should be noted that a slab supported on three edges
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FIG.2.17 One-way slab with hollow blocks (a) Plan of slab (b) Section A-A (c) Section A-A for slabs

with only ribs
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FIG.2.18 Two-way slabs bend and deflect in double curvature

or two adjacent edges may also be considered as a two-way
slab. The load gets divided in the two directions, depending on
the ratio of the sides.

Two-way slabs are suitable for panel sizes up to 6m X 6 m.
The usual thickness of these slabs is in the range of 100 mm to
200 mm. In two-way slabs, the main bars are provided in both
directions, mutually at right angles. Two-way slab behaviour
is assumed in a waffle floor and in a waffle floor with integral
beams (see Fig. 2.16b). In waffle slabs, also called two-way
ribbed slabs, ribs are provided in both directions of span. The
ribs are formed by using temporary or permanent shuttering,
and the slab and joists are poured integrally over square,
domed forms that are omitted around the columns to create
solid panels. The hollow-block floor is constructed with blocks
made of clay tile or lightweight concrete blocks (see Fig.
2.17). The principal advantage of these floors is the reduction
of self-weight, which is achieved by removing a part of
concrete below the neutral axis or, in the case of hollow-block

(a)

Drop panel

Span to depth ratios/Deflections

™ Capital

floor, replacing it with a lightweight material. Clause 30 of IS
456 deals with the ribbed, hollow block, or voided slabs. The
design of two-way slabs is discussed in Chapter 10.

2.3.3 Two-way Flat Plates and Flat Slabs

Two-way flat plates, directly supported on columns, two-way
flat slabs, supported by column capitals or drop panels, waffle
flat slabs, and voided two-way flat plates are considered in this
section (Fig. 2.19). In addition, the lift slab method of construction
used to construct these types of slabs is also described.

Flat Plates

Flat plate floors are uniformly thick two-way reinforced slabs,
supported by columns or masonry walls (Fig. 2.19a). They can
be used for spans up to 8m using RC and up to 11 m when
post-tensioned. Due to its simplicity, it is the most economical
floor system in terms of formwork and reinforcement. Its
uniform thickness gives the architects freedom in locating the
supporting columns and walls and provides exposed flat ceilings
and minimum storey height. It also results in fast construction.
However, these floors have low punching shear capacity (special
shear reinforcements are needed around columns) and low
stiffness for deflection. Often, beams are provided at the periphery
of the floor to stiffen the free edges and to support brick walls.
They are not recommended in earthquake zones. Shear walls
may be provided to resist entire lateral loads due to earthquakes,
so that the flat slab with column may resist only the vertical loads.

Flat Slabs

Two-way flat slabs are similar to flat plates, but have column
capitals or drop panels, or both, at the
top of the columns (Fig. 2.19b). The
capitals increase the shear capacity
of slabs, and the drop panels increase
both the shear and negative moment
capacities at the supports, where the
effect is maximal. Thus, flat slabs
are used for heavier loading and
longer spans and require less concrete
and reinforcement than flat plates.
However, they need more formwork for
capital and panels and take more time to
construct than flat plates. They are used
(©) in spans that are square or nearly square.
Flat slabs may be used for spans up to
10m and imposed loads up to 7kN/m?.

e Flat slabs without drops- Span/30—40

e Flat slabs with drops
e Ribbed slabs

(b) e Beams

FIG. 219 Flat plates and flat slabs (a) Two-way flat plate (b) Two-way flat slab with column capitals/

drop panels (c) Waffle flat slab

Waffle Flat Slabs

Waffle flat slabs have a square grid
of closely spaced joists with filler
panels over the columns, as shown in
Fig. 2.19(c). Similar to ordinary waffle

- Span/34-44
- Span/24-30
- Span/18-25
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CASE STUDY

The L’Ambiance Plaza Collapse

L’ Ambiance Plaza was planned as a 16-storey building, with
13 storeys of apartments and 3 levels of parking, at Bridgeport,
Connecticut. It consisted of two offset rectangular towers, 19.2m
by 34 m each, connected by an elevator. These towers were being
constructed by the lift slab method. Floor and roof slabs were
two-way, unbonded, post-tensioned flat plates. On 23 April 1987,
during construction, the entire structure suddenly collapsed, killing
28 workers and injuring many more. At the time of collapse, slabs
3, 4, and 5 of the east tower had been placed into final position,
and slabs 9, 10, and 11 for the west tower had just been lifted. The
entire collapse took only five seconds. The collapse was one of
the worst disasters in the USA. This was the first serious failure
of a lift slab structure, a system that had been in use for over
40 years.

An unusually prompt legal settlement prematurely ended all
investigations of the collapse. Consequently, the exact cause of the
collapse has never been established. The building had a number of
deficiencies, any one of which could have triggered the collapse.
The report by the National Bureau of Standards (NBS) concluded
that an overloaded steel angle welded to a shear head arm channel
deformed, causing the jack rod and lifting nut to slip out, thereby
starting the collapse. Failure was possibly due to high concrete
stresses on the floor slabs by the placement process, resulting
in cracking of the slab concrete and ending in a punching shear
failure. Moreover, the ACI code states that ‘a minimum of two
tendons shall be provided in each direction through the critical
shear section over the columns’. This was not followed in the
L’ Ambiance Plaza structure.

While buildings constructed by the lift slab method are stable
once they are completed, they may be unstable during construction,
if the following measures are not taken during construction (Martin
www.eng.uab.edu; Cuoco, et al. 1992):

e Provision of temporary lateral bracing during all stages of
construction

e Provision of redundancies in concrete punching shear and
connections in the structure

e Provision of temporary posts to support the concrete slab until
it is completely attached to the column

e Provision of sway bracing (cables that keep the stack of floors
from shifting sideways). Though this is required, it was not used
in L’ Ambiance Plaza.

Collapse of L’Ambiance Plaza
(Courtesy: The National Institute of Standards and Technology,
US Department of Commerce)

slabs, lightweight concrete blocks, on temporary or permanent
shuttering, may be used in their construction and domed forms are
omitted around the columns to create solid panels. The concrete
in the ribs and slabs are poured integrally, creating aesthetic
soffits, with up to 750mm? and up to 500mm deep pockets.

Lift Slab Construction

Lift slab construction is a method of erecting post-tensioned RC
floor and roof slabs. This technique was invented in the USA by
Raymond A. Burkland in the late 1940s. In this system, flat roof
and flat slabs are cast one on the other at ground level around
the column. Special lifting collars or shear heads are provided
in the slabs at the columns. Bond-breaking compounds are
applied between slabs to separate them. The slabs are cured
to reach the prescribed strength; they are then pulled up into
their respective positions by using powerful hydraulic jacks
mounted on top of the columns to lift the slabs. More details
about the lift slab method can be found in Subramanian (1999).

Voided Two-way Flat Plates

A relatively new technology of voided two-way flat plates has
been developed by the Swiss firm Cobiax (www.cobiax.ch)

and already used in the construction of office buildings in
Switzerland, Germany, Austria, and the UK, with floor spans
up to 17m and overall slab thicknesses up to 600 mm. In these
slabs, the overall weight of slabs are reduced by 35 per cent
by incorporating industrially produced spherical hollow shells
made from recycled polyethylene between the top and bottom
steel reinforcement, as shown in Fig. 2.20. The reduced slab
weight also results in reduction in the weight of columns and
foundations. The concept is similar to the waffle slab, that
is, removing concrete near the neutral axis which is stressed
less.

The plastic modules are placed on the lower reinforcing
mat, on top of which the upper reinforcing mat is then placed.
In the vicinity of the column, the slab is designed to resist
punching shear stresses using a solid cross section, with
additional shear reinforcement as required to maintain a flat
soffit throughout the slab. Voided slabs can also be coupled
with post-tensioning to minimize dead load deflections. Post-
tensioning results in an almost ‘crack-free’ cross section,
making the slab stiffer and reducing the deflection (since the
full cross-sectional rigidity is available to resist the applied
loads).
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Courtesy: Cobiax Technolgies AG, Zug, Switzerland

2.3.4 Grid Floors

Grid floor consists of beams spaced at regular intervals in
perpendicular directions, cast monolithic with the concrete
slab. They are suitable for large panels with spans greater than
10m and are more often used as floor or roof systems for large
assembly halls and auditoriums. Grid floors offer large column-
free areas and are ideally suited for concealed architectural
lighting; the coffered soffits are aesthetically superior to other
floor systems. The layout of grid floors is shown in Fig. 2.21.
Grids with diagonal members are called diagrids. It is more
economical to space the grid beams at larger intervals, in the
range of 2m to 2.5m. It should be noted that the behaviour of
grid slabs is different from that of ribbed slabs, as the torsional
rigidity is negligible in grids.
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FIG. 2.21 Layout of grid floors (a) Rectangular grid (b) Diagrid

(c) Continuous grid

Large grid floors may be analysed by the following
methods:

1. Method based on Timoshenko’s anisotropic plate theory
2. Computer programs based on stiffness matrix method

More detail on grids may be found in the National Buildings
Organization (1968) book on grids and Varghese (2006).

2.3.5 Composite Floors

Composite floors consisting of profiled steel decking and in situ
RC slabs are often used in bridge construction and commercial
and industrial buildings. This type of construction is structurally
efficient as it exploits the tensile resistance of steel and the
compressive resistance of concrete. The steel decking acts as
permanent formwork to the concrete and, after the concrete
gains sufficient strength, acts together compositely to resist
the applied loads. The composite interaction is achieved by the
attachment of shear connectors to the top flange of the beam.
The embossments in the decking provide additional composite
action. The beam is often made of hot rolled or fabricated steel
sections. The studs are normally welded to the beam through
the decking, using through-deck welding, prior to placing the
concrete. Only minimal wire mesh reinforcement is required
to resist shrinkage or temperature movements and to improve
fire resistance (see Fig. 2.6f).

Composite slabs are usually shallower than conventional
RC slabs, which leads to a reduction in the overall con-
struction depth. Moreover, the use of steel decking as a
working platform speeds up the construction process. The
decking also acts as an effective lateral restraint for the beams,
increasing their load-carrying capacity. More than 40 per cent
of all new multi-storey buildings in the UK and the USA use
composite floor construction. The behaviour and design of
such composite slabs are outside the scope of this book and
interested readers may consult Oehlers and Bradford (1999)
and Nethercot (2003).

2.4 PRECAST AND PRESTRESSED CONCRETE
BUILDINGS

Common precast and prestressed concrete products are shown
in Fig. 2.22. Double tee and hollow-core slabs are the most
widely used building products (PCI Design Handbook 2004).

A hollow-core slab, also known as a voided slab or hollow-
core plank, is a precast slab of prestressed concrete typically
used in the construction of floors in multi-storey apartment
buildings. The precast concrete slab has tubular voids extending
over the full length of the slab, typically with a diameter
slightly smaller than the thickness of the slab. This makes the
slab much lighter than a massive floor of equal thickness or
strength.
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FIG. 2.22 Common precast and prestressed concrete products (a) I-beam (b) Box beam (c) Bulb tee
(d) Column (e) Inverted tee beam (f) Ledger beam (g) Rectangular beam (h) Slab (i) Hollow-core slab

(j) Pile sections (k) Sheet pile (1) Double tee

The most common floor and roof elements employed are
1220mm wide, 200mm deep untopped hollow-core units.
These slabs can span up to 9 m without intermediate supports.
Longer spans can be achieved by using 250mm or 300 mm
deep hollow-core units (PCI Manual 1998).

Precast or prestressed double tees are ideal for floor and
roof systems requiring medium to long, uninterrupted spans
and heavy load-carrying capabilities. Double tees come in
a variety of widths and depths to suit different spans and
loading conditions. These are considered for spans and loads
that exceed the capacity of hollow-core slabs. More details
about these precast or prestressed products may be obtained
from PCI Design Handbook (2004). The Central Building
Research Institute, Roorkee, and the Structural Engineering
Research Centre, Chennai, have also developed several precast
concrete products. Interested readers may contact them for
further details. B.G. Shirke Construction Technology Private
Limited has also pioneered and patented a system using partial
precast structural components such as dense concrete hollow-
core columns, dense concrete partially precast beams, lintels,
and staircases, and Siporex blocks and slabs. Provisions for
the design and construction of floor and roof with precast RC
planks and joists are given in IS 13994 and with channel unit
are given in IS 14215.

2.5 LATERAL LOAD RESISTING SYSTEMS

In the structures constructed at the beginning of the 20th
century, structural members were primarily assumed to
carry the gravity loads. However, the advances in structural
engineering analysis and design procedures as well as the
invention of high-strength materials have resulted in tall
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structures with reduced building

weight and increased slenderness. It

has also become more important to

develop systems for these buildings

that will effectively resist lateral

@ loads such as wind and earthquake.

As a general rule, all other things

being equal, the taller the building,

() the more necessary it is to identify the

H.O:O 0.0.0.0.\ proper structural system for resisting

the lateral loads (Subramanian 2004).

@) Currently, there are many structural

systems that can be used for the

lateral resistance of tall buildings
o ' (El Nimeiri and Khan 1983).

O o In 1969, Fazlur Rahman Khan

I classified structural systems for

buildings in relation to their heights

and later upgraded them as shown

in Fig. 2.23 (Ali 2001). According

to him, feasible structural systems

are rigid frames, shear walls, interactive frame—shear wall

combinations, and the various other tubular systems.
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FIG.2.23 Classification of structural systems by Fazlur Kahn
Source: Subramanian 1995

Taking into consideration the systems reported in the
literature, the following classification has been identified for
the structural systems of tall concrete buildings (Taranath
1998 and Varyani 1999):

1. Rigid frame systems

. Shear-walled frame systems

. Outrigger and belt truss systems
. Framed-tube systems

. Braced-tube systems

. Bundled-tube systems

AN L B W N

These systems are briefly discussed in the following sub-
sections.
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2.5.1 Rigid or Moment-resisting Frames

Rigid or moment-resisting frame systems for resisting
lateral and vertical loads have been in practice for a number
of years. Rigid or moment-resisting frames are structures
having the traditional beam-column framing. The joints in
these frames are considered rigid, because it is assumed that
beam-to-column connections have enough rigidity to hold
the nearly unchanged original angles between intersecting
components. Owing to the monolithic behaviour and hence
the inherent stiffness of the joint, rigid framing is ideally
suitable for RC buildings.

Rigid frames carry the gravity loads that are imposed
on the floor system. The floors also function as horizontal
diaphragms that transfer lateral forces to the girders and
columns. In addition, the girders or beams resist high
moments and shears at the ends of their lengths, which are,
in turn, transferred to the column system. For a rigid frame,
the strength and stiffness are directly proportional to the size
of the beam and the column and inversely proportional to the
column spacing. As a result, columns and beams can become
quite large as the height of the building increases. In order to
obtain an efficient frame action, closely spaced columns and
deep beams at the building exterior must be used. Especially
for the buildings in seismic zones, special attention should be
given to the design and detailing of joints, since rigid frames
are more ductile and vulnerable to severe earthquakes when
compared to braced steel or shear-walled structures. Rigid
frame systems are not efficient for buildings with more than
20 storeys, because lateral deflection due to the bending of
columns causes excessive drift. Many of the buildings built in
India are of this type (see Fig. 2.24).

Courtesy: Akshaya Homes

2.5.2 Shear-walled Frame Systems

Systems composed of shear walls alone or interacting with
the rigid frames may be considered as an improvement of the

FIG.2.24 Typical rigid, jointed RC framed buildings under construction in Chennai, India

rigid frame system. Shear walls, first used in 1940, are vertical,
cantilevered walls, which resist lateral wind and seismic
loads acting on a building transmitted to them by the floor
diaphragms. RC shear walls have the ability to dampen vibration
and provide mass to a building. Shear walls may be constructed
in a variety of shapes such as rectangular, C- or L-shaped,
circular, curvilinear, or box type. Shear walls often exist as
core walls surrounding internal services such as elevators and
stairwells. When carefully planned, these walls may be used as
partitions in a structure serving as both gravity and lateral load
resisting systems. Wall thickness varies from 140mm to 500 mm,
depending on the number of storeys and thermal insulation
requirements. In general, shear walls are continuous throughout
the building height. They are usually provided along both length
and width of buildings. They could be placed symmetrically
along one or both directions in plan. Shear walls are more
effective when located along exterior perimeter of the building;
such a layout increases the resistance of the building to twisting.

The tunnel form construction method may be used to cast the
walls and the slabs in a single operation using specially designed
half-tunnel-steel forms (upside down ‘U’ shape), thereby reducing
the construction time significantly. Since shear walls carry large
horizontal earthquake forces, the overturning effects on them are
large. Thus, design of their foundations requires special attention.
Shear walls may be effective for buildings with up to 35 storeys.

A combined system called shear wall-frame system was
first considered by Fazlur Khan. In this system, a central core
or dispersed shear walls interact with the remaining beam-
column or slab-column framing in the building through
rigid floor diaphragms (see Fig. 2.25). The columns are
designed to primarily carry the gravity loads and the shear
walls are designed to carry the lateral
loads. These systems are stiffer when
compared to the rigid frame system
and can be used for buildings with
up to 50 storeys. The 88-storeyed
Petronas Towers, Malaysia, completed
in 1998 (tallest buildings in the world
from 1998 to 2004 until surpassed by
Taipei 101, but remain the tallest twin
buildings in the world), also utilized
this system in composite construction.
The City Hall of Toronto, Ontario,
Canada, designed by the Finnish
architect Viljo Revell and engineered
by Hannskarl Bandel in 1965, has
curved shear walls (Fig. 2.25b).

As mentioned in Section 2.2.5, shear
walls that are perforated with openings are called coupled
walls. These walls act as isolated cantilevered walls connected
by coupling beams (also called spandrel beams) designed for
bending and shear effects. When designed in a ductile manner,
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FIG.2.25 Typical shear wall-frame system (a) Plan (b) The City Hall of Toronto, Ontario, Canada

these beams may act as fuses and are used to dissipate seismic
energy. Coupling beams are often provided with diagonal
reinforcement to ensure ductile seismic response. More details
about the design of shear walls are provided in Chapter 16.

2.5.3 Outrigger and Belt Truss Systems

Outrigger systems have been historically used by sailing ships to
helpresistthe wind forcesin their sails, making the tall and slender
masts stable and strong. The core in a tall building is analogous
to the mast of the ship, with outriggers acting as the spreaders
and the exterior columns like the stays (Ali and Moon 2007).
As an innovative and efficient structural system, the outrigger
system comprises a central core, including either braced frames
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(a)

.RC shear wall
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(b)

or shear walls, with horizontal ‘outrigger’ trusses or girders
connecting the core to the external columns. Furthermore, in
most cases, the external columns are interconnected by exterior
belt girder, as shown in Fig. 2.26(a). If the building is subjected
to horizontal loading, the rotation of the core is prevented by
the column-restrained outriggers. The outriggers and belt girder
are often one or two storeys deep to provide adequate stiffness.
Hence, they are generally positioned at plant levels to reduce
the obstruction created by them. Multi-storey outriggers have
better lateral resistance than single-storey outrigger structures
and thus better efficiency in the structural behaviour. However,
the lateral stiffness is enhanced only marginally by each extra
outrigger storey (Gunel and Ilgin 2007).

(b) ()

FIG.2.26 Outrigger and belt truss system (a) Typical plan and section (b) Jin Mao Building, Shanghai, China (Photo: Mates II) (c) Taipei 101, Taipei

(Photo: Connor Powell)
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Outrigger structures can be used for buildings with over
100 storeys. The 421m tall, 88-storey Jin Mao Building,
Shanghai, China, designed by the Chicago office of Skidmore,
Owings, and Merrill, completed in 1999 (Fig. 2.26b), and the
509.2m tall,101-storey Taipei 101, Taipei, completed in 2004
(Fig. 2.26¢), are excellent examples of this system. The 88
floors of the Jin Mao Building are divided into 16 segments.
The tower is built around an octagon-shaped concrete shear
wall core surrounded by eight exterior composite super
columns and eight exterior steel columns. Three sets of 8 two-
storey high outrigger trusses connect the columns to the core at
six of the floors to provide additional support.

2.5.4 Framed-tube Systems

The framed-tube structural system was invented by Fazlur
Rahman Khan in the 1960s. A framed tube consists of closely
spaced perimeter columns interconnected by deep spandrels, so
that the whole building works as a huge vertical cantilever tube
to resist overturning moments. Window openings usually cover
about 50 per cent of the exterior wall surface. Larger openings
such as retail store and garage entries are accommodated by
large transfer girders, albeit disrupting the tubular behaviour
of the structure locally at that location. It is an efficient system
to provide lateral resistance with or without interior columns.
The exterior tube carries all the lateral loading. Gravity loading
is shared by the tube and the interior columns or shear walls,
if any. Besides its structural efficiency, framed-tube buildings
leave the interior floor plan relatively free of core bracing and
heavy columns, enhancing the net usable floor area, as a result
of the perimeter framing system resisting the entire lateral load
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FIG.2.27 Framed-tube system (a) Typical framing (b) DeWitt-Chestnut
apartment building in Chicago

Courtesy: Anuthama Srisailam

(Gunel and Ilgin 2007). However, the closely spaced perimeter
columns may hinder views from the interior of the building.
The 43-storey DeWitt-Chestnut apartment building in Chicago
completed in 1965, designed by Fazlur Rahman Khan, and
shown in Fig. 2.27, is the first RC building in the world to
implement the framed-tube system, which was later used in
the steel-framed World Trade Center, New York.

Several configurations of tubes exist, namely framed,
braced, tube-in-tube, and bundled tubes, and are discussed in
the following sub-sections.

2.5.5 Braced-tube Systems

By adding multi-storey diagonal bracings to the face of the tube,
the rigidity and efficiency of the framed-tube can be improved
(Fig. 2.28a). The resulting system called braced-tube system,
or trussed-tube system, could be utilized for greater heights and
allows larger spacing between the columns. The bracing helps
the perimeter columns to act together in carrying both gravity and
horizontal wind loads. Its unique feature is that the members have
axial but little or no flexural deformation; it also eliminates the
risk of the corner columns being stressed excessively. Although
braced-tube system is more effective than framed tube, it is not
widely used because of its problems in curtain wall detailing.
New York’s 50-storey-high 780 Third Avenue building
was the first RC building to use this concept in 1985. The
174 m tall, 60-storey Onterie Center, Chicago, designed by
Fazlur Rahman Khan of Skidmore, Owings, and Merrill, and
completed in 1986, is the first concrete high-rise building
in the world to use diagonal shear walls at the building
perimeter. The diagonal bracing is achieved by blocking out
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FIG.2.28 Braced-tube systems (a) Typical bracing (b) Onterie Center,

Chicago

Courtesy: Anuthama Srisailam




the windows along the facades by filling them with concrete
(Fig. 2.28b).

2.5.6 Tube-in-tube and Bundled-tube Systems

When the building dimension increases in both horizontal
and vertical directions, a single framed tube may not have
adequate structural efficiency; the wider the structure is in
plan, the less effective is the tube. In such cases, bundled tube,
also known as modular tube, with larger spaced columns is
preferred. It is nothing but a cluster of tubes interconnected
with common interior panels to generate a perforated multi-
cell tube, as shown in Fig. 2.29(b).

The stiffness of a framed tube can also be enhanced by
using the core to resist part of the lateral load resulting in
a tube-in-tube system, as shown in Fig. 2.29(a). The floor
diaphragm connecting the core and the outer tube transfer
the lateral loads to both the tubes. The core itself could be
made up of a solid tube, a braced tube, or a framed tube. It
is also possible to introduce more than one tube inside the
perimeter tube. The 50-storey, 218 m tall One Shell Plaza
in Houston, Texas, was built in 1971 using the tube-in-tube
concept.

A bundled-tube system, shown in Fig. 2.29(b), reduces the
shear lag problem, which is more serious if a single tube is
used. Shear lag is a phenomenon in which the stiffer or more
rigid regions of the structure or structural component attract
more stresses than the more flexible regions. Shear lag causes
stresses to be unevenly distributed over the cross section of
the structure or structural component.
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The analysis of a tube structure may be carried out using
a space frame program (Subramanian 1995; 2007). The main
feature exhibited in the analysis for horizontal load is the
drop-off in load taken by the columns in the flange faces.
This is caused by shear lag in the beam-column frame, as
shown in Fig. 2.29(c). The use of simple beam theory will
result in uniform stress distribution as shown in Fig. 2.29(c).

Since the bundled-tube design is derived from the layout
of individual tubes, the cells can be of different shapes such
as triangular, hexagonal, or semicircular units. Moreover,
by terminating a tube at any desired height, it is possible to
have setbacks in the elevation, without sacrificing structural
stiffness. The disadvantage, however, is that the floors are
divided into tight cells by a series of columns that run across
the building width (Gunel and Ilgin 2007).

The 57-storey, 205 m tall One Magnificent Mile building
in Chicago completed in 1983 is an example of RC bundled
tube, designed by Skidmore, Owings, and Merrill and is
one of the last buildings engineered by Khan. The structural
system of this building consists of three hexagonal tubes
bundled together (Fig. 2.29d). The tied tubes give the building
added stiffness. As in the Sears Tower (which is also a bundled
tube made of structural steel members), the tubes terminate at
different heights, as the gravity loads decrease.

The 62-storey, 257m tall One Peachtree Center, built
in 1991 in Atlanta, Georgia, is also a bundled tube, with
three different strengths of concrete (58.6MPa, 68.9 MPa,
and 82.7MPa) being used in its columns and shear
walls.

Floor plan

theory

(d)
FIG.2.29 Tube systems (a) Tube-in-tube system (b) Bundled-tube systems (c) Stress distribution (d) One Magnificent Mile, Chicago
Courtesy: Anuthama Srisailam
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2.5.7 Diagrid Systems

Recently, there has been a renewed interest among architectural
and structural designers of tall buildings in diagrid systems,
which use perimeter diagonals for structural effectiveness
and lattice-like aesthetics. The difference between braced-
tube structures and diagrid structures is that almost all the
conventional vertical columns are eliminated in the latter
(see Figs 2.30a and b). This is possible because the diagonal
members in diagrid structural systems can carry gravity loads
as well as lateral forces due to their triangulated configuration
in a distributive and uniform manner (Ali and Moon 2007).
Compared with conventional framed tubular structures
without diagonals, diagrid structures are much more effective
in minimizing shear deformation. This is because they carry
shear by the axial action of diagonal members, whereas
conventional tubular structures carry shear by the bending
of the vertical columns and horizontal spandrels (Moon,
et al. 2007).

Diagrid structures provide both bending and shear
rigidity. Thus, unlike outrigger structures, diagrid structures
do not need high shear rigidity cores because shear can be
carried by the diagrids located on the perimeter, even though
super-tall buildings with a diagrid system can be further
strengthened and stiffened by engaging the core, generating
a system similar to a tube-in-tube (Moon, et al. 2007). The
optimum angle for the diagonals was found to be 63° for
up to 40-60 storeys and 69° for 60-100 storeys (Moon,
et al. 2007).

(a) (b) (©)
FIG. 2.30 Braced-tube and diagrid structures (a) 60-storey braced tube with 12-storey module
(b) 100-storey diagrid with 69° angle (c) COR Building, Miami (d) 0-14 Building, Dubai (Ali and
Moon 2007)

Courtesy: (c) Ar. Chad Oppenheim (d) Ar. Jesse Reiser

The COR Building in Miami (see Fig. 2.30c) designed by
Chad Oppenheim Architecture and Ysrael Seinuk of YAS
Consulting Engineers and the O-14 Building in Dubai (see Fig.
2.30d) designed by RUR Architecture employ RC diagrids as
their primary lateral load resisting systems. Due to the properties
of concrete, the structural diagrid patterns, which are directly
expressed as building facade aesthetics, are more fluid and
irregular in these buildings and are different from the explicit
and pristine features of steel diagrids (Ali and Moon 2007).

2.5.8 Other Systems

For the 828 m tall, 162-storey Burj Khalifa (the world’s tallest
structure, which was completed in October 2009) in Dubai,
United Arab Emirates, designers Skidmore, Owings, and
Merrill utilized a bundled shear wall system, which is also
called buttressed core system. In this system, as shown in
Fig. 2.31, each wing, with its own high-performance concrete
corridor walls and perimeter columns, buttresses the other
via a six-sided central core or hexagonal hub. This resulted
in a tower that is extremely stiff both laterally and torsionally
(Subramanian 2010).

Other types of lateral load resisting systems include space
trusses, super frames, and exoskeleton. These have been
occasionally used for tall buildings. Space truss structures are
modified braced tubes with diagonals connecting the exterior
to the interior. In space trusses, some diagonals penetrate
the interior of the building. Examples include the Bank
of China Tower of 1990 by I.M. Pei in Hong Kong. More
details of such systems may be found
in Ali and Moon (2007) and Moon,
et al. (2007).

2.5.9 Transfer Girders

In several buildings, large column-free
spaces are required at the lower floors
for parking areas, banquet or convention
halls, lobbies, and so forth. For providing
such large openings, the tube frame or
shear walls must be interrupted with
transfer girders or trusses (see Fig. 2.32).
These transfer girders or trusses are
often deep, and their depth may extend
over one full storey.

The upper storey columns or shear
walls terminate above the transfer
girders or trusses, and the loads from
(d) these columns are transmitted to the
transfer girder or trusses, which are, in
turn, transferred to the columns below
by truss or beam action. The columns
that terminate at the transfer girder are
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FIG.2.31 Buttressed core system of Burj Khalifa (a) Plan (b) Elevation

called floating columns. When the
buildings with such transfer girders
are situated in earthquake zones, | | Transfer
sufficient care should be taken in their Kz girder
design and detailing as they result
in soft storeys and are vulnerable
for collapse. Moreover, the failure (a)
of transfer girder will affect the

stability of the whole building, and

Cantilever

catastrophic failure of the structure ) ) girder supports
. g
can occur. Hence, their use must be column above
strictly regulated, if not prohibited. Transfer Vierendeel
mitmrmr ™ truss Al A girder W

If necessary, redundant transfer
girders may be provided close to the (b) © (d)

ones that are near public streets to  FIG. 2.32 Use of transfer girder or truss (a) Typical transfer girder (b) Cantilevered transfer girder
maintain structural integrity. It should  (c) Transfer truss (d) Vierendeel girder
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be noted that the columns near public streets are vulnerable to
accidental loads, such as collision of automobiles and terrorist
blast attack.

2.6 STRUCTURAL INTEGRITY

Localized damage (due to accidental loads, blast loads,
etc.) of a major structural support may spread from element
to element, resulting in the collapse of the entire structure.
Hence, the extent of total damage may be disproportionate to
the original cause. This sequence of failure is usually termed
progressive collapse. The tragic events of 11 September
2001, in which several buildings in the World Trade Center
complex collapsed, killing 2752 people (Subramanian 2002),
and the bombing of the nine-storey Alfred P. Murrah Federal
Building in Oklahoma City on 19 April 1995 (in which 168
people were killed and more than 680 people were injured
and 324 buildings damaged causing a financial loss of
$652 million) underline the importance of designing certain
buildings to address the threat of explosions.

Except for some special and important structures, it is
impractical or expensive to design structures to resist this kind
of collapse. Protection against progressive collapse requires
analysis and design assuming loss of one member at a time.
The potential for progressive collapse is evaluated based on a
demand-to-capacity ratio (DCR). DCR is defined as the ratio
of the force (bending moment, axial force, or shear force)
in the structural member after the instantaneous removal of
a column to the member capacity. A structural member is
considered to have failed if its DCR exceeds 2.0 for typical
structural configurations with simple layout and 1.5 for
atypical structural configurations.

Structural integrity can be accomplished by providing
sufficient continuity, redundancy, or energy-dissipating
capacity (ductility), or a combination thereof, in the members
of the structure. Minor changes in reinforcement detailing
or provision of ties can be made to provide continuity and
redundancy, which will also increase the ductility of the
structure, and thus limit the effects of local damage or
minimize progressive collapse.

To reduce the risk of localized damage, buildings should
be effectively tied together at each principal floor level. It
is important to effectively hold each column in position by
means of horizontal ties (beams) in two directions (preferably
at right angles), at each principal floor level supported by the
column. Horizontal ties are also required at the roof level. At
re-entrant corners, the tie member nearest to the edge should
be anchored into the framework, as shown in Fig. 2.33.

Each portion of a building between expansion joints
should be treated as a separate building. By tying the structure
together as shown in Fig. 2.33, alternative load paths, which
enhance the safety, should be made available. To ensure sway
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FIG.2.33 Tying columns to building to achieve structural integrity

resistance, no portion of the structure should be dependent
on only one lateral resisting system. All columns should be
continuous vertically through the floors.

All the perimeter or spandrel beams should be provided with
continuous top and bottom reinforcement. This reinforcement
provides a continuous tie around the structure and would act
as a catenary in case of loss of a support. Lack of continuous
reinforcement across the beam-to-column connection can
lead to progressive collapse.

The Indian code IS 456 does not contain provisions for
structural integrity requirements. The ACI 318:08 code
(Clause 7.13) requirements for structural integrity are as
follows (PCA-IS 184 2006):

1. At least one-sixth of the tension reinforcement required
for negative moment at support, but not less than two
bars, must be continuous or spliced at or near mid-span
(Fig. 2.34a).

2. At least one-fourth of the positive moment reinforcement
in continuous members must extend into the support to
a length of 150mm (Fig. 2.34b). The same amount of
reinforcement should be continuous or spliced at or near
the support. If the depth of a continuous beam changes at
a support, the bottom reinforcement in the deeper member
should be terminated with a standard hook and that in
the shallower member should be extended into and fully
developed in the deeper member.

3. The continuous top and bottom reinforcement required
for structural integrity of perimeter beams are to be
enclosed by the corners of U-stirrups with not less than
135-degree hooks around the continuous top bars or by
one-piece closed stirrups with not less than 135-degree
hooks around one of the continuous top bars (Fig. 2.34c).

4. At least one-fourth of the positive moment reinforcement,
but not less than two bars, must be continuous (Fig. 2.34d).
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5. In joist construction, at least one bottom bar must be
continuous and lap splices provided should provide full
development length. At the discontinuous end of the joist,
the bars must be terminated with a standard hook.

In cast-in-place two-way flat slabs, all bottom bars within the
column strip, in each direction, should be continuous. Continuous
column strip bottom bars through the column core give the slab
some residual capacity in case of a punching shear failure at a
single support. In addition, as shown in Fig. 2.35, at least two of
the column strip bottom bars in each direction must pass within
the column core without any laps in the column region and must
be anchored at exterior supports (PCA-IS 184 2006).

Precast concrete or other heavy floor or roof units must
be properly anchored at both ends. Precast members shall be
adequately braced and supported during erection to ensure
proper alignment and structural integrity until permanent

——
an (=

Source: PCA-IS 184 2006

CASE STUDIES

Ronan Point Collapse

Progressive collapse provisions were introduced in the British
code as early as 1970. This was a direct result of the Ronan
Point collapse in 1968. This involved a 23-storey tower block in
Newham, East London, which suffered a partial collapse when a
gas explosion demolished a load-bearing wall, causing the collapse
of one entire corner of the building. Four people were killed in the
incident, and seventeen were injured. (Ronan Point was repaired
after the explosion, but it was demolished in 1986 to make way for
a new low-rise housing development project.)

Due to the failure of Ronan Point apartment building, many
other similar large panel system buildings were demolished.

Structural Forms 65

connections are completed. In
precast concrete structures, tension
ties should be provided in the
transverse, longitudinal, and vertical
directions and around the perimeter
of the structure to tie all the elements
together effectively. The ACI code
Clause 16.5.1.2 requires these ties
(see Fig. 2.33) should be designed to
carry a minimum of 4.4kN/m. Key
elements that would risk the collapse
of the greater area (greater than 15 per
cent of floor area or 70 m?2, whichever
is less) should be identified and
designed for accidental loading.
More details about blast effects and
design of structural integrity may be
found in Mays and Smith (1995) and

Ronan point apartment

(Continued)



66 Design of Reinforced Concrete Structures

(Continued)

The Building Research Establishment, UK, published a series of
reports in the 1980s to advise councils and building owners on
what they should do to check the structural stability of their blocks.
As a result of terrorist attacks on embassies abroad, along with
the Murrah Federal Building in Oklahoma City, abnormal load
requirements were introduced in the US codes. Structural integrity
requirements are yet to be introduced in IS 456.

Failure of Ferrybridge Cooling Towers

Large cooling towers are susceptible to wind damage, and several
failures have occurred in the past. Three 115m tall, hyperbolic
cooling towers failed by snap-through buckling at Ferrybridge
power station, UK, on 1 November 1965 due to vibrations caused
by winds blowing at 137km/h. The structures were designed
to withstand higher wind speeds. However, the following two
factors caused the collapse: The average wind speed over a one-
minute period was used in design, whereas the structures were
susceptible to much shorter gusts, which were not considered in
the design. The designers used wind loading based on experiments
using a single isolated tower. However, in reality, the shape and
arrangement of these cooling towers created turbulence and vortex
on the leeward towers that collapsed. An eyewitness said that the
towers were moving like belly dancers. Three out of the original
eight cooling towers were destroyed and the remaining five were
severely damaged. The failed towers were rebuilt and the others
strengthened. Occurrences of failure of cooling towers have also
been reported in Ardeer, UK, in 1973, Bouchain, France, in 1979,
Fiddler’s Ferry, UK, in 1984, and Willow Island, West Virginia,

USA, and Port Gibson, Mississippi, USA, in the 1980s. These
failures resulted in the revision of building codes all over the
world to include provisions regarding improved structural support
and necessity of performing wind tunnel tests for complicated
configurations and arrangements.

Three collapsed cooling towers at Ferrybridge, UK

2.7 SLIP-FORM AND JUMP-FORM CONSTRUCTIONS

The two forms of construction often employed in tall structures
are the slip- and jump-form constructions. A brief discussion
about these two forms of construction follows.

2.7.1 Slip-form Construction

Slip-form construction is used for various applications
such as bridge piers, building cores, shear walls, chimneys,
communication towers, cooling towers, and silos. In many
cases, the procedure can be used to erect a structure in half
the time required for conventional form work. In addition,
the working platforms rise with the form and reduce the
labour costs of dismantling and re-erecting scaffolds at each
floor.

Vertical slip-form construction is a process of placing
concrete continuously with a single form that is constructed on
the ground and raised as the concrete is cast (it is also possible
to move the form in the horizontal direction). Forms are not
removed; they slip over the concrete, which can support itself
by the time it is out of the form. Casting is done at a rate

that prevents the formation of a cold joint in previously placed
concrete. The result is a continuous placing sequence resulting
in a monolithically erected structure or wall with no visible
joints (see Fig. 2.36). This construction process utilizes lifting
jacks located on the ground or on the working platform that
elevates the form and the workers’ scaffolding attached with
smooth rods or pipes. These rods or pipes are embedded in
the hardened concrete. The construction technique is similar
to an extrusion process. The slip form moves upwards as it
extrudes the concrete wall. The rate of the extrusion process
is controlled by the setting time of the concrete and the crew’s
ability to prepare the wall for the pour. The average time of
lift for any project is 150-200 mm/h, placing approximately
100mm to 250mm layers of concrete per lift. More
details about slip-form construction may be obtained from
McConnell (2008).

2.7.2 Jump-form Construction

As the name implies, in jump-form construction, the wall
form is jumped from one lift to the other. The system is
supported by the lower lift of concrete. Forms are released and
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(a)
FIG. 2.36  Slip-form and jump-form construction (a) Slip forming 65m tall, 23 m diameter clinker silos, which stand 1m apart (b) Jump forming a
hyperbolic paraboloidal cooling tower

Courtesy: (a) Kenaidan Contracting Ltd (b) Gammon India Ltd

stripped after the concrete has adequately cured. Embeds are
provided in the concrete to receive the form system when it
is jumped up to the next level. Instead of using expensive
long reach cranes to bring up materials, lifting is done by
a self-climbing form system (see Fig. 2.36b). Jump-form
system may involve less crew than the conventional slip form
operation, and the work is done only during day shift. It may
be 15 per cent less expensive and in some cases faster than slip

(b)

forming. The system comes with adjustable steel forms, work
platforms, hoist, jib cranes, concrete bucket, and powered
concrete distributor buggy.

It should be noted that jump form and slip form are
proprietary systems. More information about these systems
may be obtained from companies such as PERI, Doka,
and ULMA.

SUMMARY

After the architect finalizes the plan of a building, the structural
engineer has to develop a suitable structural system that will resist
the applied external loads. The engineer has to select a system that
is safe, efficient, durable, economical, and environment friendly. A
number of systems have been evolved in the past for different types
of structures such as buildings and bridges. Normal buildings have
elements such as footings, columns, beams, beam-columns, slabs,
walls (shear walls and cantilever, counterfort, and buttress retaining
walls), and trusses. These elements can be cast in situ or precast. Even
prestressed elements can be used in long-span constructions. A short
introduction of these elements has been provided. The load resisting
system may be classified into gravity load resisting and lateral load
resisting systems. Gravity load resisting systems include bearing
wall systems (masonry walls, confined masonry walls, insulated RC
walls, tilt-up concrete walls), one-way and two-way slab systems,
two-way flat plates and flat slabs including waffle slabs and voided
slabs, grid floors, and composite floors. Several techniques have
been evolved for the erection of slab systems like lift slab system,
which can be used to construct buildings economically and quickly.
Several precast and prestressed concrete elements are available for
gravity load resisting systems.

As the height of building increases beyond 20 or more floors,
gravity load resisting systems with rigid frames will not be
economical and efficient (Fintel and Ghosh, 1983). Moreover, for
such high-rise buildings, lateral loads such as wind and earthquake
will govern the design (Subramanian, 2001). Several innovative
systems have been developed in the past for such lateral load
resistance. They include shear walls, frame shear walls, outrigger and
belt truss systems, framed tube, tube-in-tube, braced tube, bundled
or modular tube, diagrid systems, and buttressed core systems.
The details of all these systems have been explained and examples
provided.

In any system, collapse due to progressive collapse or due to
the failure of one or few elements should not occur. Such structural
integrity may be achieved by tying all the elements effectively and
by using reinforcement details, which will redistribute the forces to
other unaffected parts.

Slip-and  jump-form constructions, which are often
employed in high-rise structures, are also explained. Using the
information provided in this chapter, the structural engineer
can select a suitable load resisting system for the building at
hand.
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REVIEW QUESTIONS

. State the classification of RC structures.

. What are the basic structural elements of a normal RC structure?
. What is the basic function of footing?

. List the different types of footings.

. What is the function of columns? How do beam-columns differ
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from columns?

. Describe the different types of columns.

. What are beams? Sketch the different types of beams.

. List the different classifications of slabs.

. What are the different types of walls?

10. State the different checks to be performed on retaining walls.

11. What are the different types of retaining walls?

12. What is the difference between counterfort and buttress type
retaining walls?

13. What is the shape that is economical for RC trusses?

14. Explain the role of slab in integrating the gravity and lateral
load-resisting systems of tall buildings.

15. Why are brick walls considered unsafe in earthquake zones?
What are the methods to make them earthquake resistant?

16. What is confined masonry construction?

17. How are insulated reinforced masonry walls constructed? What
are the advantages offered by these walls over other types of walls?

18. Write a short note on tilt-up wall construction.

19. How can we classify one-way and two-way slabs?

20. What are the types of one-way and two-way slabs?

21. What are two-way ribbed slabs? How are they constructed?

22. How do flat plates and flat slabs differ?

23. Are flat plates suitable in earthquake zones? How are they
strengthened to resist lateral loads?

24. What are waffle slabs? How are they constructed?

25. Explain the lift slab method of construction.

26. Write short notes on the following:
(a) Voided two-way flat slabs
(b) Grid floors
(c) Composite floors
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(d) Precast and prestressed concrete construction
(e) Hollow-cored slabs

27. List the structural systems adopted for tall buildings.

28. How do rigid frames resist lateral loads? What is the drawback
of this system if the number of floors is more than 20?

29. What are the advantages of shear walls over moment-resistant
frames?

30. What are the different types of shear wall systems?

31. Explain how lateral loads are resisted by outrigger and belt truss
systems?

32. What are framed-tube systems? How do they differ from
moment-resisting frames?

33. In what way is a braced tube different from a framed tube and
how is it advantageous?

34. How is it possible to build super-tall structures using tube-in-
tube or bundled-tube systems?

35. What is the main difference between the diagrid system and the
other tube systems?

36. What is the system that has been adopted in Burj Khalifa, the
world’s tallest building?

37. What is the function of transfer girders? Can they be adopted in
severe earthquake-prone areas?

38. A ten-storey RC building is to be built in Chennai. It should
have a large column-free area at the ground floor and the
structural engineer has the freedom to choose column layout in
the upper floor. Suggest a suitable lateral and gravity loading
system.

39. An 80-storey RC commercial building has to be built in New
Delhi, with service core in the middle of the building. The
architect wants a column-free interior. Suggest a suitable lateral
and gravity loading system.

40. Why are structural integrity provisions important in building
design. Give a few examples of detailing procedures that will
safeguard buildings in case of accidental loads.

41. How does slip form differ from jump-form construction?
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LOADS AND LOAD COMBINATIONS

3.1 INTRODUCTION

Before designing any structure or the different elements such
as beams and columns, one has to first determine the various
natural and man-made loads acting on them (see Fig. 3.1).
These loads on a structure may be due to the following:

1. Mass and gravitational effect (m X g): Examples of these
types of loads are dead loads, imposed loads, snow, ice, and
earth loads, and hydraulic pressure.

2. Mass and its acceleration effect (m X a): Examples of such
loads are earthquake, wind, impact, and blast loads.

3. Environmental effects: Examples are the loads due to
temperature difference, settlement, and shrinkage. These
are also termed as indirect loads.
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In India, the basic data on dead, imposed, and wind loads
for buildings and their combinations to be considered in
design are given in Indian Standard (IS) 875, Parts 1-5.
Data regarding earthquake loads is specified in IS 1893. For
chimneys and other forms of structures, the necessary loading
data is provided in the code of practice appropriate to that
type of structure (e.g., IS 4995, IS 4998, IS 11504). We shall
briefly discuss a few important loads in this chapter.

3.2 CHARACTERISTIC ACTIONS (LOADS)

The determination of the loads for which a given structure
has to be proportioned is one of the most difficult problems
in design and is often not taught in course work. Decisions

are to be made on the type of loads

the structure may experience during

its lifetime, combinations of loads,

and so forth. The probability that a
specific load will be exceeded during
the life of a structure usually depends
on the period of exposure (or life) of
the structure and the magnitude of
design load. For example, wind loads
acting on a structure at a given location
varies every day based on the wind
speed; for design, we need to consider
the maximum wind speed (load) that
may occur in that location only once
in several years. The average time
period between the occurrences of
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FIG. 3.1 Types of loads

period is defined as the number of
years, the reciprocal of which provides
the probability of an extreme wind
exceeding a given wind speed in any



one year. (In general, the return period may be defined as the
average time between consecutive occurrences of the same
event. It is only an average duration and not the actual time
between occurrences, which would be highly variable). Such
return periods can be determined from statistical analysis
of wind speed records. Of course, extremes of other natural
phenomena such as snow, earthquake, or flood also occur
infrequently and the return periods for specific extremes can
be similarly determined.

Thus, if the return period R of a wind speed of 200 km/h at
a certain locality is 50 years, then the probability that it will be
exceeded in any one year is 1/R = 1/50 = 0.02. However, for
design purposes we are interested not in the probability that it
will be exceeded in any one year but rather in the probability
that it will be exceeded during the life of the structure. It
should be noted that if 1/R is the probability that the wind
speed will be exceeded in any year, (1 — 1/R) is the probability
that it will not be exceeded in that year. If we consider N as
the life of the structure in years, then the probability that it
will not be exceeded during the life of the structure will be
(I — 1/R)N. Therefore, the probability Py that it will be
exceeded at least once in N years is

Py=1-(1-1/R" (3.1)

Thus, the probability that a wind speed of 200km/h with a
return period of 50 years will be exceeded at least once in
50 years (life of the structure) is

Pso=1—-(1-0.02)°=0.635

That s, there is a 63.5 chance that the structure will be exposed
to a wind exceeding 200 km/h. The code (IS 875, part 3) states
that a value of Py = 0.63 is normally considered sufficient for
the design of buildings and structures against wind effects.
Thus, if the acceptable risk is 0.63, it is sufficient to design the
structure to resist the wind load from a 200 km/h wind. It has
to be remembered that there will be a margin of safety (due
to the partial safety factors for loads and materials) and hence
the structure may not collapse under a wind of this speed.

Ideally, loads applied to a structure during its life should be
considered statistically and a characteristic load determined.
Thus, the characteristic load may be defined as the load that
shall not be exceeded by a certain accepted or pre-assigned
probability (usually 5%) during the life of the structure as
shown in Fig. 3.2. For all practical purposes, the specified load
in the codes is taken as the characteristic load in the absence
of statistical data.

When the statistical data is available, the probability that a
load may exceed the characteristic load is expressed as

pPr= ¢c (Qm - Qc)/o-

where py is the probability that the load exceeds the
characteristic load Q., Q,, the statistical mean of the observed

(3.2)
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FIG. 3.2 Definition of characteristic load

maximum loads, ¢ the standard deviation of the loads, and ¢,
the cumulative distribution function.

The value of the cumulative distribution function depends
on the statistical distribution of loads. Statistical distribution
of dead loads and live loads are often assumed to be a normal
distribution (as shown in Fig. 3.2), though some codes assume
it to be of Weilbull-type distribution. Equation (3.2) can be
rewritten as

Q= Q0IIo=0."pp=—k (3.3)
or 0.=0,,+ko 3.4)
where —k=¢""(p) 3.5)

k is a coefficient associated with the pre-assigned probability
of failure

For a characteristic load that shall not be exceeded by a
probability of five per cent, we have

pr=(5/100) or

k=¢"'(0.05)

From standard tables for normal distribution, the value of k for
pr=0.05 is obtained as k = 1.65. Thus, Eq. (3.4) can now be
written as follows:

0.=0,+1.650 (3.6)

Example 3.1 illustrates the concept of characteristic load.

Design Actions—Loads

The design action Q; is arrived at by multiplying the
characteristic actions (loads), Q., by partial safety factors,
7> as follows (these factors are often referred to as load
factors):

Qu= 2}]/‘ O, (3.7

Here, y is the partial safety factor for the load, given in
Table 3.1.
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TABLE 3.1  Ultimate loads using partial safety factor, y, as per IS 456

Load Combination Limit State of Collapse Limit State of
Serviceability

Dead load (DL) 1.5DL + 1.5IL DL +1IL

and imposed load

(L)

Dead load and 1.5DL + 1.5WL DL + WL

wind load (WL)

Case 1: Stability

against overturning

is not critical

Case 2: Stability

against overturning | 0.9DL + 1.5WL DL+ WL

is critical

Dead, imposed, 1.2(DL + IL + WL) 1.0DL + 0.8IL +

and wind/ 0.8WL

earthquake loads

(EL)

Note: While considering earthquake loads, substitute EL for WL. When
differential settlement, creep, shrinkage, or temperature effects are significant,
use the following partial safety factors for limit state of collapse:

UL =0.75(1.4DL + 1.4TL + 1.7IL) must be greater than (1.4DL + TL).

For serviceability limit states, 3 can be taken as unity for this case.

These partial safety factors are provided to take into account
the following factors:

1. Possibility of unfavourable deviation of the load from the
characteristic value

. Possibility of inaccurate assessment of load

. Variation in dimensional accuracy

. Uncertainty in the assessment of effects of the load

. Uncertainty in the assessment of the limit state being
considered

| I SOSN8}

When more than one imposed load can act simultaneously,
the leading load is considered as that load causing the larger
action effect. The load factor for water may be taken as 1.4 (as
per BS 8007). This value may appear to be very conservative.
However, if used for the design of a tank, for example,
it allows for the tank overflowing, dimensional changes,
and the possibility of the tank being filled with a denser
liquid.

3.3 DEAD LOADS

The load that is fixed in magnitude and position is called
the dead load. Determination of the dead load of a structure
requires the estimation of the weight of the structure
together with its associated ‘non-structural’ components.
Thus, one needs to calculate and include the weight of
slabs, beams, walls, columns, partition walls, false ceilings,
facades, claddings, water tanks, stairs, brick fillings, plaster
finishes, and other services (cable ducts, water pipes, etc.).
After the design process, the initially assumed dead load of
the structure (based on experience) has to be compared with

the actual dead load. If the difference between the two loads
is significant, the assumed dead load should be revised and
the structure redesigned. Dead weights of different materials
are provided in code IS 875 (Part 1: Dead loads). The weights
of some important building materials are given in Table 3.2.
The self-weight computed on the basis of nominal dimensions
and unit weights as given in IS 875 (Part I) may be taken to
represent the characteristic dead load.

TABLE 3.2 Weights of some building materials as per IS 875 (Part 1)

S. No. | Material Unit Weight
1. | Brick masonry in CM 1:4 20kN/m?
2. | Plain concrete 24kN/m3
3. | Reinforced cement concrete | 25kN/m?
4. | Stone masonry 20.4-26.5kN/m?
5. | Cement mortar 20.4kN/m?
6. | Steel 78.5kN/m?3
7. | 20mm cement plaster 450 N/m?
8. | 5mm glass 125N/m?
9. | Floor finishes 600-1200N/m?2
10. | Water 10kN/m?3

3.4 IMPOSED LOADS

Imposed loads (previously referred to as live loads) are
gravity loads other than dead loads and include items such as
occupancy by people, movable equipment and furniture within
the buildings, stored materials such as books, machinery, and
snow. Hence, they are different for different types of buildings
such as domestic, office, and warehouse. They often vary in
space and in time. Imposed loads are generally expressed as
static loads for convenience, although there may be minor
dynamic forces involved. The code provides uniformly
distributed loads (UDLs) as well as concentrated loads for
various occupational categories. The reason for considering
concentrated loads is that there are some localized loads (e.g.,
heavy items of furniture, equipment, or vehicles) that may
not be adequately represented by a UDL. The distributed and
concentrated imposed loads shall be considered separately
and the design carried out for the most adverse conditions.
The magnitudes of a few imposed loads are given in Table 3.3.

TABLE 3.3 Live loads on floors as per IS 875 (Part 2)

S. No. | Type of Floor Usage Imposed Load (kN/m?)
1. Residential 2.0
2. Office
(a) with separate storage 2.5
(b) without separate storage 4.0
3. Shops, classrooms, restaurants,
theatres, etc.
(a) with fixed seating 4.0
(b) without fixed seating 5.0
4. Factories and warehouses 5.0-10.0
(Continued)



TABLE 3.3 (Continued)
S. No. | Type of Floor Usage Imposed Load (kN/m?)

5. Book stores and stack rooms in 10.0
libraries

6. Garages with light vehicles 4.0

7. Stairs, landings, and balconies
(a) not liable to overcrowding 4.0
(b) liable to overcrowding 5.0

Note: In cantilever steps, a minimum of 1.3kN concentrated load at the free
edge should be considered at each cantilever step.

It should be noted that the imposed load may change from
room to room. Where there is such variation, to account for
the most adverse load cases, analysis should be carried out for
the following:

1. Factored live load on all spans
2. Factored live load on two adjacent spans
3. Factored live load on alternate spans

The second case results in high bending moment (BMs) over
the support between the two loaded spans and the third case
results in high BMs at mid-span in the loaded beams.

When the load due to partition is considered, the floor load
should be increased by 33.3 per cent per metre run of partition
wall subject to a minimum of 1kN/m?; total weight per metre run
must be less than 4kN/m. For complete guidance, the engineer
should refer to IS 875 (Part 2).

When large areas are considered, L
1

the code allows for a reduction in
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Code IS 875 (Part 2) also provides the values of horizontal
loads acting on parapets and balustrades. These loads should
be assumed to act at handrail or coping level.

Roofs are considered non-accessible except for normal
maintenance and minor repairs. If roofs are frequently
accessible and used for floor-type activities, they should
be treated as floors and the corresponding loads should be
considered.

Srinivasa Rao and Krishnamurthy (1993) conducted load
survey on imposed loads acting on office buildings and
found that the maximum imposed load is only of the order
of 2.35kN/m? in office buildings without separate provision
for store rooms (this value is much smaller than the 4 kN/m?
specified in IS 875—Part 2). A similar survey was conducted
by Sunil Kumar (2002) and Sunil Kumar and Kameswara
Rao (1994) on residential buildings, and it was found that the
design imposed loads specified in the code are much higher
than those estimated by the load survey.

3.4.1 Consideration of Slab Loads on Beams

When a slab is supported on four sides and the length to width
ratio is greater than two, the slab acts as a one-way slab and the
beams along the long spans are assumed to carry the load from
the slab, as shown in Fig. 3.3(a). However, in two-way slabs
(i.e., when a slab is supported on four sides and the length to
width ratio is lesser than or equal to two), the load distribution

L,

the imposed load; for single beam or
girders, a reduction of five per cent for

each 50m? floor area, subjected to a
maximum of 25 per cent, is allowed. In

L,=2x

multi-storey buildings, the probability
that all the floors will be simultaneously

loaded with the maximum imposed

load is remote, and hence, reduction
to column loads is allowed. Thus,

imposed loads may be reduced in wL,/2kN/m

the design of columns, walls, and

foundations of multi-storey buildings

IFEETRERTREN , .

L,

as given in Table 3.4. It should be noted @)

that such reduction is not permissible if
earthquake loads are considered.

TABLE 3.4 Reduction in imposed load applicable to columns

Floor Measured from Top Percentage
1 (top or roof) 0
2 10
3 20
4 30
5to 10 40
11 to ground floor 50

w w

S ENIPON,

>
Span =1L,

Span =1L, w = Dead + Live load on slab

(b)

FIG. 3.3 Load distribution (a) One-way slabs (b) Two-way slabs

is based on yield-line analysis. In a square slab, the yield lines
running at 45° from each corner will meet at a single point in
the centre. On the other hand, in a rectangular slab, the same
four yield lines will not meet at one point, and hence, there
will be a fifth yield line running between the intersections
of these yield lines, as shown in Fig. 3.3(b). Thus, the long
beams will be subjected to a trapezoidal load and the short
beams to a triangular load, as shown in Fig. 3.3(b).
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FIG. 3.4 Other possible loadings on beams and equivalent uniform loads (a) Two triangular loads in span (b) Triangular load in the middle of span

(c) Triangularly varying load

The triangular and trapezoidal loads can be replaced by the
equivalent UDLs for the analysis of the beams. Let zand /3 be
the coefficients for the equivalent UDLs, which convert these
triangular or trapezoidal loads to obtain the same amount of
maximum bending moment and shear force. Equating the
maximum bending moment of the UDL and triangular load,
we get

2

2 ol
W =1—220r a=0.667w

< (3.8)

where w is the total dead and imposed loads on slab in kN/m?.
In the same way, equating the maximum shear force of the
UDL and the triangular load, we get

3.4.2 Consideration of Wall Loads on Beams

When the height of the masonry over a beam is greater than
about 0.6 times the span of the beam, it can be assumed that
there will be an arch action in the masonry and hence some
part of the load will be transferred to the columns on either
side. In such situations, only wall loads bounded by «° lines
from the columns cause bending moment and shear force in the
beam, as shown in Fig. 3.5(b). The value of arranges between
45° and 60°; let us assume it to be 60°. This trapezoidal wall
load can be replaced by equivalent uniform loads, using the
coefficients given in Table 3.5, for bending moment and shear
force. Thus,

X X
wL L
—ZZ&OrﬂZO,SW (3.9) I B | -
4 2 CT T T T T T [T
o o | ]| | :
Similarly, in the case of trapezoidal . : . : . : . : . : . : . : . : . : . g
loading, it can be shown that Q
\Beam B ) _NJ_ ) Ll =
o= (l _ %) Cantilever
3 (3.10) L GL ; -
B= (1_ 1 ) (d)
2r —_ —_ pi
h Length L, L, @) ©
where r = Width = L_2 = ox 1 FIG. 3.5 Consideration of wall loads (a) Typical frame with walls (b) Loads transferred to columns and

The coefficients o and £ have been calculated for various
values of r and are given in Table 3.5.

TABLE 3.5 Coefficients to convert trapezoidal loads to equivalent
UDLs

L2X 1.0 1.1 1.2 1.4 1.6 1.8 2.0 >2.0
a(B.M.) [0.667 [0.725 |0.769 [0.830 |0.870 |0.897 [0.917 |~1.0
Bshear [0.500 |0.545 [0.583 [0.643 [0.688 |0.722 |0.750 |[~1.0
force
(S.F.)

It should be noted that when the loading is as shown in Fig. 3.4,
the non-uniform loads must be approximated to an equivalent
UDL, as given by the following equation:

w = w(loaded area/loaded length) 3.11)

beams (c) Load on beam due to walls (d) Short span walls

Wall load for bending = oH,,g,, (3.12a)

Wall load for shear = SH,,g,, (3.12b)

where H,, is the height of the wall and g,, = .1, where %,
is the weight of wall material (for brickwork with plastering,
it may be taken as 20kN/m®) and f, the thickness of
the wall.

It should be noted that arch action will not develop for
walls supported on cantilever beams or for walls containing
openings, and hence the total value of the wall load should
be transferred to the beam. Arch action may also not develop
in partition walls of thickness 115mm. When the height
of the wall, H,, is greater than 0.5L tanc®, the beam will
experience only a triangular load, as shown in Fig. 3.5(d).



In such a case, the equivalent wall load is calculated as
follows:

Wall load for bending = 2/3(0.5Ltan60°)g,,  (3.12¢)

Wall load for shear = 0.5(0.5Ltan60°)g,,  (3.12d)

When there is no opening in the wall, the beam can be
designed by considering the composite action of the
brick wall above it, with a bending moment of wL?/30,
where w is the uniform load on the beam (Govindan and
Santhakumar 1985; IS 2911). The brick strength should not
be less than 3.5N/mm?. For composite action to take place,
the first course of brickwork may be laid on the reinforced
concrete (RC) beam, as soon as the concrete is poured and
levelled.

3.5 IMPACT LOADS

Impact due to vertical crane, moving machinery, and so on is
converted empirically into equivalent static loads through an
impact factor, which is normally a percentage (20% to 100%)
of the machinery load (see Clause 6.0 of IS 875—Part 2). Thus,
if the impact is 25 per cent, the machinery load is multiplied
by 1.25. The loads due to cranes and other machineries are
often obtained from the manufacturers or suppliers. For a lift
machine room above the roof of a multi-storey building, we
may consider an imposed load of 10kN/m?. Assuming an
impact allowance of 100 per cent, this will result in 20 kN/m?.
It should be noted that the impact load is an important criterion
in industrial buildings where machinery will be mounted on
floors and also in bridges. Indian Road Congress (IRC) codes
should be consulted for considering such loads on bridges.

3.6 SNOW AND ICE LOADS

Snow and ice loads are to be considered in the mountainous
(Himalayan) regions in the northern parts of India. Thus, the
roofs in these regions should be designed for the actual load
due to snow or for the imposed loads specified in IS 875 (Part 2),
whichever is more severe. Freshly fallen snow weighs up
to 96kg/m* and packed snow 160kg/m3. The procedure
for obtaining snow load on roof consists of multiplying the
ground snow (corresponding to a 50-year mean return period)
with a coefficient to take care of the effect of roof slope, wind
exposure, non-uniform accumulation of snow on pitched or
curved roofs, multiple series roofs or multi-level roofs, and
roof areas adjacent to projections on a roof level. Although
maximum snow and maximum wind loads are not considered
to act simultaneously, itis important to consider drift formation
due to wind, since the majority of snow-related roof damage
is due to drifted snow. The reader is advised to consult IS 875
(Part 4), ASCE/SEI 07-10, and O’Rourke (2010) for more
information on snow loading.
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3.7 WIND LOADS

Winds are produced by the differences in atmospheric
pressures, which are primarily due to the differences in
temperature. Wind flow manifests itself into gales, cyclones,
hurricanes, typhoons, tornadoes, thunderstorms, and localized
storms. Tropical cyclone is the generic term used to denote
hurricanes and typhoons. The wind speeds of cyclones can
reach up to 30-36m/s and in the case of severe cyclones
up to 90m/s. Cyclones in India far exceed the design wind
speed given in IS 875 (Part 3). Horizontal wind flow exerts
lateral pressure on the building envelope and hence has to be
considered in the design.

Tornadoes consist of a rotating column of air, accompanied
by a funnel-shaped downward extension of a dense cloud
having a vortex of about 60-240m diameter, whirling
destructively at speeds of 75—-135 m/s. Tornadoes are the most
destructive of all wind forces, and in the USA alone the damage
is in excess of $100 million per year. More details of tornado-
resistant design may be found in Whalen, et al. (2004), Minor
(1982), and Coulbourne, et al. (2002). An animated guide to
the causes and effects of tornadoes is provided by http://news.
bbc.co.uk/2/hi/science/nature/7533941.stm.

Code IS 875:1987 (Part 3) provides the basic wind speeds,
averaged over a short interval of 3 seconds and having a
50-year return period at 10 m height above ground level in
different parts of the country. The entire country is divided
into six wind zones (see Fig. 1 of this code). The wind pressure
or load acting on the structural system and the structural or
non-structural component being considered depends on the
following:

. Velocity and density of air

. Height above ground level

. Shape and aspect ratio of the building

. Topography of the surrounding ground surface

Angle of wind attack

. Solidity ratio or openings in the structure

. Susceptibility of the structural system under consideration
to steady and time-dependent (dynamic) effects induced by
the wind load

Depending on these factors, the wind can create positive
pressure or negative pressure (suction) on the sides of the
building.

The design wind speed is obtained from the basic wind
speed, as per IS 875 (Part 3), after modifying it to include the
risk level, terrain roughness, height and size of structure, and
local topography as

VZ = ka1k2k3 (313)

where V, is the design wind speed at any height z in m/s,
V), the basic wind speed (given in Fig. 1 of the code), k;
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CASE STUDY

Hurricane Katrina

Hurricane Katrina struck the New Orleans area of USA on the
early morning of 29 August 2005. It developed into a powerful
category-five hurricane, on the Saffir—Simpson scale of hurricane
intensity, with the highest wind speed of 280km/h (77.78 m/s). It
caused severe destruction along the Gulf coast from central Florida
to Texas. Much of the destruction was due to the storm surge,
which breached the levees of Louisiana at 53 different points, with
80 per cent of the city being submerged, leaving several victims
clinging to rooftops and sending several others to shelters around
the country. At least 1836 people lost their lives in the actual
hurricane and in the subsequent floods, making it the deadliest US
hurricane since the 1928 Okeechobee hurricane. NASA satellite
images showed that the floods that had buried up to 80 per cent
of New Orleans subsided only by 15 September 2005. Katrina
redistributed over one million people from the central Gulf coast
elsewhere across the USA, which became the largest diaspora in
the history of that country.

The total damage from Katrina is estimated at $81.2 billion
(2005 US dollars), nearly double the cost of the previously most
expensive storm, Hurricane Andrew, when adjusted for inflation.
Federal disaster declarations covered 233,000 km? of USA, an area
almost as large as the UK. The hurricane left an estimated three
million people without electricity. The Superdome, which was

(@ (b)
(a) Satellite image of the 25 mile wide eye of Hurricane Katrina (Photo: NASA)
(b) Flooded I-10/I-610/West End Blvd interchange and surrounding area of
northwest New Orleans and Metairie, Louisiana (Photo: US Coast Guard, Kyle
Niemi)

sheltering many people who were evacuated from their homes,
sustained significant damage.

the probability factor or risk coefficient (given in Table 1
of the code), k, the terrain, height, and structure size factor
(given in Table 2 of the code), and kj the topography
(ground contours) factor (given in Section 5.3.3 of the
code). It should be noted that the design wind speed up to
10m height from mean ground level is considered to be a
constant.

The design wind pressure p, is obtained from the design
wind velocity as

pg=0.6V> (3.14)
The wind load on a building can be calculated for the
following:

1. The building as a whole

2. Individual structural elements such as roofs and walls

3. Individual cladding units including glazing and their
fixings

The code provides the pressure coefficients (derived on
the basis of models tested in wind tunnels) for a variety of
buildings. Force coefficients are also given for clad buildings,
unclad structures, and structural elements.

Wind causes pressure or suction normal to the surface of
a structure. Pressures are caused both on the exterior as well
as the interior surfaces, the latter being dependent on the

openings (or permeability) in the structure, mostly in the walls.
Wind pressure acting normal to the individual element or
cladding unit is given by

(3.15)

F= (Cpe - Cpi)Apd

where F is the net wind force on the element, A the surface area
of element or cladding, C,, the external pressure coefficient,
C,; the internal pressure coefficient, and p, the design wind
pressure.

The wind pressure coefficients depend on the following
factors:

1. Shape of the building or roof

2. Slope of the roof

3. Direction of wind with respect to building
4. Zone of the building

A typical industrial building elevation is shown in Fig. 3.6
along with the wind pressure coefficients, C,, and C,;. The
building is divided into four zones and four local zones.
External pressure coefficients (C,,) for walls and pitched
roofs of rectangular clad buildings are given in Tables 4 and 5,
respectively, of this code. The internal pressure is considered
positive if acting from inside to outside, whereas external
pressure coefficient is considered positive when acting from
outside to inside, as shown in Fig. 3.6. All buildings are



classified into four types depending on the permeability, and
the corresponding internal pressure coefficients are listed in
Table 3.6. Figure 3 of this code provides the internal wind
pressure coefficients in buildings with large openings,
exceeding 20 per cent permeability.

C,. Pressure

coeffcients
(a)
l— End wall
) E G
Wind
N E
= "

/l/ oo s,
(b)

FIG.3.6 Typicalindustrial building elevation along with the wind pressure

coefficients (a) Typical elevation with wind pressure coefficients C, and

C,i (b) Half plan

=

TABLE 3.6 Internal pressure coefficient Cy;

S. No. | Type of Building G

1. Buildings with low permeability (less | £0.2
than 5% openings in wall area)

2. Buildings with medium permeability | 0.5
(5-20% openings in wall area)

3. Buildings with large permeability +0.7
(openings in wall area > 20%)

4. Buildings with one side large See Fig. 3 of code
openings

It should be noted that in addition to C,, local pressure
coefficients are also given in Tables 4 and 5 of the code. These
local pressure coefficients should not be used for calculating
the force on structural elements such as roof and walls or
the structure as a whole. They should be used only for the
calculation of forces on the local areas affecting roof sheeting,
glass panels, and individual cladding units including their
fixtures.

Code IS 875 (Part 3) provides the external coefficient for
mono-slope and hipped roofs, canopy roofs (e.g., open-air
parking garages, railway platforms, stadiums, and theatres),
curved roofs, pitched and saw-tooth roofs of multi-span
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buildings, overhangs from roofs, cylindrical structures, roof
and bottom of cylindrical structures, combined roofs, and
roofs with skylight, grand stands, and spheres.

The total wind load for a building as a whole is given by
the code as follows:

Here, F is the force acting in the specified direction, Cy the
force coefficient of the structure, A, the effective frontal area,
and p, the design wind pressure.

The code provides the force coefficients for rectangular
clad buildings in uniform flow and for other clad buildings
of uniform sections. The force coefficients for free-standing
walls and hoardings, solid circular shapes mounted on a
surface, unclad buildings, and frameworks are also given.

In certain buildings, a force due to frictional drag shall
be taken into account in addition to those loads specified for
rectangular clad buildings. This addition is necessary only
where the ratio d/h or d/b is greater than four (where b, d, and
h stand for breadth, depth, and height of the structure). The
frictional drag force F” in the direction of the wind is given by
the following formulae:

Ifth<b, F =Cj(d—4h)bp,+ C;(d—4h)2hp, (3.17a)

Ifh>b, F =Cj(d-4b)bp;+ C;(d—4b)2hp, (3.17b)

In each case, the first and second terms give the drag on
the roof and on the walls, respectively. The term C; has the
following values:

1. C;=0.01 for smooth surfaces without corrugations or ribs
across the wind direction

2. C; = 0.02 for surfaces with corrugations across the wind
direction

3. C;=0.04 for surfaces with ribs across the wind direction

3.7.1 Vortex Shedding

In general, the wind blowing past a body can be considered to
be diverted in three mutually perpendicular directions, giving
rise to forces and moments about the three axes. However,
in structural engineering applications, the force and moment
with respect to the vertical axes are not considered important
(they are significant in aeronautical engineering applications).
Thus, the effects of wind are considered in two dimensions,
as shown in Fig. 3.7. Along-wind or simply wind is the term
used to refer to drag forces and transverse wind is used to
refer to cross-wind. The cross-wind response, that is, motion
in a plane perpendicular to the direction of wind, dominates the
along-wind response for many tall buildings (Taranath 1998).
While the maximum lateral wind loading and deflection are
generally in the direction parallel to the wind (along-wind
direction), the maximum acceleration of the building (which
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Along wind

=

Transverse wind
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FIG. 3.7 Simplified two-dimensional flow of wind

will lead to possible human perception of motion or even
discomfort) may occur in the cross-wind direction (direction
perpendicular to the wind). This complex nature of wake-
excited response is due to the interaction of turbulences, building
motion, and dynamics of negative pressure wake formation.
Consider a circular chimney subject to wind flow, as shown
in Fig. 3.8(a). The originally parallel stream lines of the wind
are now displaced at the boundary of the building. These result
in spiral vortices being shed (break away from the surface of
the building) periodically from the sides of the building into
the downstream flow of wind called the wake. As a result of
these vortices, an impulse is applied to the building in the
transverse direction. At high wind speeds, the vortices are
shed alternatively first from one and then from the other side.
This kind of shedding, which gives rise to vibration in the
flow as well as the transverse directions of the wind, is called

vortex shedding. When the wind velocity is such that the
frequency of vortex shedding becomes approximately equal
to the natural frequency of the building, a resonance condition
is created, and hence the vortex shedding will be critical.
As per IS 875 (Part 3), if the length to maximum transverse
width ratio is less than 2.0, vortex shedding need not be
considered.

It may be of interest to note that while designing Burj
Khalifa (the world’s tallest building), extensive wind tunnel
testing was conducted. Based on this data, the number and
spacing of the setbacks as well as the shape of the wings
were determined. This resulted in substantial reduction in
wind loads by the disorganized vortex shedding over the
height of the tower, as shown in Fig. 3.8(c) (Baker, et al.
2008).

When one or more similar or dissimilar tall structures are
placed downstream or upstream of the structure, the ‘stand-
alone’ values of pressures and forces get altered. This is termed
as the interference effect. Interferences will occur irrespective
of whether the structures involved are rigid or flexible. In the
former, it is the ‘wake’ of one structure that affects the other,
whereas in the latter, the deflections of the structure affect the
wake itself (see Fig. 3.8b). It is very difficult to quantify the
interference effect. Systematic wind tunnel studies have to be
conducted to study these effects.

3.7.2 Dynamic Effects

Dynamic response is attributed to the following actions of wind:

1. Non-correlation of the fluctuating along-wind pressures
over the height and width of the structure
2. Resonant vibrations of a structure
3. Vortex shedding forces acting in a direction normal to the
wind causing a cross-wind as well as
torsional response

Movement M @™ ™™  Agper IS 875 (Part 3), the dynamic
ﬂ. N%SG 5 9 9 2 2 . o L.
Wind effects of winds (excitations along and
=) Upper plan across the direction of wind) should
Wind Nose /—~ " @ o be studied for the following cases of
4Tail buildings (flexible slender buildings):
Movement = 2 = 2 1. Buildings and closed structures
(@ Middle plan with a height to minimum lateral
] Nose /. @ o dimension ratio of more than 5.0
Wind Tail (h/b > 5.0), or heights greater than
ﬁ e 120m

Wind e o 2 2 Buildings and close structures whose
S o < Lower plan fundamental natural frequency (first

(b) (©) mode) is less than 1.0Hz

FIG. 3.8 Vortex shedding and interference effect (a) Flow around isolated building (b) Flow around two
close buildings (c) Disorganized vortex shedding behaviour in Burj Khalifa due to the shape

Source: Baker, et al. 2008, CTBUH

For these buildings, the calculated
wind pressure at height z should be
multiplied by the gust factor Gy.



It should be noted that IS 875 (Part 3) is under revision,
and the draft code contains several major changes, based
on recent research, especially for calculating the dynamic
effects of wind. The draft code stipulates that the wind
pressure for flexible buildings should be multiplied by
the dynamic response factor Cyy,, instead of the gust
factor Gy (see http://www.iitk.ac.in/nicee/IITK-GSDMA/
WO03.pdf).

3.7.3 Wind Effects on Tall Buildings

High-rise buildings (more than 10 storeys) are affected
by wind. For buildings with less than 10 storeys and with
regular configurations, wind load will not govern the design.
However, if not properly addressed, wind stress from the
vortex shedding could theoretically cause major structural
damage or even collapse of tall and slender buildings or
structures. Skyscrapers are normally engineered according to
a 50- or 100-year return period, meaning that, on an average,
engineers expect winds to reach structurally dangerous speeds
only once in a half century or more. Often, very tall structures
are designed to resist an additional wind load of up to 60 per
cent, or novel methods are incorporated to account for the
uncertainty in their measurements. For example, in the Burj
Khalifa towers, the setbacks in different levels were cleverly
oriented, in an upward spiralling pattern, decreasing the cross
section of the tower as it reached towards the sky. These

CASE
Wind as a Source of Energy in Tall Buildings

In future, wind will be treated not just as an obstacle to be overcome,
but as a source of energy to be harnessed. Several skyscrapers
that are under construction integrate large wind turbines into
their design. The 50-storey Bahrain World Trade Center in the
centre of Manama was the first to include such a wind turbine.
Three 225 kilowatts, 29m diameter wind turbines hang from
separate walkways connecting the identical, sail-shaped towers.
Together, these turbines supply about 15 per cent of the towers’
electricity, the equivalent of the energy needed to power over 300
homes. The unique shape of the buildings directs the wind gusts
towards the turbines, thereby increasing wind speeds and creating
an artificial wind tunnel between the two towers (as shown in the
figure).

Wind can also provide skyscrapers with natural ventilation,
which along with lighting, heating, and cooling systems
represents the major energy expenditure in most buildings.
Some advanced building facades, like that in Pearl River Tower,
Guangzhou, China, have a system for regulating natural airflow
into the building. In such facades, vents in the building’s ‘skin’
are used to provide energy-efficient ventilation, powered
by the prevailing winds outside (Frechette and Gilchrist
2008).
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setbacks also have the advantage of providing a different
width to the tower for each differing floor plate. This stepping
and shaping of the tower has the effect of ‘confusing the
wind’: wind vortices never get organized over the height of
the building, because at each new tier the wind encounters
a different building shape (see Section 2.5.8 and Figs 2.31
and 3.8c¢).

Buildings with shorter fundamental periods attract
higher seismic forces as the code-based design spectrum
exhibits higher accelerations at shorter periods. For
wind design, the opposite behaviour is observed. Longer
fundamental periods are indicative of buildings that are more
susceptible to dynamic amplification effects from sustained
wind gusts and result in higher design forces (Jacobs
2008).

It should be noted that the prescribed forces in codes are
only for ‘regular-shaped’ buildings. Wind tunnel analysis
should be performed for all unusually shaped structures. In
the case of Burj Khalifa, wind tunnel testing led to a dramatic
design change: the entire building was rotated 120° to
reduce wind loading. It has also been found that wind tunnel
analysis is beneficial for buildings exceeding 30 storeys in
height in terms of accelerations, cladding pressures, and base
overturning moments.

Wind stress can cause all kinds of problems in tall buildings.
It can break windowpanes, damage the outer facade, stress

STUDY

(@) (b)
(a) Bahrain World Trade Centre, Bahrain (b) Pearl River
Tower, Guangzhou, China
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FIG.3.9 Tuned mass damper installed a

building joints, cause leaking, crack walls, and create various
other issues. In addition, it can result in unnerving and even
nauseating or swaying the occupants. Indeed, measures to
counteract the wind are undertaken as much for comfort as
for safety. The happiness of the occupants is an especially
important issue for structural engineers. For example, in
the 508 m tall Taipei 101 tower, Taiwan (the world’s tallest
building from 2004 to 2010), a gold-coloured, 730-ton giant
pendulum, known as a tuned mass damper, is placed between
the 88th and 92nd storeys, which swings gently back and
forth, balancing the tower against the forces of the wind and
ensuring the comfort of its occupants (see Fig. 3.9). Tuned
mass dampers are also employed in Boston’s John Hancock
building and New York City’s Citigroup Center, for reducing
the action of the wind. The size and shape of the damper
is ‘tuned’ based on the height and mass of each particular
tower. As the wind pushes the building in one direction, the
damper swings or slides the other way, reducing sway, similar
to the way shock absorbers on a car soften bumps in the
road.

3.8 EARTHQUAKE LOADS

The crest of the earth is composed of about 13 large plates and
several small ones ranging in thickness from 32 km to 240 km.
The plates are in constant motion. When they collide at their
boundaries, earthquakes occur. Some think that earthquakes
may also be caused by actions such as underground
explosions due to the testing of nuclear bombs, construction
of dams, and so forth. Though most of the earthquakes have
occurred in well-defined ‘earthquake belts’, a few earthquakes
have hit seismically inactive parts of the world, for
example, the Kutch earthquake of 26 January 2001. Hence,
it is important to incorporate some measure of earthquake
resistance into the design of all structures, since failures of
structures due to earthquakes are catastrophic. Moreover,
tall buildings may be at greater risk than single-storey
buildings.

t the top of Taipei 101 tower, Taiwan

Earthquakes cause the ground
to shake violently in all directions,
lasting for a few seconds in a moderate
earthquake or for a few minutes in
very large earthquakes. Earthquakes
are recorded using accelerometers
or seismometers. The intensity of an
earthquake reduces with the distance
from the epicentre of the earthquake
(epicentre is the location on the
surface of the earth that is above
the focal point of an earthquake).
The magnitude and intensity of an
earthquake are of interest to the
structural engineer. The magnitude is a measure of the amount
of energy released by the earthquake, whereas intensity is
the apparent effect of the earthquake. Unlike the intensity,
which can vary with the location, the magnitude is constant
for a particular earthquake. The magnitude is measured by
the Richter scale, which is a logarithmic scale; for example,
an earthquake that measures 5.0 on the Richter scale has a
shaking amplitude 10 times larger than the one that measures
4.0 and has a 31.6 times greater energy release.

The intensity at a place is evaluated considering the three
features of shaking, namely perception by people, performance
of buildings, and changes to natural surroundings. Two
commonly used intensity scales are the modified Mercalli
intensity (MMI) scale and the Medvedev-Sponheuer-Karnik
(MSK) scale. Both the MMI and MSK scales are quite similar
and range from I (least perceptive) to XII (most severe). An
animated guide to earthquakes is available at http://news.bbc.
co.uk/2/hi/science/nature/7533950.stm.

In addition to the peak ground acceleration of an
earthquake, the following factors also influence the seismic
damage: (a) amplitude, (b) duration and frequency of ground
vibration, (c) magnitude, (d) distance from epicentre, (e)
geographical conditions between the epicentre and the site,
() soil properties at the site and foundation type, and (g) the
building type and characteristics.

Soil liquefaction is another effect caused by earthquakes,
which produces a quicksand-type condition, resulting in the
loss of the bearing capacity of the soil. Soil liquefaction may
result in settlement and total collapse of structures.

Earthquake loads are dynamic and produce different
degrees of response in different structures. When the ground
under a structure having a mass suddenly moves, the inertia
of the mass tends to resist the movement as shown in Fig.
3.10 and creates forces, called inertia forces, which are
equal to the product of the mass of the structure and the
acceleration (F = ma). The mass is equal to the weight
(W) divided by the acceleration due to gravity, that is,
m= W/g.
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CASE STUDY

The Sichuan Earthquake, 2008

The Sichuan earthquake that hit Sichuan Province in western
China on 12 May 2008 was of magnitude 7.9 and had a duration of
about two minutes. The epicentre was in Wenchuan County, 80 km
west/northwest of the provincial capital city of Chengdu. More
than 87,400 people lost their lives, 374,176 were injured, and 4.8
million were left homeless (estimates range from 4.8 million to
11 million). Approximately 15 million people lived in the affected
area.

It was the deadliest earthquake to hit China since the 1976
Tangshan earthquake (which killed at least 240,000 people) and
the strongest since the Chayu earthquake (8.5 Richter scale)
of 1950. Strong aftershocks, some exceeding a magnitude of 6,
continued to hit the area months after the main quake, causing
more casualties and damage. This very disastrous earthquake
was classified as XI, under the Modified Mercalli intensity scale.
Over 7000 schoolrooms and numerous buildings collapsed in the
earthquake.

Complete collapse of RC buildings during the 2008 Sichuan earthquake

| w | w
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(a) (b)
FIG. 3.10 Force developed due to an earthquake (a) At rest (b) Under
horizontal motion from the earthquake

In IS 1893 (Part 1) code, the following seismic design
philosophy has been adopted:

1. Minor and frequent earthquakes should not cause any
damage to the structure.

2. Moderate earthquakes should not cause significant
structural damage but could have some non-structural
damage (structure will become operational once the repair
and strengthening of the damaged main members are
completed).

3. Major and infrequent earthquakes should not cause collapse
(the structure will become dysfunctional for further use,
but will stand so that people can be evacuated and property
recovered).

Hence, the structures are designed for much smaller forces
than actual seismic loads during strong ground shaking.
It should be noted that this approach is different from that
adopted in the case of wind, dead, imposed, and other loads,
where the structure is designed for the anticipated loads.

CASE STUDY

The Indian Ocean Tsunami, 2004

The Indian Ocean tsunami was due to an undersea earthquake
(Sumatra—Andaman earthquake) that occurred on 26 December
2004, with an epicentre off the west coast of Sumatra, Indonesia.
The quake, with a Richter magnitude of 9.1 to 9.3, is the second
largest earthquake ever recorded on a seismograph. It had the
longest duration ever observed, between 8.3 and 10 minutes.

This earthquake caused an estimated 1600km fault surface to
slip under the ocean to about 15m, resulting in the earthquake
(followed by the tsunami) to be felt simultaneously as far away
as Bangladesh, India, Malaysia, Myanmar, Thailand, Singapore,
and the Maldives. The slip did not happen instantaneously but

took place in two phases over a period of several minutes. Due to
the slip, the sea floor is estimated to have risen by several metres,
displacing an estimated 30km? of water and triggering devastating
tsunami waves. Because of the distances involved, the tsunami took
from fifteen minutes to seven hours to reach the various coastlines.
In many places, the waves reached as far as 2km inland. The wave
reached a height of 24 m when coming ashore along large stretches
of the coastline, rising to 30m in some areas when travelling
inland.

An analysis by the United Nations found that a total of 229,866
people were lost, including 186,983 dead and 42,883 missing,

(Continued)
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(Continued)

due to the tsunami in towns and villages along the coast of the
Indian Ocean. The livelihoods of over three million survivors were
destroyed. Beyond the heavy toll on human lives, it had caused
an enormous environmental impact that will affect the region for
many years to come.

Guidelines for the design of structures against tsunami are
scarce (it is generally not feasible or practical to design normal
structures to withstand tsunami loads), but warning and evacuation
systems have been developed (see FEMA 55 and FEMA P646 at
www.fema.gov).

Forthe purpose of determining seismic forces, Indiais classified
into four seismic zones (zones Il to V) by IS 1893 (Part 1)
code (see Fig. 1 of the code). Recently, the National Disaster
Management Authority, Government of India, has developed
the Probabilistic Seismic Hazard Map (PSHM) of India, which
provides better estimates of seismic intensity (http://ndma.
gov.in/ndma/disaster/earthquake/Indiapshafinalreport.pdf).
The code requires that the designer either use a dynamic
analysis of the structure or, for the usual generally
rectangular medium height buildings (regular buildings),
use an empirical lateral base shear force (see Table 3.7).
The dynamics of earthquake action on structures is outside
the scope of this book, and the reader may refer to Chopra
(2000), Clough and Penzien (1993), and Kappos and
Penelis (1996) for the details of these dynamic analysis
methods.

TABLE 3.7 Requirement of dynamic analysis as per IS 1893 (Part 1)

Seismic Zone Regular Buildings Irregular Buildings

II and III Height > 90 m Height > 40 m

IV and V Height > 40 m Height > 12 m
Notes:

1. Large-span industrial buildings may also require dynamic analysis.
2. Buildings with a high level of torsion irregularity are prohibited in zones IV
and V.

For regular buildings, IS 1893 (Part 1) code suggests that the
design horizontal seismic coefficient A, for a structure may be
determined by the following simplified expression:

A, =ZIS,/g)(2R) (3.18)

Here, Z is the zone factor, given in Table 2 of IS 1893 (Part 1),
for the maximum considered earthquake (MCE) (the factor
of two in the denominator of Eq. (3.18) is used to reduce the
MCE to design basis earthquake). I is the importance factor,
depending on the functional use of the structure; it is given in
Table 2 of IS 1893 (Part 1). R is the response reduction factor,
depending on the perceived seismic damage performance of
the structure, characterized by ductile or brittle deformations.
The values of R for different types of RC buildings are given
in Table 7 of IS 1893 (Part 1); a value of R = 3 is assumed
for ordinary RC moment-resistant frames or for ordinary
RC shear walls, R = 4 for ductile shear walls, and R = 5 for
special RC moment-resistant frames. (S,/g) is the response
acceleration coefficient as given by Fig. 2 of IS 1893 (Part 1),

or Eqs 3.19 to 3.21, based on the appropriate natural periods
and damping of the structure.

A plot of the maximum response (for example, acceleration,
velocity, or displacement) against the period of vibration or the
natural frequency of vibration is called a response spectrum.
Using several earthquake spectra, a smooth spectrum
representing an upper bound response to ground motion is
normally used in the codes. Figure 2 of the code shows such
a spectrum adopted by the code. The values given in Fig. 2 of
the code can be represented mathematically by the following
equations:

1. For rocky or hard soil sites:

=2.50 0.0 £T<0.10 (for fundamental mode)
=1+15T 0.0 <T<0.10 (for higher modes)
SJ/g\ =2.50 0.107T<0.40 (3.19)
=1.0/T 0.40<T7T<4.00
\=0.25 T>4.00
2. For stiff soil sites:
=2.50 0.0 < T7<0.10 (for fundamental mode)
=1+4+15T 0.0 <T<0.10 (for higher modes)
S/g\ =2.50 0.0<T<0.55 (3.20)
=1.36/T 0.55<T<4.0
\=0.34 T>4.0
3. For soft soil sites:
=2.50 0.0 <T<0.10 (for fundamental modes)
=1+15T 0.0 <T<0.10 (for higher modes)
SJ/g\ =2.50 0.0<T<0.67 (3.21)
=1.67/T 0.67<T<4.00
=0.42 T>4.00

The multiplying factors for obtaining S,/g values for other
damping (these should not be applied to the point at zero
period) are given in Table 3 of IS 1893 (Part 1).

3.8.1 Natural Frequencies

A structure with n degrees of freedom has N natural
frequencies and N mode shapes. The lowest of the natural
frequencies of the structure is called its fundamental natural
frequency or just natural frequency expressed in Hz. The
associated natural period is called the fundamental natural
period, which is the reciprocal of the natural frequency
and is expressed in seconds. Where a number of modes are
to be considered for dynamic analysis, the value of A, (see



Eq. 3.18) should be determined using the natural period of
vibration of that mode. For underground structures and
foundations at depths of 30m or more, the design horizontal
acceleration spectrum value is taken as half the value obtained
from Eq. (3.18). For structures and foundations placed
between the ground level and 30m depth, the value can be
linearly interpolated between A, and 0.54,. For vertical
motions, the value shall be taken as two-thirds the design
horizontal acceleration spectrum; see Clause 6.4 of IS 1893
(Part 1):2002.

The approximate fundamental natural period of vibration,
T,, in seconds, for a moment-resisting concrete frame without
brick infill panels is given by the code as follows (FEMA 450
2003; Goel and Chopra 1997):

T,=0.075107 (3.22a)
where 4 is the height of the building in metres.
ASCE/SEI 07-10 provides the following equation:
T, = 0.0466h° (3.22b)

For buildings with up to 12 storeys and having a storey height
of at least 3m,

1,=0.1n (3.22¢)

where 7 is the number of storeys.
For all other buildings, including moment-resisting frame
buildings with brick infill, 7, is given by IS 1893 (Part 1) as

T,=0.09nd (3.22d)

where d is the base dimension of the building at the plinth
level, along the considered direction of the lateral force, in
metres.

More accurate estimates of natural period may be obtained
by using Rayleigh’s method, as follows:

T,=2n=——
n

2 A
i=1

where F; are the lateral loads applied at levels i = 1 to n, A;
refers to the corresponding lateral displacements, and W; are
the floor weights. It should be noted that for the evaluation of
Eq. (3.23), the displacements A; are required, and these may
be obtained by any computer program based on stiffness
analysis.

ASCE/SEI 07-10 provides the following approximate
equation for shear walled buildings (Goel and Chopra 1998):

(3.23)

T, = —0'0262 h (3.242)

w
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the base of the structure in m2, A, is the web area of the shear
wall i in m?, D; is the length of the shear wall i in m, 4; is the
height of the shear wall i in m, and x is the number of shear
walls in the building effective in resisting the lateral forces in
the direction under consideration. For buildings with up to 12
storeys and having a storey height of at least 3m,

:|, Ap is the area of

T,=0.05n (3.24b)

where 7 is the number of storeys.

It is suggested by the code to adopt only the approximate
natural period given by Eq. (3.22) or (3.23) in the calculations,
even though one may obtain an exact value, especially for
irregular structures (which may be more than this value)
by using a dynamic analysis computer program. It is to
safeguard the structure against the application of lower
design seismic forces calculated using the large natural
period obtained by the programs. Several approximate
methods for structural seismic design may be found in Scarlat

(1995).

3.8.2 Equivalent Static Method

In the equivalent static method (also referred to as the seismic
coefficient method), which accounts for the dynamics of the
building in an approximate manner, the total design seismic
base shear is determined by the following relation:

Vp=AW (3.25)

Here, A, is the design horizontal acceleration spectrum
value as per Eq. (3.18) using the approximate fundamental
natural period 7, as given in Eq. (3.22) in the considered
direction of vibration and W is the seismic weight of the
building.

Buildings provide a certain amount of damping due to
internal friction, slipping, and so forth. It is usually expressed
as a percentage of critical damping. A damping of five per
cent of the critical is considered for the RC structures as per
Clause 7.8.2.1 of IS 1893 (Part 1).

The seismic weight of each floor is calculated as its full
dead load plus the appropriate amount of imposed load
(Table 3.8). While computing the seismic weight of each floor,
the weight of the columns and walls in any storey should be
appropriately apportioned to the floors above and below the
storey. It has to be noted that buildings designed for storage
purposes are likely to have large percentages of service load
present at the time of earthquake shaking. Other appropriate
loads such as snow and permanent equipment should also be
considered.
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TABLE 3.8 Percentage of imposed load to be considered in seismic
weight calculation

Imposed Uniformly Distributed Percentage of Imposed Load
Floor Load (kN/m?)

Up to and including 3.0 25

Above 3.0 50

Note: The imposed load on roof need not be considered. No further reduction
for large areas or for the number of storeys above the one under consideration
(as envisaged in IS 875—Part 2) for static load cases is allowed.

After the base shear force Vj is determined, it should be
distributed along the height of the building (to the various
floor levels) using the following expression:

_ K/~ k
Qi =V {Wihi /ijhj ]
=1

where Q; is the design lateral force at floor 7, W; is the seismic
weight of floor 7, &; is the height of floor i measured from base,
and n is the number of storeys in the building. The value of
k equal to two is adopted in the Indian code. The use of the
equivalent static method is explained in Example 3.5.

After obtaining the seismic forces acting at different
levels, the forces and moments in the different members can
be obtained by using any standard computer program for the
various load combinations specified in the code. The structure
must also be designed to resist the overturning effects caused by
the seismic forces. Moreover, storey drifts and member forces
and moments due to P-delta effects must be determined. It
should be noted that all cantilever vertical projections are to be
designed for five times the design horizontal seismic coefficient
Aj, and the horizontal projections should be checked for stability
for five times the design vertical component (i.e., 10/3A,).

In tall buildings the contribution of higher modes may be
important, in irregular buildings the mode shape may not be
regular, and in industrial buildings (with large spans and heights)
the assumptions of the static procedure (the fundamental mode
of vibration is the most dominant, and mass and stiffness are
evenly distributed) may not be valid. Hence, for these buildings,
the code suggests dynamic analysis methods, which are grouped
into response spectrum method (multi-storey buildings,
irregular buildings, overhead water ranks, and bridge piers are
often designed using this method) and time—history response
analysis (very important structures such as nuclear reactors,
large-span structures, or very tall buildings are designed using
this method). These methods require some knowledge of
structural dynamics and are not covered in this book. For more
details, the reader may refer to Bozorgnia and Bertero (2004).

(3.26)

3.8.3 Rules to be Followed for Buildings in Seismic
Areas

For better seismic response, proper precautions need to be
taken at the planning stage itself (Murty 2005). It is preferable

to select a site where the bedrock is available close to the
surface, so that foundations can be laid directly on the rock. The
differential movement of foundation due to seismic motions is
an important cause of structural damage, especially in heavy,
rigid structures that cannot accommodate these movements.
Hence, if the foundation is on soft soil with spread footings,
adequate plinth or tie beams should be provided to counter
differential settlement. If the loads are heavy, pile foundations
with strong pile caps may be provided. Raft foundation is also
good to resist differential settlements, but may prove to be
expensive. In sandy or silty soils, if the water table is near
the foundation level, appropriate methods must be adopted to
prevent liquefaction.

To perform well in an earthquake, a building should possess
the following four main attributes: (a) simple and regular
configuration, (b) adequate lateral strength, (c) adequate
stiffness, and (d) adequate ductility. Figure 3.11 shows the
irregular configurations that are to be avoided and the regular
configurations that result in better earthquake performance.
The openings in a wall should be centrally located and should
be of a small size so that the wall is not unduly weakened.
(Ventilators provided near the edges of walls, adjacent to
columns, will create a short column effect and result in the
failure of the column. Similar effect will be created if openings
are provided from column to column.) Long cantilevers and
floating columns should be avoided. Appendages such as
sunshades (chajjas) and water tanks should be designed for
higher safety levels, or best avoided.

Concrete stairways often suffer seismic damage due to
their inhibition of drift between connected floors. This can
be avoided by providing a slip joint at the lower end of each
stairway to eliminate the bracing effect of stairway or by tying
the stairways to stairway shear walls.

Masonry and infill (non-structural) walls should be
reinforced by vertical and horizontal reinforcing bands to
avoid their failure during a severe earthquake. Other non-
structural elements should be carefully detailed or tied so that
they may not fall under severe shaking.

It should be noted that the failure of a beam causes localized
effect whereas the failure of a column may affect the stability
of the whole building. Hence, it is better to make columns
stronger than beams. This can be achieved by appropriate
sizing of the member and detailing. This concept is called
strong column—weak beam design (see also Section 13.9.1).

When buildings are too close to each other, they may pound
on each other. Connections and bridges between buildings
should be avoided and buildings with different sizes and
shapes should have an adequate gap between them to avoid
pounding. When building heights do not match, the roof of the
shorter building may pound at the mid-height of the columns
of the taller one, which will result in dangerous consequences
(Bachmann 2003). The buildings or two adjacent units of the
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Irregular configurations

Regular configurations

(a) Buildings with irregular configuration
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FIG. 3.11
Source: Ar. Gabor Lorant of Gabor Lorant Architects Inc.

same building should be separated by a distance equal to R
times the sum of the calculated storey displacements to avoid
pounding; the value of R is given in Table 7 of IS 1893 (Part 1).
This value may be multiplied by a factor of 0.5 if the two units
have the same floor elevation.

Buildings having simple regular geometry and uniformly
distributed mass and stiffness in plan and elevation (regular
structures) have been found to suffer less damage in earthquakes
than buildings with irregular structures. Hence, columns and
walls should be arranged in grid fashion and should not be
staggered in plan. The effect of asymmetry will induce
torsional oscillations of structures and stress concentrations at
re-entrant corners (Murthy 2005). These irregularities may be
grouped as plan irregularities and vertical irregularities (see
also Fig. 3.11).

3.8.4 Devices to Reduce Earthquake Effects

In addition to the aforementioned guidelines for analysis and
design, the structural engineer now has the option of using
a variety of devices to ensure the safety or serviceability

Irregular and regular configurations with reference to earthquake performance

of the structure under severe earthquakes. These devices
either isolate the structure from ground vibration or absorb
the energy provided by the earthquake to the building
(similar to the shock absorbers provided in motor vehicles,
which absorb the vibrations caused by the undulated road
surfaces).

Base Isolation

The concept of base isolation is to introduce springs or
special rubber pads between the ground and the foundation
of the structure, such that the building is isolated from the
ground. (This concept is similar to the provision of neoprene
bearings at the supports below the bridge decks.) These
flexible pads, called base isolators, introduce flexibility in
the structure, thereby increasing the time period. Thus, the
forces induced by ground shaking will be much smaller than
that experienced by ‘fixed-base buildings’ directly resting
on the ground. The buildings resting on such base isolators
are called base-isolated buildings. Moreover, the isolators
are designed to absorb the energy and thus increase the
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damping of the building. These base isolators may be either
coiled springs or laminated rubber bearing pads, made of
alternate layers of steel and rubber (Fig. 3.12a) and have a
low lateral stiffness. Figure 3.12(b) shows an actual base
isolator.

FIG. 3.12 Seismic base isolators (a) Laminated rubber bearing pad
(b) External view

Base isolators are found to be useful for short-period structures,
those with fundamental periods including soil-structure
interaction that is less than 0.7 seconds. IS 1893 code permits
the use of only standard devices having detailed experimental
data on the performance. In India, rubber base isolators have
been used in two single-storey brick masonry buildings (a
school and a shopping centre) in Killari, Maharashtra, and
in a four-storey Bhuj hospital after the 2001 Bhuj (Gujarat)
earthquake. Base isolation has been successfully implemented
in several hundreds of buildings in countries such as USA,
Japan, New Zealand, and Italy.

Energy-absorbing Devices

Another approach for controlling seismic damage in buildings
and improving seismic performance is by installing dampers
(seismic energy dissipating devices) mounted on structures
(especially on diagonal braces). They act like the hydraulic
shock absorbers provided in automobiles, which absorb the
vibration of sudden jerks and transmit only a part of the
vibration above the chassis of the vehicles. Dampers were first
used in the 1960s to absorb the vibration caused by winds in
tall buildings and are being used to protect buildings against
the effects of earthquakes only since the 1990s. When the
device merely absorbs the energy during vibration without
any energy input from outside, it is termed as a passive device.
On the other hand, if it opposes the vibration by means of an

Compressible Accumulator

Seal retainer.Seal silicon fluid housing

Piston rod ~ Piston head

with orifices Control accumulator

valve
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lat
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external energy source, itis called an active device. Commonly
used dampers include the following (see Fig. 3.13):

1. Viscous dampers: They consist of a piston—cylinder
arrangement filled with a viscous silicon-based fluid, which
absorbs the energy.

2. Friction dampers: The energy is absorbed by the friction
between two layers, which are made to rub against each
other.

3. Hysteretic dampers: The energy is absorbed by yielding
metallic parts.

4. Visco-elastic dampers: They contain a visco-elastic material
sandwiched between two steel plates, which undergoes
shear deformation, thus dissipating energy.

The following are the other types of dampers:

1. Tuned mass dampers (TMD): They are extra masses
attached to the structure by a spring—dashpot system and
designed to vibrate out of phase with the structure. Energy
is dissipated by the dashpot due to the relative motion
between the mass and the structure (see Section 3.7.3 and
Fig. 3.9).

2. Tuned liquid dampers (TLD): They are essentially water
tanks mounted on the structures, which dissipate energy by
the splashing of the water. The motion of the liquid may be
hindered by orifices to obtain additional energy dissipation.

3. Hydraulic activators: They are active vibration control
devices and have a sensor to sense the vibration and activate
the activator to counter it. These devices require an external
energy source and are expensive.

More information on base isolators and energy-absorbing
devices may be found in Naeim and Kelly (1999).

3.9 OTHER LOADS AND EFFECTS

The guidelines for special loads due to foundation movements,
temperature effects, soil and hydrostatic pressure, erection
loads, accidental loads, and so forth are provided by IS 875
(Part 5) and Taly (2003). Details of blast loading are provided in
IS 6922. 1t is important for the engineer to accurately calculate,
as per the codal provisions, the different loads acting on a
structure, as overestimation of loads will result in uneconomical
structures and underestimation will result in sudden failures.

material

() (d)

FIG. 3.13 Types of dampers (a) Typical viscous damper (b) Typical hysteretic damper (c) Typical visco-elastic damper (d) Typical friction damper



3.9.1 Foundation Movements

Foundation movements result in three types of distortions:
(a) maximum (absolute settlement), (b) average (vertical)
tilt, and (c) angular distortion. It has been found that angular
distortion due to differential settlement is responsible for the
major cracking of buildings (Venugopal and Subramanian
1977). Permissible values of total settlement, differential
settlement, and angular distortion are given in IS 1904. It is
prudent to design the foundations in such a way as to limit the
angular distortion within the permissible limits. Plinth beams,
connecting the foundations, may be provided to take care of
differential settlements. While designing the plinth beams, a
possible differential settlement of 12 mm may be considered.

3.9.2 Thermal and Shrinkage Effects

As per Clause 19.5.1 of IS 456, temperature fluctuations and
shrinkage and creep effects may be ignored in buildings whose
lateral dimension does not exceed 45m. As per Clause 27.2
of the code, if the lateral dimension of the building exceeds
45 m, temperature effects must be considered in the design, or
suitable expansion or contraction joints in accordance with IS
3414 should be provided. Similarly, structures that have abrupt
changes in plan should be provided with expansion joints at
places where such changes occur. These expansion joints
facilitate the necessary movements to occur with minimum
resistance at the joint. Usually, the two separated structures
are supported on separate columns or walls, but need not
necessarily be on separate foundations. Reinforcements
should not extend across the expansion joint, and there should
be a complete break between the sections.

Guidance for the design and construction of joints in RC
buildings is provided by CIRIA Report 146 (1995), Varyani
and Radhaji (2005), and Pfeiffer
and Darwin (1987). Length between
the expansion joints versus design
temperature change AT, as given in ACI
224.3R (1995), by two different methods
is provided in Fig. 3.14. Because of the
additive volume change due to drying
shrinkage (which is taken care of by
the term 7, = 17°C), the joint spacing
given by Fig. 3.14(a) is governed by
contraction instead of expansion.

The maximum variation in tem-
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expansion for concrete, ¢, varies from 6 X 10~ mm/mm per
degree Celsius (for concrete with limestone aggregates) to 12
% 107 mm/mm per degree Celsius (for concrete with siliceous
aggregates—sandstone and quartzite). An average value of 10
X 10"*mm/mm per degree Celsius may be taken for concrete
members. The displacement A, due to temperature differential
At, for a length of L, may be computed as (Fintel 1974)

A=a AL (3.27)

The spacing of expansion joints is affected by many factors
such as building shape, material type and associated
properties (such as shrinkage of concrete or long-term axial
shortening due to pre-stress), fixed or pinned bases, restraints
to movement such as walls and bracing and their relative
location in the structure, heated or air conditioned interiors and
the reliability of those systems, expected diurnal and seasonal
temperature differential, storey height, column stiffness, and
effective reserve capacity of the column section available for
resisting temperature loading, which, in turn, depends mainly
on the percentage of reinforcement and the width of the
building. Square buildings may require smaller spacing than
rectangular ones (Varyani and Radhaji 2005). As mentioned
previously, temperature stresses are important in the design
of chimneys, cooling towers, and structures designed to resist
loads due to fires.

Shrinkage and Temperature Reinforcement

Slabs and other elements exposed to the sun’s radiation also
develop temperature stresses. In such occasions, nominal
reinforcements are often provided, close to the surface that
is being affected, to take care of temperature and shrinkage.

perature in a particular location can be 0
determined from Figs 1 and 2 of IS 875
(Part5). A few software packages, such
as ANSYS and ABAQUS, are capable
of doing temperature analysis (Saetta,
et al. 1995). As per Clause 6.2.6 of
IS 456, the coefficient of thermal
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FIG. 3.14 Length between expansion joints versus design temperature change AT, as given in ACI
224.3IR (1995) (a) Graph as per Martin and Acosta method (1970) (b) Graph as per National Academy
of Sciences (1974) (Reprinted with permission from ACI)
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Where shrinkage and temperature movements are permitted
to occur freely, the codes specify the amount of shrinkage
and temperature reinforcement, as shown in Table 3.9. These
values specified in the codes have not changed for a long time
and are empirical, but they have been used satisfactorily for
many years. ACI 318 also suggests that such reinforcements
should have a maximum spacing of five times the slab
thickness or 450 mm, whichever is smaller. Splices and end
anchorages of shrinkage and temperature reinforcements
should be designed for the full specified yield strength,
according to the ACI code. In one-way slabs, shrinkage
and temperature reinforcement are provided normal to the
flexural reinforcement (over the flexural reinforcement, or
bottom bars, in the positive moment region and below the
flexural reinforcement, or top bars, in the negative moment
region).

TABLE 3.9 Minimum ratios of temperature and shrinkage
reinforcement in slabs based on gross concrete area

Code IS 456:2000 ACI 318:2008 NZS 3101:2006
(Clause 26.5.2.1) | (Clause 7.12.2.1) | (Clause 8.8.1)
Slabs with mild | 0.0015 0.0020
steel bars (fy=280MPa
and 350 MPa)
Slabs with 0.0012 0.0018
high-strength (fy=420MPa)
deformed bars
or welded wire 0.7/f,20.0014
fabric
Slabs with NA 0.0018 x 420/f,
reinforcements >0.0014
having yield
strength greater
than 420 MPa

Concrete shrinks as it dries out, as pointed out in Section 1.8.8.
Usually, slabs and other members are joined rigidly to other
parts of the structure and cannot contract freely. This will
result in tensile stresses, known as shrinkage stresses. In such
situations, it may be necessary to provide more reinforcement
than that suggested for minimum steel; otherwise, the slabs
will crack due to shrinkage stresses. However, analysing the
effects of shrinkage or temperature change is complicated
and neither the Indian nor the ACI code provides guidance
for determining these effects. However, Clause 9.4.3 of the
Australian code, AS 3600:2001, and ACI 209 R-92 provide
some guidance. The shrinkage and temperature reinforcement
required for a fully restrained slab could be double that required
by ACI 318 (Gilbert 1992). Cracks due to restrained drying
shrinkage can be serious because, unlike flexural cracks, they
can extend over the full depth of the member. The minimum
steel requirements will not eliminate shrinkage cracking
but will control crack widths. More details on shrinkage

and temperature reinforcement can be found in Suprenant
(2002).

Shrinkage Strip and Shrinkage Compensating
Concrete

A shrinkage strip or pour strip is a temporary joint in the
structure that is left open for a certain time during construction
to allow a significant part of shrinkage to take place. However,
they are expensive and delay the construction because of the
following reasons:

1. Reshores must be left in place for an extended time (in 12
weeks, pour strips may address only about half the potential
shrinkage).

2. The presence of reshores in pour strip bays delays the
completion of the mechanical, electrical, and plumbing
systems, as well as the installation of final finishes.

3. The process of forming, placing, and finishing pour strips
is labour intensive; additional reinforcing bars and labour
are often required in pour strip bays (Suprenant 2002).

Hence, the better alternative would be to use shrinkage
compensating concrete, also known as K-concrete (containing
calcium aluminates) in USA. Shrinkage compensating concrete
is a concrete made with expansive cement, which will expand
by an amount equal to or slightly greater than the anticipated
drying shrinkage. Ideally, a residual compression will remain
in the concrete, reducing the risk of shrinkage cracking
(Eskildsen, et al. 2009). In USA and Russia, expansive cements
are available, whereas in Japan they are produced by adding
expansive admixtures to ordinary Portland cement. These
cements contain or are blended with combinations of calcium
sulphate, calcium aluminates, and calcium aluminate sulphates.
Although their characteristics are in most respects similar to
those of Portland cement concrete, the materials, selection of
proportions, placement, and curing must be such that sufficient
expansion is obtained to compensate for subsequent drying
shrinkage. The cost of shrinkage compensating concrete
may be 20 per cent more than comparable Portland cement
concrete. More details about shrinkage compensating concrete
may be found in ACI 223 R-10.

3.9.3 Soil and Hydrostatic Pressure

In the design of structures below ground level, for example,
basement walls and retaining walls, the pressure exerted by
the soil or water, or both, must be considered (see Fig. 3.15).
Permissible bearing pressures on subsoil are given in Appendix
A. The water pressure, p,,, is given by

Pw=JoH (3.28)

where %, is the unit weight of water (10kN/m?) and H is the
height of the (subsoil) water retained.
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Many established theories are available (Bowles 1990) to
calculate the active earth pressures. The active earth pressure
as per Rankine’s theory for cohesionless soil is given by
1—sing
Pe = T+ sin @ Ve
where 7 is the unit weight of earth and ¢ is the angle of repose
of the soil.

When a portion or whole of the soil is below the free water
table, lateral earth pressure shall be evaluated by considering
the reduced weights of soil (due to buoyancy) and the full
hydrostatic pressure. All foundation slabs and other footings
below the water table should be designed to resist a uniformly
distributed uplift equal to the full hydrostatic pressure.

The structures should be checked against overturning and
horizontal sliding. Imposed loads having favourable effect
should be disregarded for this purpose. Due consideration
should be given to the possibility of the soil being permanently
or temporarily removed and for the foundation under submerged
condition (only buoyant weight of the foundation or soil should
be taken in the calculation for overturning). More details on earth
pressures and retaining wall design are provided in Chapter 16.

(3.29)

3.9.4 Erection and Construction Loads

Erection loads are very important for precast concrete
members. It is also important to temporarily brace the
structures during erection for safety and stability. In addition,
the construction of slabs in multi-storey RC construction often
employs shoring and formwork such that the weight of the
newly cast slab plus the working load are transferred to one
or more previously placed slabs. The construction loads on
the supporting floors may often exceed the slab design loads
during maturity, especially when the design live load is small
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compared with the dead load. (This situation is encountered
in residential multi-storey buildings.) Insufficient support will
result in serviceability problems such as deflected slabs and
beams with radial cracks around columns. At an early age,
concrete is susceptible to tensile cracking. Concrete failure
due to deficiency in tensile strength, and consequently low
shear resistance, is the most serious type of slab failure.

Hence, formwork should not be removed until the concrete
attains the strength sufficient to carry the construction loads. It
is also important to have one level of shores and two levels of
reshores to distribute the load to several levels. Such a system
will also permit the placement of one storey per week in the
most economical manner. Adequate temporary lateral bracing
of shores reduces the possibility of formwork collapse due
to overloading forms and lateral pressure caused by wind,
movement of heavy equipment, and impact of placement of
concrete.

Simulation of construction sequence in the analysis of
the frames of multi-storey buildings leads to a considerable
variation in the design moments obtained by conventional
one-step analysis. Hence, for an accurate evaluation of the
forces in the members, frames must be analysed considering
the construction sequence. More details about this type of
analysis and shoring/reshoring may be found in Chen and
Mosallam (1991) and ACI 347.2R-05.

3.9.5 Flood Loads

The warming up of the atmosphere has resulted in heavy,
unprecedented floods in several parts of the world. Hence, it
has now become necessary to protect structures against such
floods. Storm-induced erosion and localized scour can lower
the ground surface around the foundations of buildings and
cause loss of load-bearing capacity and loss of resistance to
lateral and uplift loads. Flood loads include the following:
(a) hydrostatic, including buoyancy or floatation effects, (b)
breaking wave, (c) hydrodynamic, and (d) debris impact (from
waterborne objects). Provisions regarding this are lacking in
the Indian code and interested readers may refer to ASCE/SEI
07-10 and ASCE 24-05 for more details.

3.9.6 Axial Shortening of Columns

Axial shortening of columns due to long-term creep and
shrinkage is inevitable in tall RC buildings having 30 storeys
or more. However, calculation of the exact values of axial
shortening is not a straight forward task since it depends
on a number of parameters such as the type of concrete,
reinforcement ratio, and the rate and sequence of construction.
All these parameters may or may not be available to the design
engineer at the preliminary design stage of construction.
Furthermore, long-term shortening of columns could affect
the horizontal structural members such as beams and floors
and hence could affect the finishes and partitions. The axial
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shortening at any floor level n, A,, could be calculated by
using the following formula:

1 3L,
An :_ZA_kPk

(3.30)
E k=1

where E is the Young’s modulus, which can be taken as
5000@ as per IS 456, Py is the load in the column at the
kth storey, NS is the number of storeys, and L, and A, are the
length and area, respectively, of the column at the kth storey.

Assuming that the column area is varying linearly, instead
of the actual discrete variation, Taranath (1998) developed
the following formula to calculate the axial shortening of a
column at a height z in a single step.

where «is the rate of change of area of the column given by
(A, —A)IL, Bis the rate of change of axial load given by (P, —
P)IL, A, is the area of the column at the top, A, is the area of
the column at the bottom, P, is the axial load at the top, P, is
the axial load at the bottom, E is the Young’s modulus, and L
is the height of the building.

Jayasinghe and Jayasena (2004) provide a set of guidelines
so that the effect of axial shortening of column could be
taken into account approximately,
especially at the preliminary design

load is the characteristic imposed load multiplied by the
appropriate partial safety factor)
2. Where the nominal live load exceeds three quarters of the

nominal dead load

(a) design dead load on all spans with full design imposed
load on alternate spans (see Fig. 3.16b)

(b) design dead load on all spans with full design imposed
load on two adjacent spans (see Fig. 3.16a)

(c) design dead load plus design imposed load on all spans

For continuous beams and slabs continuous over supports, the
arrangement as given in point 2 may be used. Moreover, it
should be noted that the redistribution of moments cannot be
applied in this case.

Loading arrangements given in point 2(c) is required to
find the maximum load on the columns and points 2(a) and (b)
are required to determine the maximum moments occurring in
the beams of rigid frames (as shown in Fig. 3.16).

When lateral loads are also considered (dead load +
imposed load + wind or earthquake load combination), it is
not necessary to apply pattern loading.

From this discussion, it is obvious that the critical loading
condition for the strength of a simply supported beam is
when it supports the maximum design dead load and imposed
load at the ultimate limit state. The size of the beam can be
determined from the bending moment and the shear derived
from this loading condition, and should be checked for
deflection at the serviceability limit state.

stage and also during the construction
phase. Samara (1995) has presented

a new rational approach for the
evaluation of the effects of creep

on RC axially loaded column at
sustained service stresses. This
approach has been found to correlate ~ =
well with experimental results and
also the measured values at Water
Tower place and Lake Point Tower in
Chicago.

(a)

3.10 PATTERN LOADING

For continuous structures, connected by rigid joints or
continuous over supports, vertical loads should be arranged in
the most unfavourable but realistic pattern for each element.
The arrangement of live loads considered in the analysis may
be limited to the following combinations (see IS 456, Clause
22.4.1):

1. Where the nominal design imposed load does not exceed
three quarters of the nominal dead load, design imposed
load and design dead load on all spans (design imposed

Loading for M} ..

A
—— DL only
= DL +IL
777 77T 77T 7T 77T 77T 77T
Loading for M¢ .«
(b)

FIG. 3.16  Gravity load patterns and the influence lines for bending moment (a) Loading for maximum
positive mid-span moment (b) Loading for maximum negative support moment

3.11 LOAD COMBINATIONS

If we do not consider accidental loads, as per Table 18 of IS 456,
we should consider the following 13 loading cases for a building
in which lateral load is resisted by the frames or walls oriented
in two orthogonal directions, say x and y (see Fig. 3.17):

1. 1.5(DL +IL)

2. 1.2(DL +IL + EL,)
3. 1.2(DL +IL — EL))
4. 12(DL + 1L + ELy)
5. 1.2(DL +IL — ELy)



6. 1.5(DL + EL,)
7. 1.5(DL - EL,)
8. 1.5(DL +EL,)
9. 1.5(DL - EL,)
10. 0.9DL + 1.5EL,
11. 0.9DL — 1.5EL,
12. 0.9DL + 1.5EL,
13. 0.9DL — 1.5EL,

Here, DL is the dead load, IL is the imposed load (live load),
WL is the wind load, and EL,and EL are the design earthquake
loads in x and y directions, respectively. The factors 1.5, 1.2,
and 0.9 are the partial safety factors for the loads.

EQ,
EQ,

FIG. 3.17 Earthquake loading in two orthogonal directions

Since the horizontal loads are reversible in direction, in some
cases the design is governed by the effect of lateral load minus
the effect of gravity loads. In such situations, a load factor
greater than 1.0 for gravity loads will make the calculations
un-conservative. Hence, a load factor of 0.9 is specified on
gravity loads in load combinations 10-13. Many designs of
footings, corner columns, and beams at the ends in framed
structures are found to be governed by this load combination.
Central columns may be governed by combinations 6-9.

Since dead loads can be precisely estimated than live loads,
several codes assume a smaller value of load factor for dead
loads (e.g., 1.25 in the Canadian code, 1.4 in the US and UK
code) and a higher value of load factor for imposed loads (e.g.,
1.5 in the Canadian code and 1.6 in the US and UK codes).
However, in the Indian code the same load factor of 1.5 is used
for both dead and imposed loads.

Since the code assumes that maximum earthquake and wind
loads will not occur simultaneously, in the given combinations,
EL, or EL, may be replaced by WL, or WL, in places where
wind load is predominant. It may be noted that in many
occasions, loading combinations 6-9 may govern the design.

When snow load is present on the roofs, the imposed load
on the roof should be replaced by the snow load on the roof
for the purpose of load combinations. When imposed load is
combined with earthquake load, the effect of the earthquake
should be calculated for the full dead load plus the percentage
of the imposed load as given in Table 3.8.

Load Combinations for Non-orthogonal Buildings

In structures with non-orthogonal lateral load resisting
system, the lateral load resisting elements may be oriented in
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a number of directions. In such buildings, considering x and y
direction loads acting separately, as discussed in the previous
section, may be un-conservative for elements not oriented in
the x and y directions.

A lateral load resisting system in the form of frames or walls
offers maximum resistance when the load is in the direction
of the element. However, in non-orthogonal structures, it may
be tedious to apply lateral loads in each of the directions in
which the lateral load resisting elements are oriented. Hence,
in such buildings, as shown in Fig. 3.18, IS 1893 suggests that
the buildings be designed for the following:

1. 100 per cent design earthquake load in x direction and
30 per cent design earthquake load in y direction, acting
simultaneously

. 100 per cent design earthquake load in y direction and
30 per cent design earthquake load in x direction, acting
simultaneously

[\

EL, 0.3EL,
T L —
f 0.3EL, TELy
FIG. 3.18 100% + 30% rule for non-orthogonal lateral load resisting
systems

Code IS 1893 suggests that this rule should also be applied
to buildings that are torsionally unbalanced about both the
orthogonal axes. Since the directions of the earthquake forces are
reversible, it results in the following eight additional possibilities:

. EL, +0.3EL,
. 0.3EL, + EL,
EL, - 0.3EL,
0.3EL, - EL,
. —(EL, + 0.3EL,)
. =(0.3EL, + EL,)
. —(EL, - 0.3EL,)
. —(0.3EL, — EL,)

It is important to note that the corner columns of buildings with
orthogonal lateral load resisting systems will be governed by
this 100% + 30% rule. However, the code dispenses with this
rule for orthogonal buildings to save the design effort.

EXAMPLES

ExampLE 3.1:

An industrial building has been designed to resist a floor live

load of 5kN/m?, as per IS 875 (Part 2), but later on statistical

readings were taken on similar slabs and the observed live

loads in kN/m? on the various slabs are as follows:
13x3.2,15%x3.8,35x4,10x4.2,10x4.4
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(13 x 3.2 means 13 number of slabs, each having a load of
3.2kN/m?2)

Determine the characteristic load if the accepted probability
of the load is not to exceed five per cent, assuming normal
distribution.

SOLUTION:
The measured live loads are denoted by Q, .
0,i=13%x32,15%x3.8,35x4,10x4.2,10x 4.4

Total number of samples, n =13 +15+35+ 10+ 10 =83
The mean value, Q,,, =3.91
Standard deviation, o = 0.3512
Coefficient of variation, C, = ¢/Q,,, = 0.09
(These values can be obtained by using a scientific calculator.)
The characteristic live load, Q,x = Q,,, + 1.65s

=3.91 4+ 1.65 x 0.3512 = 4.489 kN/m>

Thus, the characteristic value that should have been used
in the design is 4.489 or 4.5 kN/m2, which is less than that
assumed in the design. Hence, it is safe.

ExampLE 3.2:

Calculate the loads acting on beam B2 of a two-storey
residential RC building, as shown in Fig. 3.19. Assume the
floor finish to be of 1.6 kN/m?.

SOLUTION:

Calculation of Loads

Span of beam B2 =7m

Assume the thickness of wall to be 230 mm and width of
beam to be 230 mm. The depth of beam may be assumed to be
85mm per 1 m span.

Hence, depth =7 X 85 =595 or say 600 mm

Weight of beam = 0.23(0.6 — 0.15) X 25 = 2.59kN/m

For residential buildings, imposed load as per IS 875 (Part
2) = 2kN/m?

Assuming a slab thickness of 150 mm, weight of slab
0.15 x 25 = 3.75kN/m?

Total dead load including floor finish = 3.75 + 1.6
5.35kN/m?

Total load on slab = 5.35 + 2.0 = 7.35kN/m?

The distribution of slab load on beams is shown in Fig.
3.19(d). The slab load transmitted to beam B2 consists of three
parts: (a) direct load from slab S; (trapezoidal) and slab S,
(triangular), as shown in Fig. 3.19(e), (b) reaction from beam
BS5, with half the load from one-way slab S; (UDL), and (c)
trapezoidal wall load on beam B2, as shown in Fig. 3.19(f).
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FIG.3.19 Slab of Example 3.2 (a) Plan (b) Section A-A (c) Section B-B (d) Load distribution of slabs () Direct slab load on beam B2 (f) Direct wall

load on beam B2



Load Due to Slabs S; and S,

The trapezoidal load can be converted into UDL using Table 3.5.
Li/L,="7.0/5.0 =1.4. Hence, from Table 3.5, = 0.83 and
f£=0.643.
Equivalent load for bending = 7.35 x 0.83 X 2.5 = 15.25kN/m
Equivalent load for shear =7.35 X 0.643 x 2.5 = 11.80kN/m

Equivalent UDL Due to Triangular Loading

Equivalent UDL for the loaded part of the beam = w
Loaded area 7.35%(0.5x4.5%2.25)
Loaded length — 4.5

Load Due to Wall

Refer to Fig. 3.19(f).
Height of the wall =2.6m
Let us calculate the equivalent UDL.
X=h,/N3=26/3=15m
7.0

Since L;/(2X) > 2, the coefficient for calculating the
equivalent UDL for B.M. or S.F. of the beam may be taken as
1.0 (see Table 3.5).

Hence, g,, X h,, = 1.0 x 20 X.23 X 2.6 = 11.96kN/m

Calculation of Reaction Due to Beam B5
Refer to Fig. 3.20(a).

=8.27kN/m

g
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FIG. 3.20 Equivalent beam loading (a) Slab load on secondary
beam B5 (b) Equivalent load for bending for beam B2 (c) Equivalent
load for shear for beam B2

Assume the size of beam B5 to be 230 X 500 mm.
Self-weight of beam =0.23 x (0.5 -0.15) X 25 =2.01 kN/m
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L/L,=5.0/4.5=1.11; from Table 3.5, #=0.55

Slab load due to dead and imposed loads = 7.35 X 1.25 +
7.35 % 2.25 x0.55 = 18.28 kN/m

Total equivalent UDL = 2.01 + 18.28 =20.3kN/m

Reaction due to dead and imposed loads = 20.3 x 5/2 =
50.75kN

Equivalent Load for B.M. for Beam B2

Part ab: 2.59 + 15.25 + 11.96 = 29.8 kN/m
Part be: 2.59 + (15.25 + 8.27) + 11.96 = 38.07kN/m

Equivalent Load for S.F. for Beam B2

Part ab: 2.59 + 11.8 + 11.96 = 26.35kN/m
Part be: 2.59 + (11.8 +8.27) + 11.96 = 34.62kN/m
These loadings are shown in Fig. 3.20(b) and (c).

ExampLE 3.3:
A commercial building shown in Fig. 3.21 has seven storeys. The
roof is accessible and all the floors are used as offices. Calculate
the load on interior column AB on the first floor, assuming the
spacing of columns in the perpendicular direction to be 4 m.

Live load on each floor = 4000 N/m?

Live load on roof with access = 1500 N/m?

Assuming 150 mm thick slab, dead load = 3750 N/m?

Add dead load of floor finish, etc. (say) = 1000 N/m?

Total dead load = 4750 N/m?

Height of each storey = 3m

H Roof floor no.

3mXx7

> WO = Q
— 0 WA L

1.5m

- s s mr
4m S5m

FIG. 3.21

SOLUTION:
The loads from the various floor levels are computed as shown in
Table 3.10. The live load has been reduced as per IS 875 (Part 2).

TABLE 3.10

Seven-storey building of Example 3.3

Imposed load reduction for a seven-storey building

Column | Floor | Live Load (N/m?) Dead Load | Total Load from
(N/m?) Floor (N/m?)
GH Roof | 1500 4750 6250
FG 7 0.9 x 4000 = 3600 4750 8350
EF 6 0.8 x 4000 = 3200 4750 7950
DE 5 0.7 x 4000 = 2800 4750 7550
CD 4 0.6 x 4000 = 2400 4750 7150
BC 3 0.6 x 4000 = 2400 4750 7150
AB 2 0.6 x 4000 = 2400 4750 7150
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Design load on column AB = 1.5(6250 + 8350 4+ 7950 + 7550
+3x7150) x4 x (4+5)/2
=1,391,850/1000 = 1391.9kN

It should be noted that if the live load reduction is not
considered, the load on column AB will be 1.5(6250 + 8750 x
6) x4 x (4 +5)/2 =1,586,250/1000 = 1586.3kN. Thus, there
is an increase of 14 per cent load. It should also be noted that
the dead load on the roof in a real structure may be more due
to the type of weathering course adopted.

ExampLE 3.4:

A rectangular building situated in an industrial area is to be
designed in Chennai city. The height of the building is 4.5m
and the size of the building is 10m X 40m. The walls of the
building have 20 openings of size 1.2m X 1.5 m. The building
has a flat roof supported on load-bearing walls (see Fig. 3.22).
Compute the design wind pressure and design forces on walls
and roofs of the building.

%9=0°
C A
\ B
IOH:\‘IZIIZIIZIIZIIZIIZIIZIIZI

40m
FIG.3.22 Single-storey building of Example 3.4

D

I 4.5m

SOLUTION:
Basic wind speed in Chennai, as per wind zone map or
Appendix A of IS 875 (Part 3)
V, =50m/s
Assume that the building is to be designed for a 50-year life.
Then, the risk coefficient from Table 1 of IS 875 (Part 3) is
k 1= ]
The building is proposed to be erected in a city’s industrial area,
and hence, it is considered as belonging to category 3. The terrain
factor from Table 2 of IS 875 (Part 3) for a height of 4.5m is
ky=0.91

The ground is assumed to be plain; hence, the topography
factor is
k3 = 1
Design wind speed V, = V,kkyk;
=50x1x0.91x1=455m/s
Wind pressure p, = 0.6V,2 = 0.6 x (45.5)?
= 1242 N/m? = 1.242kN/m?

Permeability of Building

Area of the walls =4.5(2 x 10 + 2 x 40) = 450 m?
Area of all the openings =20 x 1.5 x 1.2 = 36 m?

Percentage opening area is 8 per cent, which is between
5 per cent and 20 per cent. Hence, the building is of medium
permeability.

Wind Load Calculation

F= (Cpe - Cpi)Apd

Internal Pressure Coefficient

This is obtained from Table 3.6.
C,i=%0.5

External Pressure Coefficient

On roof: Using Table 5 of IS 875 (Part 3), with roof angle 0°
without local coefficients, for #/w = 0.45, the coefficients are
obtained as shown in Table 3.11.

TABLE 3.11  External pressure coefficients for roof
Portion of Roof Wind Incidence Angle
0° 90°
E -0.8 -0.8
F -0.8 -0.4
G -0.4 -0.8
H -0.4 -0.4

Design Pressure Coefficients for Walls

For h/iw = 0.45, I/w = 4, and C,,, for walls using Table 4 of IS
875 (Part 3), we obtain the coefficients as shown in Table 3.12:

TABLE 3.12 Design pressure coefficients for walls

Wall Wind Incidence Angle
0° 90°

A +0.7 -0.5

B -0.25 -0.5

C -0.6 +0.7

D -0.6 -0.1

It should be noted that the pressure coefficients are given only
for buildings with //w ratio up to four. For longer buildings,
that is, I/w > 4.0, the values given in the table up to I/w = 4.0
should be used.

These values have to be combined with the internal pressure
coefficients C,; = +0.5.

Thus, net pressure for roof as per Fig. 3.6 is shown in Fig. 3.23.

C

pner Tor walls A or B

=0.7-(-=0.5) =+1.2 pressure

=-0.5 - (+0.5) =—1.0 suction
et fOr walls C or D

=0.7-(-0.5) =+1.2 pressure

=—0.6 —(+0.5) =—1.1 suction

G

Design Pressure for Walls
F= Cpnet XPa
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FIG. 3.23 Net roof pressure coefficients for different zones and combinations (a) For 0° wind incidence, for £/G (end zone) (b) For 90° wind
incidence, for E/G (end zone) (c) For 0° wind incidence, for F/H (mid-zone) (d) For 90° wind incidence, for F/H (mid-zone)

For long walls,
F=1.2x%1.242=1.4904kN/m? pressure
=—1x 1.242 = —1.242 kN/m? suction
For short walls
F=1.2x%1.242 =1.4904kN/m? pressure
=—1.1 x 1.242 = —1.3662kN/m? suction

For roof

F=1.3x%1.242=1.6146kN/m? pressure
=-0.1 x 1.242 = —0.1242kN/m? suction

Calculation of Force Due to Frictional Drag

Since 40/4.5 = 8.8 > 4.0 (even though 40/10 = 4.0), the
frictional drag due to wind has to be considered. This will act
in the longitudinal direction of the building along the wind.
Here h < b, and hence Eq. (3.17a) is used.

F'=0.01 (40 -4 x4.5)10x 1.242 +0.01 (40 —4 x 4.5) 2
4.5x1.242
=3.7324 + 3.4592 = 5.192kN/m?

This frictional drag will act on the roof of the building.

Alternate Calculation using Force Coefficients
Given in Code
Size of the building =40m x 10m X 4.5m
Therefore, h/b = 4.5/10 = 0.45
alb=10/40 = 0.25 and b/a = 40/10 = 4
As per Fig. 4 of code IS 875 (Part 3)
Ci=12Cp=1.0

The force acting on the building = C/A,p,

For 0° wind,

Force = 1.2 x (40 x 4.5) x 1.314 =283.824kN
For 90° wind,

Force =1 x (10 x 4.5) x 1.314 =59.13kN

ExampLE 3.5:

Consider a three-storey concrete building shown in Fig. 3.24.
The building is located in Roorkee (seismic zone IV). The
soil conditions are medium stiff and the entire building is
supported on raft foundation. The concrete frames are infilled
with unreinforced brick masonry. Determine the seismic load
on the structure as per IS 1893 (Part 1). The seismic weights
as shown in the figure have been calculated with 50 per cent
of the live load lumped at the floors and no live load on roof.

W=1717kN

105 kN/mm
W =2576kN

210kN/mm
W =3435kN

315kN/mm

XN 6m AN
e
FIG. 3.24 Frame of Example 3.5

SOLUTION:
For seismic zone IV, the zone factor is 0.24, according to Table 2
of IS 1893 (Part 1). Being an office building, the importance
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factor is 1.0 (Table 6 of IS 1893). The building has a special
moment-resisting frame and hence R = 5.

Total seismic weight of the structure =2XW;= 171742576 +
3435 =7728kN

h=44+3+3=10m
Assume the depth of the building to be 15m.

Fundamental Period

The lateral load resistance is provided by moment-resisting
frames infilled with brick masonry panels. Hence, for EL in
x direction,

T = 0.09h/\/3 (Clause 7.6.2 of IS 1893)
=0.09%10/+/5=0.23s
From Fig. 2 of IS 1893 for T=0.23 s, S,/g =3.5

A, =ZI(S,/g)/(2R) (Clause 6.4.2 of IS 1893)
=0.24x1x3.5/(2x5)=0.06
Design base shear Vg =A,W
=0.06 X 7728 = 463.68kN

Force Distribution with Building Height

The design base shear is distributed with height as per Clause
7.7.1 and the relevant calculations are shown in Table 3.13.

TABLE 3.13 Lateral load distribution as per static method

Storey | W; h; | Wh? (Wih?)/ Lateral force at

level (kN) (m) EWih?) ith level for EL in
direction (kN)

X Y

3 1717 10 | 171,700 |0.486 22535 | 225.35

2 2576 126,224 | 0.358 166.00 | 166.00

1 3435 4 54,960 |0.156 73.33 73.33

z 7728 - 352,834 | 1.000 463.68 | 463.68

EL in y Direction

T =0.09%10//6 = 0.367s

Therefore, S,/g =3.5 and A;, = 0.06
Hence, for this building, the design seismic force in y
direction is the same as that in the x direction.

ExampLE 3.6:

Calculate the maximum axial shortening of column at the
top of a 50-storey building, assuming that the variation in the
cross-sectional area of the column is a linear function, with
the following data: grade of concrete is M40, P, = 230kN,
P, = 12,000kN, column of size is 230mm x 300mm at the
top and 680mm X 1000mm at the bottom, and height of the
building is 200 m.

SoLuTION:

For 40 MPa concrete, E=5000 4/ fck = 5000\/5 =31,622MPa

A,=230x 300 = 69,000 mm?, A, = 680 x 1000 = 680, 000 mm?
P,=230kN, P, = 12,000kN

A = i[—lln(l—%ﬂ—ﬁ[—i{azmb ln(l —%)H
* E o A, E| o2 A,

(A, —A,) _ 680,000 —69,000
L 200,000

=2.715 mm%/mm

o =

(B, —P) _12000-230
L 200,000
_2715x 200,000)

In 1_a_L =ln(1
A, 680,000

= In(0.7985) = -0.225

T-NT/

KlV/llllll:58.85 N/mm

_NNEQQL
=yU.uoooo

£=

5885
31,622

_12,000x10° [ (-0.225)
P 31,622 2715

1
l:— 3 {2.715 % 200,000 + 680,000 x (—0.225)}:|
2715
=31.45+98.47=129.92mm

It should be noted that the reinforcements in the columns are
not considered in this example. They may also be included by
converting their area to the equivalent area of concrete, using
the modular ratio. In addition, creep and shrinkage effect have
to be considered (see the example in Samara 1995).

ExampLE 3.7:

Roof design loads include a dead load of 1.60kN/m?, a
live load of 1.15kN/m?, and a wind pressure of 0.70kN/m?
(upward or downward). Determine the governing loading.
SoLUTION:

The load combinations are as follows:

. 1.5(DL+LL) = 1.5(1.6 + 1.15) = 4.125 kN/m>

. 1.2(DL + LL + WL) = 1.2(1.6 + 1.15 + 0.70) = 4.14 kN/m>
. 12(DL + LL — WL) = 1.2(1.6 + 1.15 — 0.70) = 3.46 KN/m?
. 0.9DL + 1.5WL = 0.9 x 1.6 + 1.5 X 0.70 = 3.49kN/m?

. 0.9DL — 1.5WL =0.9 x 1.6 — 1.5 X 0.70 = 0.39 kN/m?

. 1.5(DL + WL) = 1.5(1.6 + 0.70) = 3.45kN/m>

. 1.5(DL — WL) = 1.5(1.6 — 0.70) = 1.35kN/m>

~N N RN

The second load combination is the governing loading.
Hence, the roof has to be designed for a total factored load of
4.14kN/m?. Tt may be noted that the fifth loading combination
produces the minimum load. When the dead load is
comparatively small, it will result in a negative value for the
combination, which will be critical for the overturning or
stability checks. Moreover, since it is a simple calculation, we
are in a position to find the governing load combination. In
a complex structural system, it may not be easy to evaluate
the governing loading condition. Moreover, one loading



combination may be critical for one set of members (say
columns) and another combination may be critical for another
set of members (say bracings). Hence, in these cases, a
computer program will be quite useful to calculate the critical
forces in any member due to any combination of loads.

ExampLE 3.8:

Calculate the gap required between two parts of a building for
thermal expansion. Check it with the gap required to avoid
pounding as per Clause 7.11.3 of IS 1893 (Part 1):2002.
Assume that the coefficient of thermal expansion, ¢, is 12 X
10°mm/mm per degree Celsius and that the building is in
Hyderabad. It has five floors and each part has a length of
45m and a storey of height 3.3 m.

SoLuTION:

Gap for Expansion Joint
Required gap for expansion joint = 2A

where A=a 1L

From Figs 1 and 2 of IS 875 (Part 5):1987, for Hyderabad,
the maximum and minimum temperatures are 45°C and 7.5°C.

Loads and Load Combinations 97

Temperature differential (70 — Tmin) = 37.5°C
Required gap = 2 X 12 X 107® x 37.5 x 45 = 0.045m =
45 mm

Gap for Seismic Requirements

The permissible storey drift as per IS 1893 (Clause 7.11.1) is
0.004 x H.

Permissible drift per storey = 0.004 x 3.3 x 1000 = 13 mm
per storey

As per Table 7 of IS 1893 (Part 1), for special moment-
resisting frame,

Response reduction factor, R =5.0

Since the two units will be at the same elevation levels,

Seismic separation gap = (13 + 13) X 5/2 = 65mm per
storey

For the five-storey building,

Separation required at top = 65 X 5 =325mm

Hence, the gap required to prevent pounding (325 mm)
governs, as it is much higher than the gap required for
contraction or expansion (45 mm).

SUMMARY

The four main phases in a structural design process are as follows:
(a) determination of the structural system, (b) calculation of the
various loads acting on the system, (c) analysis of the structural
system for these loads, and (d) design of the various members as
per the codal provisions. Out of these phases, determination of
the various loads is the most difficult and important phase, since
the final design is based on these loads. Several failures have been
reported in the past, which clearly show that one of the main reasons
for these failures is the lack of consideration of the loads acting on
the structures. Hence, in this chapter, a brief review of all the loads
that may act on any structure is given. Of the several natural and
man-made loads, the following loads are considered important:
(a) dead loads, (b) imposed loads (live and snow loads) (c) wind
loads, and (d) earthquake loads. Though dead loads can be evaluated
accurately based on the dimensions, the determination of imposed,
wind, and earthquake loads are difficult due to the probability of
occurrence of the loads. Through continued research, we are
now able to define these loads fairly accurately. However, when
calibrating the codal loads, some simplifying assumptions are often
made. In order to ascertain the value of these loads, it is important
to know their characteristics. Hence, some details about wind and
earthquake loads are given, in addition to the provisions given in

the Indian wind (IS 875—Part 3) and earthquake (IS 1893—Part 1)
codes.

Some of the loads such as impact loads due to traffic on a bridge,
crane loads, wind loads, and earthquake loads are dynamic in nature.
However, most often they are converted to equivalent static loads.
Dynamic analysis is resorted to only in the case of flexible structures,
whose natural frequency in the first mode is less than 1.0Hz or
whose height to least lateral dimension ratio is more than about five.
Complicated structures should be avoided especially in earthquake
zones, since their analysis and modelling is difficult. For structures
with complicated geometrics, wind loading parameters should be
derived from the model analysis in wind tunnels. It is very important
to realize that the earthquake codes require the designer to design the
structure only for a fraction of the load that may act on the building.
Hence, the designer has to detail the structure in such a way that
during a major earthquake, the structure may be damaged but will
allow the occupants to escape by using the ductility of the material
and over-strength factors. The examples provided at the end of this
chapter may clarify the concepts discussed, and the references given
at the end may be consulted for more details. More examples may be
found in the IS explanatory hand books on IS 1893 (Part 1) and IS 875
(Part 3).

REVIEW QUESTIONS

1. Write the IS code numbers that need to be used to evaluate wind,
dead, live, earthquake, and crane loads.

2. Define return period and characteristic load.

3. In the absence of statistical data, which of the following options
must be chosen?
(a) Take the load specified in the codes as characteristic load.
(b) Consider the characteristic load based on previous data or

experience.

(c) Obtain the data from the weather bureau.
(d) Consult specialist literature.

4. Which of the following options gives the partial safety factors
for DL and WL for limit state of collapse when stability against
overloading is critical?
(a) 1.5DL + 1.5WL
(b) 1.2DL + 1.2WL

(c) 0.9DL + 1.5WL
(d) 1.4DL + 1.6WL
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10.

11.

12.
13.

14.
15.

16.
17.

18.
19.

20.

21.

22.

23.
24.

25.

26.
217.

28.
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. Can you guess why a uniform partial safety factor has been

adopted for limit state of collapse, when DL and IL are acting
together?

. Is it safe to overestimate the dead load? If your answer is no,

provide the reason.

. The unit weight of RC members can be assumed as

(a) 23kN/m’
(b) 24kN/m’

(c) 24.5kN/m?
(d) 25kN/m3

. Provide the imposed floor loads for the following occupancies:

(a) Residential

(b) Assembly building with fixed seats
(c) Balconies in residential buildings
(d) Staircases in residential buildings
(e) Libraries

. Loads due to partition walls may be considered by increasing

the floor load by a minimum of .

(a) 1.5kN/m? (c) 2kN/m?

(b) 1kN/m?

Why and how do we reduce the live loads in the columns of
multi-storey buildings?

State the coefficients that are used to convert the triangular
and trapezoidal loads into equivalent UDL for obtaining the
maximum B.M.

How are wall loads on beams considered in the analysis?

Total load (including impact) due to lift machine room is taken
as .

(a) 10kN/m? (c) 10 x 1.25kN/m?

(b) 20kN/m? (d) 15kN/m?

What are tornadoes? How are they different from cyclones?
What are the factors that affect the wind pressure or load acting
on the structures?

What is the significance of local pressure coefficients?
Frictional drag coefficients are to be taken into account when

(a) dlh>4 (c) dlhord/b>4

(b) dib>4 (d) dlhord/b>?2

Explain along-wind and cross-wind response.

What is vortex shedding? When can we neglect the effects of
vortex shedding?

How were wind load effects minimized in the design of Burj
Khalifa, the tallest building in the world?

What is interference effect? Why is it considered important in
the design of tall structures?

Under what conditions are the dynamic effects of wind to be
considered?

Why is wind tunnel testing important in the design of tall buildings?
State a few methods by which wind-induced oscillations may be
reduced.

Is it possible to consider wind as a source of energy in tall buildings?
Define epicentre of an earthquake.

The earthquake on a Richter scale 7 is

(a) 10 times larger than magnitude 6

(b) 100 times larger than magnitude 5

(c) 1000 times larger than magnitude 4

(d) All of these

List the factors that influence the seismic damage.

29.
30.

31.

32.

33.

34,
35.

36.
37.

38.

39.
40.
41.
42.
43.

44,
45.

46.

47.

48.

49.

50.

51

52.

53.

What is soil liquefaction? What are its effects on structures?

State the seismic design philosophy adopted in IS 1893 (Part 1).

How is it different from the other load effects?

For the purpose of determining seismic forces, India is classified

into

(a) three zones (c) five zones

(b) four zones (d) six zones

State the equation given in IS 1893 for design horizontal seismic

coefficient A;, of a structure. How is the design base shear

obtained from A,?

The response reduction factor R for special RC moment-resistant

frames is

(a) 3 (c) 8

(b) 4 @ 5

Define response spectrum, natural frequency, and natural period.

What are the important factors that influence earthquake-

resistant design?

What is the significance of response reduction factor?

How is the base shear of a building calculated using the

equivalent static method?

State the formulae given in the IS 1893 code for finding the

fundamental natural period of vibration of RC buildings for the

following:

(a) Moment-resisting frames with brick infill panels

(b) Moment-resisting frames without brick infills

(c) Moment-resisting frames with concrete and masonry shear
walls

How is the base shear force distributed along the height of the

building as per IS 1893?

State the various rules to be followed while planning and

designing a building in an earthquake-prone zone.

What are the plan irregularities that should be considered?

State the various vertical irregularities.

Write short notes on the following:

(a) Base isolation (b) Energy-absorbing devices

How can we take care of differential settlement in foundations?

How can we calculate the axial shortening of columns in multi-

storey buildings?

What are the factors that affect the choice of spacing of

expansion joints?

The percentage of high-strength deformed bars in one-way slabs to

cater for shrinkage or temperature, as per IS 456, is

(a) 0.12% (c) 0.20%

(b) 0.15% @ 1.2%

What is a shrinkage strip? What are the difficulties of using a

shrinkage strip? What is the better alternative to shrinkage strip?

State the formula to calculate the active earth pressure as per

Rankine’s theory.

Are loads occurring during erection critical? What are the

erection loads that should be considered in design?

What are the arrangements of live loads, as per the code, that

produce maximum load effects?

List the 8 loading combinations to be considered and the 13

combinations when considering only DL, LL, and EL.

What are the additional eight loading cases to be considered for

non-orthogonal buildings?
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EXERCISES

Measurement of loads on floor slabs of residential buildings are

as follows inkN/m?:

8x0.90,12x1.1,15%x1.2,30%x1.4,40x 1.5,15x1.6,5%x 1.7

(8 x 0.90 means eight samples of 0.9 kN/m? each)

Determine the characteristic load on the floors if the acceptable

probability of load is not to exceed five per cent of the specified

load.

An office building was designed to resist a floor load of 4kN/m?.

After the building was constructed, measurements were taken

on the various floors and were found to be as follows:
12x3.2,10x3.8,20x4,15x4.2,8x4.4

Determine the probability of the loads exceeding the specified

load of 4kN/m?.

Hint: After calculating (Q,,— Q/0), the probability of exceeding

the specified load (Q) can be found by referring to the statistical

table for normal distribution, given in any standard book on

statistics.

A six-storey building is to be used for residential purposes.

Calculate the load on an interior column in the ground floor,

assuming that the columns are placed in a grid of 6m X 4m.

Consider the live load reduction as per IS 875, Part 3.

A tall building is proposed in Mumbai where there are some

existing tall buildings. Use the following data:

(a) Level ground

(b) Design for a return period of 50 years

(c) Basic wind speed =44 m/s

(d) Size of the building = 30m X 40m and height = 60 m

Estimate the risk, topography, and terrain coefficients and

compute the design wind speed and pressure.

Compute the design wind pressure and design forces on the

walls and roofs of a two-storey building having a height of

6.5m and size 10m X 30m. Assume there are six openings

on each floor of size 1.2m X 1.2m in the wall of length 30m

and two similar openings in each floor in the 10m long wall.

The building has a flat roof and is supported on load-bearing

walls.

Consider a four-storey office building, as shown in Fig. 3.25,

located in Shillong (seismic zone V). The soil condition is

medium stiff and the entire building is supported on raft
foundation. The RC frames are infilled with brick masonry.
The lumped weight due to dead loads is 12kN/m? on the
floors and 10kN/m? on the roof. The floors carry a live load of
4kN/m? and roof of 1.5kN/m?. Determine the design seismic
load on the structure by the equivalent static method. Assume
that the frames are moment-resisting

355kN
frames with R = 5. x
[Ans.: Design base shear = 1560kN] o
7.  Athree-storey building and the seismic 8
. . . - @ 355kN
weights acting on it are shown in Fig. 1
3.26. Assuming that the building is o
in seismic zone IV and supported by §
soft soil, determine the design seismic 1 415kN
load on the structure by the following
methods: %
(a) Equivalent static method
- Tr 7
(b) Resp0n§e spectrum rnet.hod . 4875 mm
The free vibration properties of this
building are provided in Table 3.14. FIG. 3.26
TABLE 3.14
Mode 1 Mode 2 Mode 3
Natural period | || 0.040 0.021
(Seconds) . . .
Mode shapes
Roof 1.000 1.000 1.000
2nd floor 0.726 —0.583 -3.377
Ist floor 0.340 —-1.146 1.378
8. Calculate the gap required between two parts of a building for

thermal expansion. Check it with the gap required to avoid

pounding as per Clause 7.11.3 of IS 1893 (Part 1):2002. Assume

that the coefficient of thermal expansion, ¢ is 12 X 10" mm/mm

per degree Celsius and that the building is in New Delhi. The

building has six floors and each part has a length of 40 m and a
storey of height 3.5m.

9. Calculate the maximum axial

shortening of column at the top of a

60-storey building, assuming that the

variation in the cross-sectional area
of the column is a linear function,
with the following data: grade

of concrete is M50, P, = 250kN,
P, = 15,000kN, column of size is

230mm X 300mm at the top and
800mm X 1000mm at the bottom,

Y
1 2 3 4 5
A —
3200
B 3200
4500 ¥
C 3200
D 4200 1
X G.L.
4 x 6000 mm NTIT
Plan

FIG. 3.25

Ia

and height of the building is 210 m.

10. Roof design loads include a dead load
T T of 1.75kN/m?, a live (or snow) load
of 1.25kN/m?, and a wind pressure of

Elevation

0.75kN/m? (upward or downward).
Determine the governing loading.
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BASIS OF STRUCTURAL DESIGN

4.1 INTRODUCTION

The construction of a reinforced concrete (RC) structure
requires several sequential steps. Several professionals, such as
architects, electrical and mechanical engineers, geotechnical
engineers, and builders, are involved in the execution
of these steps. Hence, during the process, the structural
engineer may have to interact with them in order to provide
an efficient design. Many of the design steps are iterative in
nature.

While designing any structure, the designer should consider
several criteria, which include safety, stability, serviceability,
economy, durability, sustainability, constructionability, ductility,
and aesthetics (see Section 4.4). The engineer is usually guided
in his/her efforts by the codes of practices, which provide a set
of rules or standards based on which the designs are to be made.
In India, the code IS 456, published by the Bureau of Indian
Standards (BIS), is to be used for the design of RC structures.
Other related codes on materials, mix design, detailing, and
so forth are also referred to. Several design philosophies
have been developed in the past including the working stress
method (WSM), ultimate load method, limit states method,
and performance-based design method. In general, the codes
also allow designs based on experimental methods. A brief
introduction to these aspects is given in this chapter, which
will be useful while designing structures and their component
elements.

4.2 STEPS INVOLVED IN CONSTRUCTION

The construction of any structure involves many steps.
Although the structural designer is not responsible for each
of these steps, he/she should be involved in most of them.
This is to ensure that the resulting structure satisfies the
considerations discussed in Section 4.4 and the structure
does not have any adverse impact on the environment.

The following list provides the necessary steps involved in the
construction of a structure:

1. A prospective owner identifies a location and arranges
for necessary finance for construction. He/She also
chooses the architect or project manager, who in turn
chooses the various consultants (structural, geotechnical,
survey, etc.).

2. A land surveyor surveys the land and draws the contours.

3. An architect or engineer (project manager) studies the
applicable by-laws and draws a plan of the structure in
such a way that it meets the town planning, fire protection,
health, and safety requirements.

4. The competent authority approves the plan.

5. The geotechnical engineer investigates the site conditions,
level of water table, nature of soil (whether expansive or
not), and so forth, and gives a soil report.

6. The form, shape, and size of the structure is determined by
the architect with the help of the structural engineer (based
on preliminary design), such that the resulting structure
is stable, economical, and efficiently resists the external
loads.

7. Suitable materials of construction (steel, concrete, wood,
brick, plastics, etc.) are selected after considering the
required performance, cost, supply, availability of labour,
and transportation to site. While choosing the materials,
consideration should be given to the design and detailing
procedures and control procedures for shop fabrication and
field construction.

8. The structural engineer estimates the probable loads (dead,
imposed, wind, snow, earthquake, etc.) that will be acting
on the structure, in consultation with the current codes of
practices.

9. The structural engineer arrives at the structural system after
comparing various possible systems. In a building, heating
and air conditioning requirements or other functional



10.

11.

12.

13.

14.

15.
16.

17.

18.

requirements may dictate the use of a structural system
that is not the most efficient from a purely structural
viewpoint, but which is the best in the overall consideration
of the total building. While choosing the structural forms,
layouts, and details, the following points should be
considered:

(a) The structure has low sensitivity to hazardous
conditions.

(b) The structure, as a whole, survives with only local
damage, even after any one individual element suffers
serious damage by the hazard.

(c) The structure gives ample warning before any collapse
(should have various load paths and redistribution of
loads).

A suitable structural analysis, mostly with the aid of

computers, is done to determine the internal forces acting

on various elements of the structural system based on the
various loads and their combinations.

Considering the critical loading conditions, the sizes of

various elements are determined following the provisions

contained in the codes. The design should be made in
such a way that the following points are considered:

(a) The structure shall remain fit with adequate reliability
and be able to sustain all actions (loads) and other
influences experienced during the construction and use.

(b) The structure should have adequate durability and
serviceability under normal maintenance.

(c) The structure should not be seriously damaged or
collapse under accidental events such as explosions,
impact, or due to consequences of human error.

The detailed structural drawings are then prepared once

again following provisions contained in the codes and

approved by the structural engineer.

The architect or project manager develops detailed

architectural drawings and specifications.

The estimator arrives at the quantities involved and the

initial cost of construction.

Based on these quantities, a tender for the building is floated.

Comparing the cost quoted by different contractors, the

general contractor for the structure is chosen.

The contractor, based on the structural drawings, prepares

the fabrication and erection drawings and bill of quantity

of materials (BOQ). The structural engineer again
approves these drawings.

The contractor constructs the building based on the

specifications given by the architect or project manager.

While constructing, the contractor consults the architect,

project manager, or structural engineer for any changes

due to the site conditions. The structural engineer must
also convey to the fabricator and erector his/her concept
of the structure and specific methods of execution (if any).
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19. The structural engineer with the help of quality control
inspectors inspects the work of the fabricator and erector
to ensure that the structure has been fabricated or erected
in accordance with his/her designs and specifications.
Similarly, the architect and project manager also inspect
the construction periodically to check whether it is built as
per specifications.

20. In some important buildings, ‘as-built’ drawings are
prepared as a permanent record of the building.
21. After the structure is constructed, it is handed over to

the owner, who, by appointing suitable consultants and
contractors, maintains the building until its intended
life.

From these steps, it may be clear that accurate calculations
alone may not produce safe, serviceable, and durable structures.
Suitable materials, quality control, adequate detailing, good
supervision, and maintenance are also equally important.

These 21 steps briefly summarize the various activities
involved in the construction of a structure. While executing
the various steps, the structural engineer has to interact
with the architect or project manager and also with others
(electrical engineers, mechanical engineers, civil engineers,
geotechnical engineers, surveyors, urban planners, estimators
etc.) and incorporate their requirements, if any, into the
design (e.g., load due to mechanical and electrical systems).
It has to be noted that steps 8 to 14, which are done mainly
in the design office, are not straightforward operations but
are iterative as shown in Figs 4.1 and 4.2. This book mainly
covers only step 11—the design of structural elements to
safely carry the expected loads and to ensure that the elements
and the structure perform satisfactorily. Some guidelines and
discussions are included about steps 8—10 and 12.

Compared to analysis (where all the parameters are
known), design is a creative process. It involves the selection
of span, assessment of loads, choice of material, choice of
cross section, choice of jointing method and system, and so
forth. Hence, there is no unique solution to a design problem.
The designer has to make several decisions, which will affect
the final construction and its cost. Hence, the designer has
to use his/her engineering judgment and experience in order
to reduce the cost and arrive at an efficient solution to the
problem.

4.3 ROLES AND RESPONSIBILITIES OF DESIGNERS

The objective of design should be the achievement of
an acceptable probability that the structure will perform
satisfactorily for the intended purpose during the design life.
With the appropriate degree of safety, the structure should
sustain all the loads and deformations during construction
and its designed life and also have adequate resistance to
accidental loads and fire.
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Structural design-
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FIG. 4.1 Overall iterative design process

As already discussed, the designer has to take several factors
into consideration, while designing the structure. These
factors include the following:

1. Material to be used

2. Arrangement of structural system (e.g., gravitational and
lateral load resisting system)

3. Method of fabrication (cast in situ or prefabricated) and
erection

4. Installation of services (lift, water supply, power, ven-
tilation, heating and cooling, etc.).

5. Safety, economy, and aesthetics
6. Required fire protection
7. Operating/Maintenance and life cycle costs

It is the structural designer’s role to ensure that the best
structural system is selected, within the scope of the imposed
constraints. Today’s structural engineer has several aids such
as computer programs, handbooks, and charts and hence
should spend more time on thinking about the design concepts
and select the best structural system for the project at hand
(see Chapter 2 for a discussion of various structural systems).
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FIG. 4.2 lterative structural design process

For most structures, the designer should specify a grade and
type of concrete that is suitable for the environment, keep the
structural layout and structural details (e.g., connections) as
simple as possible, and use the maximum possible repetition
of member sections and connection details.

The designer should also have some knowledge about the
material (concrete) and acceptance criteria. He/She should
also be aware of the non-destructive testing techniques that
are available and their limitations (brief details are presented
in Chapter 1).

It is advantageous for the structural designer to read the
description of actual projects (reported in several magazines
and journals), discuss with practising engineers, attend
technical meetings organized by professional bodies such as
the Indian Concrete Institute, and visit construction sites and
visualize and appreciate the structural behaviour of various
structural systems. In comparison with these aspects of
actual design practice, the actual proportioning of members,
detailing of connections, and so forth is normally much more
straightforward.

4.4 DESIGN CONSIDERATIONS

Structural design, though reasonably scientific, is also
a creative process. The aim of a structural designer is to
design a structure in such a way that it fulfils its intended
purpose during the intended lifetime and has the following:
(a) adequate safety (in terms of strength, stability, and
structural integrity), (b) adequate serviceability (in terms of

stiffness, durability, etc.), (c) economy (in terms of cost of
construction and maintenance), (d) durability, (e) aesthetics,
(f) environment friendliness, (g) functional requirements, and
(h) adequate ductility.

4.4.1 Safety

Safety requirement is paramount to any structure and requires
that the collapse of the structure (partial or total) is acceptably
low, not only under the normal expected loads (service loads),
but also under less-frequent loads (such as due to earthquake
or extreme wind) and accidental loads (blast, impact, etc.).
Collapse due to various possibilities such as exceeding the
load-bearing capacity, overturning, sliding, buckling, and
fatigue fracture should be prevented.

Table 4.1 shows the minimum size requirements for
earthquake safety as per different codes. It should be noted
that American Concrete Institute (ACI) and draft IS 13920
suggest a minimum column size of 300 mm. In India, a beam
width of 230mm is often selected in order to match with
the 230mm thick brick wall. A minimum cover of 40mm is
often specified for columns (the cover should be based on
durability and fire resistance, as per Tables 16 and 16a of
IS 456). Hence, if the column size is also selected as 230 mm,
the beam rods will have to be cranked in order to pass within
column reinforcement, which is not a good practice (see
Fig.4.12also).Inaddition, for better performancein earthquakes,
one must adopt the strong column—weak beam concept. These
two factors necessitate the column size to be bigger than the
beam size.
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TABLE 4.1
as per various codes

Minimum size requirement for seismic beam and columns

S. Code Beam Column
No. B (min.), mm | B/D B (min.), |B/D
(min.) mm (min.)
1. | ACI318:11 250 0.30 300 0.4
2. | EC 8:1998 200 0.25 250 0.4
3. | IS 13920:1993 | 200" 0.3 200 0.4
4. | Draft IS 200" 0.3 300 or 0.4
13920 15d,

300 mm for beam when span > 5 m and column clear height > 4m,
dj, = Largest longitudinal reinforcement bar diameter of beam
B, D = Breadth and depth of the member respectively

Similarly, the minimum and maximum limits on longitudinal and
transverse reinforcement ratios are often prescribed in the codes
of practices for RC flexural members and columns. The minimum
limit is prescribed to avoid sudden and brittle failure in case of
accidental overload or to take care of additional tensile forces
due to shrinkage, temperature, creep, or differential settlement.
The maximum limit is prescribed to avoid compression failure
of concrete before the tension failure of steel, thus ensuring
sufficient rotation capacity at the ultimate limit state. Similar
limits are prescribed on transverse reinforcement, as shear
failures are more catastrophic than flexural failures. When shear
reinforcements are provided, they restrain the growth of inclined
cracking and increase the safety margin against failure. Ductility
is also increased and a warning of failure is provided. Table 4.2

TABLE 4.2 Minimum steel requirement for beams as per various codes (Subramanian 2010a)

Requirement Code Provision as per
IS 456 ACI 318" CSA A23.3" Eurocode 2 NZS 3101
Clause 26.5
Minimum tensile 0.85 0224 0.26
~ : et 0.18,/f. 26/, 0.224,/f.
steel for flexure™, I 7f‘k > — 7f‘k <t 7f’k
Y 5 5 5 5 5
A, et .
s > For T-sections, use . for T-beams b,, is =0.0013 . For T-beams, b,, is taken
byd b,, alone For T-sections, use replaced by a value | For T-beams, b, is
b.. or br whicheveris | : as the smaller of 2b,, or
w OT Dy in the range 1.5, to | taken as the mean width of flange
smaller 2.5b,, breadth
Maximum tensile 0.04bD Net tensile strain in Tension 0.04bD 0.9f,+10
steel for flexure < extreme tensile steel > | reinforcement limited T <0.025
0.005. This will result | to satisfy y
in approximatel
T
p, =155"%<25 d 700+ f,
Jy -
Minimum shear 0.4 0.056f., _ 035 0.054,/7., 0.08/7., 09,1
reinforcement, 0871 —_— _— —_—
Sy fy 5y 5 1y 16/,
Ay > when 7,>0.57. when applied shear when applied shear is | when applied shear when applied shear
b,s, is greater than 0.5 x greater than concrete | is less than shear is greater than 0.5 x
concrete strength strength strength of concrete | concrete strength
Spacing of minimum | 0.75d < 300 mm 0.5d < 600 mm and 0.63d < 600 mm 0.75d < 600 mm 0.5d < 600 mm
stirrups < 0.25d <£300mm, when | 0.32d <300 mm 0.25d < 300 mm, when
Vy>0.3,/f..b,d when V, > ¢ Vi>0.3 /f..b,d

(0.1fekbyd)

" The cylinder strength is assumed to be 0.8 times the cube strength.
* Alternatively, it may be at least one-third greater than that required by the analysis, as per ACI code clause 10.5.3.
fom= Mean axial tensile strength = 0.30 ( f,,)%-, f., = Characteristic cube strength of concrete,

bf: Breadth of flange, b,, = Breadth of web, b = Breadth of beam
@= Resistance factor for concrete in shear = 0.65.
A, = Minimum tensile steel for flexure
Ay, = Minimum shear reinforcement

D = Depth of beam, d = Effective depth of the beam

fy = Characteristic yield strength of reinforcement
p, = Percentage of tension steel
s, = Spacing of vertical stirrups
V, = Nominal shear carried by vertical shear reinforcement

V,, = Factored shear force
x, = Depth of neutral axis

7. = Design shear strength of concrete, 7, = Nominal shear stress.



provides the minimum steel requirement for beams as per
various codes.

The provisions for minimum tensile reinforcement ratio
in flexural members of Indian, American, Eurocode 2, New
Zealand, and Canadian codes are compared in the first row of
Table 4.2. All the codes, except the Indian code, have a similar
format and the minimum tensile steel in beams is dependent
on the compressive strength of concrete. However, in the IS
code, it is independent of f,,; it might have been assumed to
be a constant value of 25 MPa. In some situations, large beams
designed with the minimum steel requirement of the IS code
have experienced extensive cracking, although there are no
reported failures (Varghese 2006).

An area of compression reinforcement at least equal to one-
half of tension reinforcement should be provided, in order to
ensure adequate ductility at potential plastic hinge zones and
to ensure that the minimum tension reinforcement is present
for moment reversal (Wight and MacGregor 2009). As per
Clause 26.5.1.2 of IS 456, the maximum area of compression
reinforcement should not exceed 0.04bD, where b and D are
the breadth and depth of the beam.

An upper limit to the tension reinforcement ratio in flexural
RC members is also provided to avoid the compression failure
of concrete before the tension failure of steel, thus ensuring
sufficient rotation capacity at the ultimate limit state. Upper
limit is also required to avoid congestion of reinforcement,
which may cause insufficient compaction or poor bond
between reinforcement and concrete. The provisions for
maximum tensile reinforcement in flexural members of
Indian, Eurocode 2, American, New Zealand, and Canadian
codes are compared in the second row of Table 4.2. Except the
Indian code and Eurocode 2, all the other codes have a similar
format and involve both f.; and f,.

When the principal tensile stress within the shear span
exceeds the tensile strength of concrete, diagonal tension cracks
are initiated in the web of concrete beams. The shear span is
the distance between the support and the point where the load
is applied; for more complex loading cases, the shear span is
more difficult to define. Leonhardt and Walther (1962) define
the shear span of a beam with uniform load over its entire length
as one-fourth of the span. These cracks later propagate through
the beam web, resulting in brittle and sudden collapse, when
web reinforcement is not provided. (The diagonal cracking
strength of the RC beams depends on the tensile strength of
concrete, which in turn is related to its compressive strength.)
Hence, minimum shear reinforcements are often stipulated
in different codes. Such reinforcement is of great value if a
member is subjected to an unexpected tensile force due to creep,
shrinkage, temperature, differential settlement, or overload.

The provisions for maximum shear reinforcement in
flexural members of Indian, Eurocode 2, American, New
Zealand, and Canadian codes are compared in the third row of
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Table 4.2. Tests conducted on high-strength concrete (HSC)
beams indicated that the minimum area of shear reinforcement
is also a function of concrete strength (Roller and Russell
1990). Hence, the equation given by ACI provides better
correlation with test results.

Stirrups will not be able to resist shear unless an inclined
crack crosses them. Hence, ACI code Section 11.4.5.1 sets the
maximum spacing of vertical stirrups as the smaller of d/2 or
600 mm, so that each 45° crack will be intercepted by at least
one stirrup. If V,/¢ — V. exceeds 0.3\/E b, d, the maximum
allowable stirrup spacing is reduced to half of the earlier-
mentioned spacing. Thus, for vertical stirrups, the maximum
spacing is the smaller of d/4 or 300mm. This stipulation is
provided because closer stirrup spacing leads to narrower
inclined cracks and also provides better anchorage for the
lower ends of the compression diagonals (see Fig. 6.14 of
Chapter 6). The last row of Table 4.2 compares the minimum
stirrup spacing of the different codes.

If the area of shear reinforcement is large, failure may
occur due to the compression failure of concrete struts prior
to the yielding of steel shear reinforcement. Hence, an upper
limit to the area of shear reinforcement is necessary. Based on
this, the maximum shear force carried by the beam is limited.
IS 456 recommends that this value should not exceed 7, jax
given by (see Table 20 of IS 456)

Tomax = 0.85 X 0.83[f, =0.631,/f,; (4.1)

Lee and Hwang (2010) compared the test results of 178 RC
beams reported in the literature with that of the 18 beams
tested by them and found that the shear failure mode changes
from under-reinforced to over-reinforced shear failure when
Py fylfe is approximately equal to 0.2. Hence, they suggested
the maximum amount of shear reinforcement for ductile
failure as
Pymax = And_gole
’ sb fV

w

(4.2a)

where Aj, is the area of cross section of transverse stirrups, d
is the effective depth of beam, s is the spacing of stirrups and
b,, is the breadth of web. In terms of f,;, Eq. (4.2a) may be
rewritten as

Jer

Iy

=0.16 (4.2b)

pv,max
Lee and Hwang (2010) also found that the amount of maximum
shear reinforcement, as suggested by Clause 11.4.7.9 of ACI
318:11, and given in Eq. (4.3), needs to be increased for
high-strength concrete beams, as test beams with greater than
2.5 times p, max> as given by Eq. (4.3), failed in shear after

yielding of the stirrups:
=0.6 _Vfck

pV max (4'3)
B ‘fy
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TABLE 4.3 Minimum steel requirement for columns as per various codes

S.No. | Code Longitudinal Steel Minimum Transverse Steel (Spiral), A, Minimum Transverse Ties, Ay,
Minimum(%) Maximum(%)
1. ACI 318:11* > 1A, <84, A A
>0.095D, [g - 1] Ju > 0.24&11[‘9 - 1J Jor
A )t A )t
> 0.0965D, Jat > 0.072sh ek
vt vt
2. IS 456:2000 >0.84, < 6Ag* A f NA
0.09sD;, (2 - 1] ok
Ak fyt
3. IS 13920:1993 >0.84, < 6Ag* A A
>0.09sD, (’*’—1]’3" 0~18sh(2— 1]ff’f
Ak f_vt k fyt
4. Draft IS 13920 >0.84, < 6Ag* A A
>0.09sDk(g—1Jf“k >O.185h[3—ljff’<
Ak fyt Ak fyt
>0.024sD, @ > O‘OSSh@
Tyt Iyt

It is suggested to adopt 0.04A, to avoid practical difficulties in placing and compacting concrete.
™ The cylinder strength is assumed as 0.8 times the cube strength.
Ay, = Area of transverse reinforcement, s = Pitch of spiral/hoop, Dy = Diameter of the core measured to the outside of spiral or hoop, A, = Gross area of the column
cross section, A, = Area of the confined concrete core measured to the outside of spiral or hoop, 7 = Longer dimension of the rectangular confining hoop, measured

to its outer face, and f}, = Yield stress of spiral or hoop reinforcement.

More details on minimum steel requirements for flexural
members may be found in Chapter 5 and in Subramanian
(2010a).

The minimum amount of shrinkage and temperature
reinforcement specified in the codes for slabs is already
shown in Table 3.9. The minimum amount of longitudinal and
transverse reinforcement specified in the codes for columns
is shown in Table 4.3. These are further discussed in Section
13.5 of Chapter 13.

4.4.2 Stability

Another related aspect of safety is structural integrity and
stability. Unlike steel structures where the members are made

' ' | | ' |

Effective length
t—

(a)

of plated elements, concrete structures have massive members
and are hence not susceptible for local buckling. Due to the
massiveness of the members, buckling of members is also
not very critical, except in slender columns. In such cases, the
concepts such are critical load and effective length developed for
steel structures are also made use of in concrete structures (see
Fig. 4.3). Normally, concrete structures can be considered as
braced frames (frames that do not sway), with bracing in the form
of shear walls, stairwells, or elevator shafts that are considerably
stiffer than columns. Unlike steel columns, concentric axial
loading is not considered and all codes stipulate that concrete
columns must be designed for a certain minimum eccentricity.
A concrete column subjected to an ultimate compressive force P

' ' ' | ' |

Effective length

(b)
FIG. 4.3 Buckling modes of braced and unbraced frames and the effective length concept (a) Braced frame (b) Unbraced frame



and an ultimate bending moment M is related by an interaction
diagram (also called the failure envelope or failure surface).
These interaction diagrams are discussed in detail in Chapter 14.

The structure as a whole should be stable under all conditions.
Even if a portion of the structure is affected or collapses, the
remaining parts of the structure should be able to redistribute the
loads. In other words, progressive failure should be minimized
(see Section 2.6 of Chapter 2). As per Clause 20.1 of IS 456,
the stability of the structure as a whole against overturning may
be achieved by considering a restoring moment that is not less
than 1.2 times the maximum overturning moment caused by the
characteristic dead load and 1.4 times the maximum overturning
moment caused by the characteristic imposed loads. In cases
where the dead load assists the restoring moment, the moment
due to the imposed loads should be ignored and only 0.9 times
the characteristic dead load shall be considered to provide
stability. The anchorages or counterweights provided for the
stability of cantilevers during construction and service should
be designed for a factor of safety of 2.0. For safety against
sliding, a factor of safety of 1.4 should be considered for the
adverse combination of applied characteristic loads, with only
0.9 times characteristic dead loads acting on the structure. As
per Clause 20.5 of IS 456, lateral sway of the building should
not exceed H/500, where H is the total height of the building.
More discussions on stability against overturning or sliding
may be found in Chapters 15 and 16.

4.4.3 Serviceability

Serviceabilityrequirementis related to the utility of the structure.
It means that the structure should satisfactorily perform under
service loads, without discomfort to the user due to excessive
deflection, cracking, vibration, and so forth. Some other
considerations of serviceability are durability, impermeability,
and acoustic and thermal insulation. It may be noted that a
design that adequately satisfies the safety requirement need not
necessarily satisfy the serviceability requirement. For example,
a beam at the roof level may have sufficient stiffness for the
applied loads but may result in excessive deflections, leading
to cracking of the slab it is supporting, which will result in loss
of permeability (leaking). Similarly, members not placed and
compacted properly and exposed to weather become vulnerable
to corrosion, thereby affecting their durability. Slabs may have
sufficient strength to withstand the designed load effects but
may vibrate causing discomfort. These serviceability aspects
are considered in Chapter 12.

4.4.4 Economy

Increasing the design margins of safety may enhance safety
and serviceability,but will increase the cost of the structure.
For overall economy one should consider not only the initial
cost but also the life cycle cost and the long-term environmental
effects on the community. For RC structures, economy may
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not be achieved by minimizing the amount of concrete or
reinforcement alone. It is because a large part of the construction
cost involves cost of labour, formwork, and falsework. The
following points will help in achieving economy:

1. Using repetitive member sizes and simple reinforcement
detailing that result in easy and faster construction may
be more economical than a design with optimum material
quantities.

2. Regular-shaped buildings with rectangular or square
columns may be economical than irregular shaped
buildings with L- or T-shaped columns.

3. Uniform floor-to-floor height will also result in the reuse
of formwork.

4. Limiting column sizes to only a few, and consistency
with column forms allow for greater formwork reuse and
efficiency.

5. Using consistent beam sizes, spacing, and depth allows for
greater formwork reuse and installation and standardized
forms as well as reduces cut and fits.

6. Use of waste materials, for example, fly ash in the
construction products such as cement and bricks will also
result in savings.

7. The cost of the floors in a low- to mid-rise building may
be 80-90% of the total cost of the concrete frame. Hence,
the choice of the right floor framing system for a given
bay dimensions may be critical in economizing the cost.

8. For high-rise buildings, choosing a proper lateral load
resisting system plays a critical role in the final cost.

9. Precasting and prefabricating techniques will ensure
quality and economy.

10. Avoiding transfer beams wherever possible will reduce
the cost as columns are cheaper than beams.

11. High-strength concrete and steel reinforcement in columns
have shown to reduce weight as well as cost.

More discussions on economy may be found in Webb (1993),
Subramanian (1995a), and Delahay and Christopher (2007).

4.4.5 Durability

Several unreinforced concrete structures, which are more
than 2000 years old, such as the Pantheon in Rome and
several aqueducts in Europe, made of slow-hardening, lime—
pozzolan cements, are still in excellent condition, whereas
many RC structures built in the 20th century, constructed
with Portland cement, have deteriorated within 10-20 years
(Subramanian 1979; Mehta and Burrows 2001). In most
countries in the European Union and other countries such as
the USA, approximately 40-50 per cent of the expenditure
in the construction industry is spent on repair, maintenance,
and remediation of existing structures. The growing number
of deteriorating concrete structures not only affects the
productivity of the society, but also has a great impact on
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our resources, environment, and human safety. It has now
been realized that the reason for the deterioration of concrete
structures is that emphasis is mainly given to mechanical
properties and structural capacity, while neglecting
construction quality and life cycle management (ACI 202.2R-
2008). Strength and durability are two separate aspects of
concrete; neither guarantees the other. Hence, clauses on
durability were included for the first time in the fourth revision
of IS 456, published in 2000 (see Clause 8 of the code).

A durable concrete is one that will continue to perform its
intended functions, that is, maintain its required strength and
serviceability in the working environment during the specified
or traditionally expected service life. The durability of a
concrete may be affected by a number of parameters, which
include the environment, temperature or humidity gradients,
abrasion and chemical attack, permeability of concrete to the
ingress of water, oxygen, carbon dioxide, chloride, sulphate
and other deleterious substances, alkali-aggregate reaction
(chemical attack within the concrete), chemical decomposition
of hydrated cement, corrosion of reinforcement, concrete
cover to the embedded steel, quality and type of constituent
materials, cement content and water—cement ratio, degree
of compaction and curing of concrete, shape and size of
members, and presence of cracks (see Table 4.4).

TABLE 4.4 Different exposure conditions for concrete

S. No. Allowable
Maximum Crack
Width as per

Clause 35.3.2 (mm)

Environment | Exposure Conditions

Table 3 of Code IS 456

1. Mild Protected concrete 0.3
surfaces, except those

situated in coastal area

Concrete surfaces sheltered | 0.25"
from rain, continuously
under water, or in contact
with non-aggressive soil or

groundwater

2. Moderate

3. Severe Concrete surfaces exposed | 0.20
to severe rain, coastal
environment, alternate
wetting and drying, or
completely immersed in

sea water

4. Very severe | Concrete surfaces exposed | 0.10
to sea water spray, corrosive
fumes, severe freezing
conditions while wet, or

in contact with aggressive

sub-soil or ground water

Concrete surface of <0.10
members in tidal zone
or in direct contact with

aggressive chemicals

5. Extreme

* Assumed to be in between severe and mild

The prescriptive requirements given in the code relate to the
use of the specified maximum water—cement ratios, minimum
cement content, minimum grade of concrete for various
exposure conditions, and minimum cover (see Table 4.5). The
durability requirements of the different codes were compared
by Kulkarni (2009) and Ramalingam and Santhanam (2012),
who have also provided suggestions to improve the exposure
condition clause of IS 456.

TABLE 4.5 Prescriptive durability requirements of cement content,
water—cement ratio, and grade of concrete for different exposures

S. No. | Exposure Reinforced Concrete
Minimum Maximum Minimum
Cement Content | Free Water— Grade of
(kg/m?3) Cement Ratio | Concrete

1. Mild 300 0.55 M20

2 Moderate 300 0.50 M25

3. Severe 320 0.45 M30

4 Very severe | 340 0.45 M35

5. Extreme 360 0.40 M40

Notes:

1. The cement content prescribed in this table is irrespective of the grade and
type of cement and the grade of concrete, and it is inclusive of additions such
as fly ash, silica fume, rice husk ash, metakaoline, and ground granulated
blast furnace slag. The additions such as fly ash or ground granulated blast
furnace slag may be taken into account in the concrete composition with
respect to the cement content and water—cement ratio, if the suitability is
established and as long as the maximum amounts taken into account do not
exceed the limit of pozzolan and slag specified in IS 1489 (Part 1) and IS
455, respectively.

2. The minimum cement content, maximum free water—cement ratio, and
minimum grade of concrete are individually related to the exposure
conditions given in Table 4.4.

Low water—cementitious materials (w/cm) ratio produces
dense and impermeable concrete, which is less sensitive to
carbonation. Well-graded aggregates also reduce the w/cm
ratio. The coefficient of permeability increases more than
100 times from w/cm ratio of 0.4 to 0.7. It is now possible to
make concretes with w/cm ratio as low as 0.25 using super-
plasticizers, also called high-range water-reducing admixtures
(HRWRA). It should be noted that the super-plasticizer used
must be compatible with the other ingredients such as Portland
cement (Jayasree, et al. 2011). Micro-cracks that are produced
in the interface between the cement paste and aggregates (called
the transition zone) are also responsible for the increased
permeability. Use of pozzolanic material, especially silica fume,
reduces the permeability of the transition zone as well as the
bulk cement paste. When silica fume is included, use of super-
plasticizers is mandatory. Self-compacting concrete (SCC), in
which the ingredients are proportioned in such a way that the
concrete is compacted by its own weight without the use of
vibrators and assures complete filling of the formwork, even
when access is hindered by congested reinforcement detailing,
may be adopted in severe and extreme environmental conditions.



Currently available cements are more finely ground and
are hardened rapidly at an earlier age. Moreover, they may
contain more tricalcium silicate (C3S) and less dicalcium
silicate (C,S), resulting in rapid development of strength.
Compared to old concrete mixtures, modern concrete tends
to crack more easily due to lower creep and higher thermal
shrinkage, drying shrinkage, and elastic modulus (Mehta
and Burrows 2001). There is a close relationship between
cracking and deterioration of concrete structures exposed to
severe exposure conditions.

Curing of Concrete

For concrete to achieve its potential strength and durability, it
has to be properly cured. Curing is the process of preventing
loss of moisture from the surface of concrete and maintaining
satisfactory moisture content and favourable temperature in the
concrete during the hydration of cementitious materials so that
the desired properties are developed. Prevention of moisture
loss is particularly important when the adopted w/cm ratio is
low, the cement used has a high rate of strength development
(grade 43 and higher cements), or supersulphated cement is
used in the concrete (it requires moist curing for at least seven
days). Curing primarily affects the concrete in the cover of the
reinforcement, and the cover protects the reinforcement from
corrosion by the ingress of aggressive agents. Curing is often
neglected in practice and is the main cause of deterioration of
concrete structures in India and abroad.

Many methods of curing exist—ponding of water on the
surface of concrete slabs, moist curing using wet hessian
(called burlap in the USA), sacking, canvas, or straw on
concrete columns, curing by spraying membrane-forming
curing compounds on all exposed surfaces (approximate
coverage rate or 4m?%/1 for untextured surface and 6m?/1 for
textured surface), covering concrete by polyethylene sheets
or water-proof paper (with adequate lapping at the junctions),
as soon as concreting is completed to prevent evaporation
of moisture from the surface, and steam curing (the high
temperature in the presence of moisture accelerates the
hydration process, resulting in faster development of strength).
Keeping the formwork intact and sealing the joints with any
sealing compound is also good for the curing of beams.

In India, several builders adopt the wrong practice of
commencing curing only on the next day of concreting. Even
on the next day, curing is started after making arrangements to
build bunds with mud or lean mortar to retain water. This further
delays the curing. The time of commencement of curing depends
on several parameters such as prevailing temperature, humidity,
wind velocity, type of cement, fineness of cement, w/cm ratio
used, and the size of member. However, the main objective is
to keep the surfaces of concrete wet. Enough moisture must
be present to promote hydration. Curing compound should be
applied or wet curing should start immediately after the bleeding
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water, if any, dries up. In general, concrete must be cured until it
attains about 70 per cent of the specified strength. Clause 13.5.1
of IS 456 suggests curing for a period of seven days (with the
temperature being maintained above 10°C) in case of ordinary
Portland cement concrete and ten days (with a recommendation
to extend it for 14 days) when mineral admixtures or blended
cements are used or when the concrete is exposed to dry and
hot weather conditions. At lower temperatures, the curing
period must be increased. Mass concrete, heavy footings,
large piers, and abutments should be cured for at least two
weeks. Further precautions to be undertaken during hot or cold
weather concreting are discussed in IS 7861 (Parts 1 and 2) and
Venugopal and Subramanian (1977). More details on curing
may be found in Subramanian (2002).

Cover

Cover is the shortest distance between the surface of a
concrete member and the nearest surface of the reinforcing
steel. The concrete cover protects the steel reinforcement
against corrosion in two ways—providing a barrier against
the ingress of moisture and other harmful substances and
forming a passive protective (calcium hydroxide) film on the
steel surface. The cover provides corrosion resistance, fire
resistance, and a wearing surface and is required to develop
the bond between reinforcement and concrete. It should
exclude plaster and any other decorative finish. Too large a
cover reduces the effective depth and is prone to cracking,
whereas too less may lead to corrosion due to carbonation of
concrete. The nominal cover required to meet the durability
requirements is given in Table 4.6. These values should be
increased when lightweight or porous aggregates are used.

TABLE 4.6 Required cover (mm) for durability
Exposure Concrete Grade with Aggregate Size 20 mm
Comirton | py M25 M30 M35 M40
Mild 20 20 20 20 20
Moderate - 30 30 30 30
Severe - - 45 40" 40"
Very Severe - - - 50 45"
Extreme - - - - 75

Notes:

1. For main reinforcement up to 12 mm diameter bar in mild exposure, the
nominal cover may be reduced by 5 mm.

2. A tolerance in nominal cover of +10mm and -0 mm is permissible as per

IS 456.

. To develop proper bond, a cover of at least one bar diameter is required.

4. Cover should allow sufficient space so that the concrete can be placed or
consolidated around the bars. For this reason, the cover should be 5 mm more
than the size of aggregate.

5. Cover at the end of bars should be > 25 mm and 2> 2.0d,,, where d,, is the
diameter of the bar.

* For severe and very severe conditions, 5 mm reduction in cover is permissible,

if M35 and above concrete is used.

(98]
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FIG. 4.4 Clear (c.) and nominal (c,) covers to reinforcements

The nominal cover is the design depth of cover to all steel
reinforcements including links (see Fig. 4.4). Moreover,

according to Clause 26.4 of IS 456, the nominal cover for
longitudinal reinforcement in columns should not be less than
40mm, and it should not be less than 50 mm for footings.
In addition to providing the nominal cover, it should be
ensured that the cover concrete is well compacted, dense, and
impermeable. Otherwise, heavy corrosion of reinforcement
will take place as shown in Fig. 4.5.

Adequate cover, in thickness and in quality, is necessary
for other purposes too—to transfer the forces in the
reinforcement by bond action, to provide fire resistance to
steel, and to provide an alkaline environment on the surface
of steel. The nominal cover requirement for different hours of
fire resistance is given in Table 4.7.

It has been found that a thick cover leads to increased
crack widths in flexural RC members, defeating the very

FIG. 4.5 Heavy corrosion of rebars in a 4-star hotel in Chennai due to permeable or less than nominal cover

purpose for which it is provided. Hence, the engineer should
adopt a judicious balance between the cover depth and crack
width requirements. The German code, DIN 1045, stipulates
that concrete cover greater than 35 mm should be provided
with a wire mesh within 10mm of surface to prevent
spalling due to shrinkage or creep. A novel method called
supercover concrete has been developed by researchers at
South Bank University, UK, for preventing reinforcement
corrosion in concrete structures with thick covers using
glass fibre reinforced plastic (GFRP) rebars (see Fig.
4.6). This method involves using conventional steel
reinforcement together with concrete covers in excess of
100 mm, with a limited amount of GFRP rebars in cover
zones. This method is found to be cheaper than cathodic
protection (Arya and Pirathapan 1996; Subramanian and
Geetha 1997).

TABLE 4.7 Nominal cover (mm) for fire resistance

Fire Beams Slabs Ribs Col-
fﬁffl Simply | Con- | Simply | Con- | Simply | Contin- "™
sup- tinuous | sup- tinuous | sup- uous

T ported ported ported

0.5 20 20 20 20 20 20 40

1.0 20 20 20 20 20 20 40

1.5 20 20 25 20 35 20 40

2.0 40" 30 35 25 45" 35 40

3.0 60" 40" 45" 35" 55" 45" 40

4.0 70" 50" 55" 45" 65" 55" 40
Notes:

These nominal covers relate to the minimum member dimensions given in
Fig. 1 of IS 456.

“When the cover exceeds 40 mm in flexural members, additional measures,
such as sacrificial steel in tensile zone, are required to reduce the risk of
spalling (see Clause 21.3.1 of the code).
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FIG. 4.6 Schematic diagram of supercover concrete system
Source: Arya and Pirathapan 1996

A holistic approach to durability of concrete structures
must consider the following: component materials, mixture
proportions, placement, consolidation and curing, and
structural design and detailing. Air-entraining admixture has
to be used under conditions of freezing and thawing.

The philosophies to tackle corrosion in concrete and their
representative costs (given as a percentage of the first cost of
the concrete structure) include the following (Mehta 1997):

1. Use of fly ash or slag as a partial replacement of the concrete
mixture (0%)

CASE
Failure of Congress Hall, Berlin, Germany

The Benjamin Franklin Hall, as the building was officially
known, also called the conference hall (Der Kongresshalle) and
nicknamed ‘pregnant oyster’ (Schwangere Auster), is a gift from
the USA to the Berlin International Building Exhibition in 1957.
The American architect Hugh A. Stubbins Jr designed the building
in collaboration with two Berlin architects, Werner Duettman
and Franz Mocken. This one-third curved and cantilevered roof
(see figure) collapsed on 21 May 1980, killing one and injuring
numerous people. It started rumbling and vibrating in the morning
and hence most people inside had time to leave the building before
it collapsed. The 76 mm thick RC shell roof resembles an open
human eye with a tension ring as the pupil and the two arches
at the edges representing the upper and lower lids. The two arch
support points represent the corners of the ‘eye’. The report of
the failure cited that the collapse was mainly due to the planning
and execution of the roof, which lead to cracks and corrosion
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2. Pre-cooling of the concrete mixture (3%)—pre-cooling will
mitigate the effects of heat of hydration and may reduce the
extent of cracking.

. Use of silica fume and a super-plasticizer (5%)

. Increasing cover by 15 mm (4%)

. Addition of corrosion-inhibiting admixture (8%)

. Using epoxy-coated or galvanized reinforcing bars (8%)

. External coatings (20%)

. Cathodic protection (30%).

0NN B W

Where thermal cracking is of concern, the most cost-effective
solution would be to use as less Portland cement content as
possible with large amounts of cementitious or pozzolanic
admixture (Mehta 1997).

Plastic and cementitious spacers and steel wire chairs
should be used to maintain the specified nominal cover to
reinforcement (see Figs 4.7 and 4.8). Spacers go between the
formwork and the reinforcement, and chairs go between the
layers of reinforcement (e.g., top reinforcements supported off
bottom reinforcement). Spacers and chairs should be fixed at
centres not exceeding 50d in two directions at right angles for
reinforcing bars and 500 mm in two directions at right angles
for welded steel fabric, where d is the size of the reinforcement
to which the spacers are fixed. The material used for spacers
should be durable, and it should not lead to corrosion of
the reinforcement nor cause spalling of the concrete cover.
Cementitious spacers must be factory-made and should be
comparable in strength, durability, porosity, and appearance
of the surrounding concrete. It is important to check the cover

STUDY

Congress Hall, Germany

and finally to the failure of the tensioning elements. The hall was
rebuilt in its original style and reopened again in 1987 at the 750th
anniversary of Berlin. More details of the failure may be found in
Subramanian (1982).
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Cementitious spacers

Plastic spacers

(€3] (h) ®

Wire chairs

FIG. 4.7 Spacers and chairs to ensure good and uniform concrete cover (a) Single cover ‘A’ spacer (b) Soft substrate ‘A’ spacer (c) End spacer
(d) Circular spacers (e) Single cover spacer (f) Line spacer (g) Lattice type continuous chair (h) Goalpost type continuous chair (i) Individual chair

Source: Shaw, C., Durability of Reinforced Concrete, http://www.localsurveyorsdirect.co.uk/sites/default/files/attachments/reinforcedconcrete.pdf

FIG.4.8 Spacers for welded steel fabric with new soft substrate spacers
Photo copyright: C.B. Shaw, UK

before and during concreting. The position of reinforcement
in the hardened concrete may be checked using a cover
meter. The reinforcements need to be tied together to prevent
displacement of the bars before or during concreting. The six
types of ties used in practice are shown in Fig. 4.9. Slash ties
are used in slabs, ring slash and crown ties in walls, and crown
or hairpin ties in beams and columns. British Standard (BS)
7973-1 contains complete details of the product requirements
for the spacers and chairs, and BS 7973-2 specifies how they

are to be used, including the tying of the reinforcement. More
discussions on cover, spacers, and chairs may be found in
Prakash Rao (1995) and Subramanian and Geetha (1997).

To assist designers in choosing the concrete mix, minimum
cover, and minimum thickness of slab based on Tables 3, 5,
16, and 16A of IS 456:2000, Varyani (2001) developed the
table shown in Table 4.8.

Controlled Permeability Formwork Systems

It is well known that the use of conventional impermeable
formworks (wood or steel) results in cover zones having
reduced cement content and increased w/cm ratio. As a result,
the presence of blowholes and other water-related blemishes are
often observed upon removal of the formwork. The concept of
using permeable formwork (PF) to produce better quality cover
concrete was first originated by John J. Earley in the 1930s.
The US Bureau of Reclamation developed the first type of PF,
known as absorptive form liner, in 1938. This technology was
revived in Japan in 1985, and a number of Japanese companies
have developed controlled permeable formwork (CPF)
systems, using textile and silk form. A company (DuPont)
has also developed a less-expensive CPF liner system known
as Zemdrain. CPF systems have been used in a number of
projects in Europe and Australia (Basheer, et al. 1993).
It has been proved both in the laboratory and on the field that
these systems increase the cement content of the cover region,
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entrapped air and excess mix water,
which would otherwise become trapped

at the surface causing blemishes, pass
. through the liner, as shown in Fig. 4.10.

Slash

The pore structure of the liners is so
chosen that they will retain majority
of the cement and other smaller fines.
A proportion of water is held within
the liner, which, under capillary action,
imbibes back into the concrete to assist
curing. The forms can be removed with
& the normal level of care and cleaned

Crown

/ / . with high-pressure water and reused.
\ \ . Release agents are not required as CPF

Ring slash Ring hairpin
FIG. 4.9 Six types of ties used in binding wires

Note: The ends of the tying wire should not encroach into the concrete cover.

Source: Shaw, C., Durability of Reinforced Concrete, http://www.localsurveyorsdirect.co.uk/sites/default/files/attach-

ments/reinforcedconcrete.pdf

while at the same time reducing the w/cm ratio, porosity, and
permeability (Basheer, et al. 1993).

Typically, CPFs are thermally bonded permeable liners that
consist of a polyester filter and polyethylene drain elements,
attached in tension to the internal face of a structural support, as
shown in Fig. 4.10 (Reddi 1992; Annie Peter and Chitharanjan
1995). During concreting, due to the action of vibrators, the

liners easily debond from the concrete
Splice during formwork striking. The main
advantage of CPF are surface finish
with very few blowholes, aesthetically
pleasing textured surfaces giving
good bond for plaster or tiles, and
improved initial surface strength,
allowing earlier formwork striking. Recently, the influence
of SCC, which does not require any vibration effort for its
compaction, on CPF was studied by Barbhuiya, et al. (2011).
They found that the degree of improvement in the cover region
is significantly lower in the case of SCC when compared to
conventional concrete.

TABLE 4.8 IS 456:2000 requirements for durability and fire resistance (Varyani 2001)
Exposure Zone | Where Applicable Minimum Concrete | Nominal Cover for | Minimum Thickness | Remarks
Mix Members, mm of Slabs, mm
Mild Concrete surface protected against M20 Slab 20 110 For buildings in mid-
weather or aggressive conditions in land areas like Delhi
non-coastal regions Beam 25
Column | 40
Footing 50
Moderate Concrete surface sheltered from M25 Slab 30 110 For buildings in coastal
saturated salt air in coastal areas areas such as Mumbai,
Beam 30 Chennai, and Kolkata
Column | 40
Footing 50
Severe Concrete exposed to coastal M30 Slab 45 140 For structures immersed
environment or completely immersed in sea water
in sea water Beam 45
Column | 45
Footing 50
Notes:

1. The other two exposure zones, very severe and extreme, being applicable to special situations, have not been given here.
2. Slab covers have been reduced in moderate and severe exposure zones in order to restrict crack width and to also reduce dead load of buildings.
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FIG.4.10 Controlled permeability formwork

4.4.6 Aesthetics

Aesthetics is important not only for structures of high
visibility but also for all other structures, as it gives a sense
of pride to the owner. Aesthetic consideration may include
selection of shape, geometrical proportions, symmetry,
surface texture, colour, and harmony. Aesthetics is an art and
cannot be objectively quantified or subjected to fixed rules.
The structural engineer must work in close coordination
with the architects, planners, and other design professionals
to design aesthetic structures that are elegant and at the
same time economical and functional. The impact of the
structure on its surrounding has to be considered by the
architect, by choosing local materials and architectural styles.
A few examples of aesthetic concrete structures include the
replica of the classical ancient Greek Parthenon, constructed
with combined cast-in-place and precast concrete facades
during 1925-31 and located in Nashville, Tennessee, USA;
the Marina City complex, designed in 1959 by architect
Bertrand Goldberg and completed in 1964; and the Lotus
Temple Baha’i House of Worship, New Delhi, which is
composed of 27 free-standing marble clad ‘petals’ arranged
in clusters of three to form nine sides and designed by the
Iraninan architect, Fariborz Sahba. The consultants were Flint
& Neill Partnership of London while the contractors were
the ECC Construction Group of Larsen & Toubro Limited.
These are shown in Fig. 4.11. More information on aesthetics
and examples of aesthetic concrete buildings may be found in

Subramanian (1987), Schlaich (1995), Collins (2001), Steiger
(1996; 1997), and Kaushik (2003).

4.4.7 Environment Friendliness

Climate change resulting from the high concentration of
greenhousegases, suchascarbondioxide (CO,), methane(CHy),
nitrous oxide (N,0O), and fluorinated gases, in the atmosphere
is threatening the world’s environment. The concentration of
CO,, one of the primary greenhouse gases, has risen from
316 ppmin 1959 t0 390 ppmin 2010. To avoid a global warming
of 2.1°C, it is estimated that a CO, concentration of less than
450 ppm needs to be maintained.

The construction industry consumes 40 per cent of
the total energy and about one-half of the world’s major
resources. Hence, it is imperative to regulate the use of
materials and energy in this industry. CO, is a major by-
product in the manufacturing of the two most important
materials of construction—Portland cement and steel. Thus,
while selecting the material and system for the structure, the
designer has to consider the long-term environmental effects,
which include maintenance, repair and retrofit, recyclability,
environmental effects of demolished structure, adoptability of
fast track construction, and demountability and dismantling of
the structure at a future date. In concrete structures, in addition
to performance, the concrete mixture has to be considered in
terms of the waste or by-product material content, embodied
energy, and carbon footprint.



(b) (©)
FIG. 411 Examples of aesthetic concrete structures (a) Replica of the Parthenon (b) The Marina City
complex (c) Bah&'i Lotus Temple

Source: http:/lwww.wpclipart.com/buildings/famous/US_famous/Parthenon_replica_Nashville_Tenenssee.jpg.html
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. Consuming less concrete by

rehabilitating old buildings: One
of the best solutions to improve
sustainability is to increase the
service life of concrete structures
from the present 50 years to
100-150 years, and enhancing
the long-term durability (by
careful selection of constituents
of concrete). Use of demountable
precast products, which can
be reused, is also an efficient
solution.

. Consuming less cement in

concrete mixtures: Using high-
range water-reducing admixtures
to reduce 20-25 per cent of
water, thereby reducing cement
content; optimizing aggregate size
and grading; and using 56-90-day
compressive strength instead of
the traditional 28-day strength
(especially in Portland Pozzolana
Cement, PPC) in the design may
result in 15-20% cement savings.
It should be noted that concretes
with mineral admixtures tend to
develop strength slowly and hence
their 56th to 90th day strength
will be much higher than the
28th day strength. Moreover, the
28th day strength was adopted as
the standard when the concretes
were made only with Portland
cement.

. Minimizing the quantity of

cement in a concrete mix: The use
of industrial by-products such as
fly ash, blast furnace slag, silica
fume, and reactive rice-husk ash
can lead to significant reductions
in the amount of cement needed
to make concrete, and hence
reduces the emissions of CO,
and consumption of energy and
raw materials, in addition to
reducing the landfill or disposal
burdens. (India produces over
270 million tonnes of fly ash

Mehta (2009) has shown that by simultaneously using the per year, which is harmful and difficult to dispose.) Fly
following three tools, major reductions in concrete consumption ash can be readily substituted for over 30 per cent of
and carbon emissions can be achieved (see Table 4.9). cement volume and blast furnace slag for more than
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35 per cent. High volume fly ash (HVFA) concretes
with 50-70 per cent of cementitious content have been
studied extensively and are found to be feasible in certain
situations. They are found to have better properties than
concretes produced with Portland cement (Malhotra
2002).

Table 4.9 is based on the following assumptions: Combined
use of tools 1 and 2 will reduce cement consumption by 30
per cent (2.80 billion tonnes in 2010 to 1.96 billion tonnes
in 2030). The clinker factor is reduced by 20-30 per cent by
the use of alternate cementitious materials. Carbon emission
factor is decreased by 10-20 per cent by the use of waste
material as fuel.

TABLE 4.9 Projected cement and CO, reduction

Description Year 2010 | Year 2030 | Percentage Reduction
Cement requirement, | 2.8 1.96 30

billion tonnes

Clinker factor” 0.83 0.60 27

Clinker requirement, | 2.3 1.18 49

billion tonnes

CO, emission factor™ | 0.9 0.8 10

Total CO, emission, | 2.07 0.94 55

billion tonnes

" Tonne of clinker per tonne of cement
*Tonne of CO, per tonne of clinker
Source: Mehta 2009, reprinted with permission from Concrete International

It is interesting to note that the use of Portland cement
containing limestone filler (which does not have pozzolanic
properties) is a common practice in European countries,
especially in France. Bentz, et al. (2009) carried out a study
using the Power’s model and suggested that for low w/cm
ratios in the range of 0.30 to 0.35, it is possible to replace
cement with limestone powder to the extent of 15 per cent.
Such incorporation of coarse limestone powder, with a median
particle diameter of about 100 micron, could also significantly
increase durability by reducing autogenous deformation and
inclination for related early age cracking.

The use of ready-mixed concrete can also help in obtaining
quality concrete that will increase the durability and life
of concrete structures. Modern concretes such as fibrous
concrete, geopolymer concrete, high-performance concrete,
reactive powder concrete, SCC, and self-curing concrete not
only enhance the properties of concrete but also increase the
life of structures built with them.

Geopolymer Concrete

The geopolymer concrete can be used as a greener alternative
to Portland cement concrete. It can be produced by blending

three elements, namely calcined alumino-silicates (from clay),
alkali-disilicates, and granulated blast furnace slag or fly
ash. The cement hardens at room temperatures and provides
compressive strengths of 20MPa after 4 hours and up to
70-100 MPa after 28 days. Geopolymer binder can be used in
applications to replace or partially replace ordinary Portland
cement with environmental and technical benefits, including
an 80-90% reduction in CO, emissions. This is mainly due
to the absence of the high-temperature calcination step in
geopolymer synthesis. The silicon and aluminium oxides in
the low-calcium fly ash chemically react with the alkaline
liquid to form the geopolymer paste that binds the loose coarse
aggregates, fine aggregates, and other unreacted materials
together to form the geopolymer concrete (Rangan 2008).

More information on the sustainability of concrete
structures may be had from Vangeem and Marceau (2002);
Swamy (2003); Subramanian (2007); Subramanian (2008);
Mehta (2009); Subramanian (2010c); and Subramanian
(2012).

4.4.8 Functional Requirements

A structure must always be designed to serve its intended
function as specified by the owner and architect.
Constructability is a major part of the functional requirement
and is also related to safety and durability. During the planning
and design stages, it is important and crucial to consider
constructability, that is, consideration should be given to the
way in which all the elements on the drawing board can be
constructed practically. The collapse of the Hyatt Regency
Hotel walkways in the 1980s provides a classical example of
the error in constructability. In this building, a flawed alteration
was made in the rod hangers by the contractor, which was
approved by the designer without verifying its effects, leading
to the collapse. The contractor made this flawed alteration
because of the difficulty of constructing the original detail
in the field (see Subramanian 2010b for the details of this
failure).

In addition to such careless review of detailed drawings,
especially when changes to the original details are made,
another undesirable practice is to ignore the warning signals
occurring during construction. These signals might be in the
form of excessive deflections, vibrations, wrong construction
practices adopted by the contractor, or the change in loading
conditions during construction.

Troubles in buildings may also result due to design
engineers not visiting the job site. Job site visits are crucial
as they will confirm if the contractors are following the
original details on the drawings. Site visit gives the engineer
an opportunity to correct anything that contractors might have
missed or misunderstood. Many times, loads and conditions
unanticipated during design might be discovered during the
site visit, when the structure is actually built.



Building information modelling (BIM) is used nowadays
to facilitate collaboration among the various disciplines
and systems and to identify any misconceptions before
the beginning of the construction. Integrating BIM and
constructability solves potential design issues and minimizes
problems at the construction site as construction knowledge is
also utilized during the design process.

The term constructability with respect to cast in situ
concrete construction refers primarily to the ease with which
reinforcements can be placed and concrete is poured. In
order to achieve constructability, engineers should imagine
the possible situations that may be encountered in the field
when they are preparing the detailed drawings. Visualizing
the construction process will aid in catching constructability
flaws. For example, many times junior engineers make the
mistake of supporting bigger size beams on small size beams.
Moreover, having the same size of beams and columns will
result in cranking the beam bars to be placed inside the
column, which is not a good practice (see Figs 4.12a and
b). Figures 4.13(a) and (b) show another example where the
engineer is attempting to fit too much reinforcing steel into
too little space (Schwinger 2011). Of course, such problems
caused by the 135° hooks of transverse reinforcement may
be solved by using welded reinforcement grids (WRG) (see
Figs 4.14a and b). The one-piece WRG improves not only the
constructability but also the ductile performance and speed of
construction.

Similarly, using 180° bar hooks in slabs may complicate
the placement of reinforcing steel, as shown in Fig. 4.15.
While bars with 90° hooks can be dropped straight down into
place, bars with 180° hooks cannot be dropped into place
unless the perpendicular edge bar is temporarily moved out
of the way and then re-positioned after the hooked bars are
installed (Schwinger 2011).

Although IS 456 permits up to six
per cent longitudinal reinforcement
in columns, it is better to limit the
percentage of longitudinal steel to two
per cent for economy and four per
cent for constructability. It should be
noted that columns reinforced with
six per cent steel using lap splices
will have twelve per cent steel at
splice locations, unless mechanical
splice couplers are used. Figure 4.16
shows the reinforcing steel at the
splice location of two columns of size
600mm X 600mm—one reinforced
with eight 36 mm rods (p = 2.26%)
and another reinforced with sixteen
36mm rods (p = 4.52%). It should

also be noted that the column with  Source: Baumann 2008
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16 vertical bars results in congestion of reinforcement. Large
numbers of vertical bars also require more ties. Moreover,
installing beam and slab reinforcing through heavily reinforced
columns can be difficult. Heavily reinforced columns are not
only difficult to build, but also not economical.

Beam bars bent like this will not carry
(' tension force, unless straightened

|

Column
[ ] [ ]
Beam
(@
Beam
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Straight beam bars pass
| ’ | Column ‘ | ’ > through column easily

& e e

(b)
FIG. 412 Bigger column sizes result in better reinforcement detailing
(a) Beam and column of same size (b) Column width bigger than beam width

Source: Murty 2005, NICEE, [IT Kanpur
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FIG. 413 Assumed conditions in drawings resulting in difficulties at site
(a) Details as given by engineer (b) Actual condition at site

Source: Schwinger 2011

150

(a) (b)

FIG. 414 Transverse reinforcement in beams/columns (a) Conventional and welded reinforcement
grids (b) Better constructability of column with BauGrid® WRG™
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FIG.4.15 Problem in using 180° hooks in slabs
Source: Schwinger 2011
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FIG.4.16 More than 4% reinforcing steel in columns results in practical
problems

Hence, bundled bars should be avoided in columns. Splices
in bundled bars must be staggered, which adds another level
of complexity. Likewise, mechanical splice couplers, when
required, cannot be easily installed on bundled bars.
Designers must specify the criteria for installing a slab-
embedded cable and conduit in the floor slabs. Specifying
such criteria on the general notes will,
at a minimum, facilitate awareness

of a tensile force, or as the ability of a material to withstand
plastic deformation without rupture. Ductile materials show
large deformation before fracture. Thus, ductility (u) may
also be defined as the ratio of the ultimate deformation A,,,,
at an assumed collapse point to the yield deformation A,.
See Figs 4.17 and 4.18. The lack of ductility is often termed
brittleness. This capacity of the structure to absorb energy,
with acceptable deformations and without failure, is a very
desirable characteristic in any earthquake-resistant design.
Thus,
u=Nyd Ay > 1 (4.4)

It should be noted that the displacement A, and A, in
this equation may represent strain, curvature, rotation, or
deflection.

Paulay and Priestley (1992) provide the following
relationship between the response reduction factor, R, and the
displacement ductility, u.

For long period structure: R = u (4.52)
For short period structure: R = \/2u —1) (4.5b)
For long period structure: R = 1 (regardless of u) (4.5¢)

Ductility is often measured by the hysteretic behaviour of
critical components such as column-beam assembly of a
moment-resisting frame. The hysteretic behaviour is usually
predicted by the cyclic moment-rotation or force-deflection
behaviour of the assembly as shown in Fig. 4.19. The slope
of the curve represents the stiffness of the structure and
the enclosed area represents the dissipated energy. Perfect
ductility is defined by the ideal elastic or perfectly plastic
(also called elasto-plastic) curves, which are difficult to
achieve in materials like concrete. Hysteretic energy is
the energy dissipated by inelastic cyclic deformations and
is given by the area within the load deformation curve
shown in Fig. 4.19, also called the hysteretic curve. Under

that caution must be taken in
coordinating where and how cables F,
and conduits may be installed without F, ——
compromising the structural integrity
of the floor framing (Schwinger (.75 F,
2011). 7
7]
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A 2. The structure becomes softer
Maximum force . Total = and its natural period increases;
_ if structure S horizontal hence, the structure has to resist a
L remains elastic Linear elastic Due to load = .. .
> response / Non-linear || ductility lower seismic force (see Fig. 2 of
g Maximum load response IS 1893, Part 1).
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Roof displacement (A)
FIG. 4.18 Concept of response reduction factor

Source: Jain and Murty 2005, NICEE, IIT Kanpur

ideal conditions, hysteresis loops of the form shown in
Fig. 4.19(a) result, where the energy absorbed will be
about 70-80 per cent of that of an equivalent elasto-
plastic loop. Limited energy dissipation curves are shown
in Fig. 4.19(b). The degradation of strength and stiffness
under repeated inelastic cycling is
fatigue.

When a structure yields, it will result in the following:

called low-cycle

1. There is more energy dissipation in the structure due to
hysteresis.

ductility (toughness), over strength,
and values in practice in other
countries and include all the factors
discussed here (Jain 1995).

As indicated earlier, large areas enclosed by the force—
deformation loops indicate more dissipation of hysteretic
energy. One way of ensuring good ductility and energy
dissipation capacity is to provide sufficient transverse
reinforcement in plastic hinge zones to confine concrete.
Slenderness ratio and axial load ratio of the members may
also control ductility. Both ductility and energy dissipation
capacity are required to resist severe earthquakes (it should
be noted that these two quantities are inter-related and a large
demand on one tends to decrease the other).
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FIG. 4.19 Hysteretic behaviour (a) Curve representing large energy dissipation (b) Curve representing limited energy dissipation

4.5 ANALYSIS AND DESIGN

In the structural design process, the term analysis means the
determination of the axial forces, bending moments, shears,
and torsional moments acting on the different members of
a structure, due to the applied loads and their combinations

(static or dynamic). In general, the term design may mean
the development of the structural layout and system for the
structure or arrangement of different members. However, for
the design engineer, the term design means the selection of
sizes of members to safely and economically resist the forces
and moments found in the analysis phase. In the design
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phase, one will normally design not only the members but
also its connections and the foundations, so that the loads are
transmitted to the soil.

The analysis is relatively simple for statically determinate
structures (simply supported beams, cantilever, trusses, etc.),
and the laws of statics can be used to determine the forces
and moments on each member. The relative stiffness of
intersecting members does not affect the analysis. After the
analysis is completed and the critical moments and forces
in the different members are tabulated, the design of the
member is a straightforward process using an appropriate
design method (e.g., working stress method, limit states
method, etc.). For statically determinate structures, there
will not be any need for re-analysis or re-design of the
members.

However, for statically indeterminate structures, the
analysis procedure is rather complex. A number of analytical
methods have been developed, which include slope deflection
method, moment distribution method, Kani’s method,
portal method, cantilever method, and matrix methods. In
these methods, assumptions are usually made regarding the
distribution of applied load among the members according
to the relative stiffness of connecting members, the response
and behaviour of members and structures to the applied loads,
the rigidity of joints, and so forth. Moreover, to perform the
analysis, the proportions of various structural elements should
be known in advance, which generally requires a preliminary
design. Thus, in these types of structures, analysis and design
are interactive processes.

After the first cycle of analysis is completed, and the
different members are designed as per the codal rules, it is
usually necessary to re-analyse the structure to check the
validity of the original member sizes. For complex structures,
several cycles of analysis and design may be required (many
times, three cycles are found to be sufficient).

As already mentioned, a statically indeterminate analysis
requires preliminary member sizes, which are often assumed
based on experience or using approximate methods. Hand
books often provide formulae and coefficients to simplify
the preliminary design of continuous beams or simple rigid
jointed frames like portal frames (Reynolds and Steedman
1988; Young and Budynas 2001).

Various computer programs are available for the analysis
and design of different types of structures. They include
ADINA, ANSYS, SAP2000, STAAD III and STAAD PRO
(www.reiworld.com), ETABS (www.csiberkeley.com), and
STRUDS. These programs are quite general in terms of loading,
geometric configurations, and support conditions. With these
programs, it is now possible to analyse any structure with any
complicated geometry subjected to any pattern of loading
(static or dynamic) and having any boundary condition or
discontinuity (Subramanian, 1995b).

Analytical methods and modelling techniques used by
these computer programs offer various levels of sophistication
and refinement. While using these programs, the designer
should be aware of any assumptions used and the limitations
of these programs. This is because no amount of mathematical
precision can make up for the use of an analytical method that
is not applicable for the structure being designed.

Clause 22.1 of code IS 456 suggests the use of linear elastic
(first-order) analysis to calculate the internal actions produced
by design loads. Such elastic analysis allows superposition
of desired combination of load effects. The code allows for
moment redistribution, if desired, as per Clause 37.1.1. It also
allows for the effects of deflections on moments and forces in
frames with slender columns (see Clause 39.7). The code also
states that plastic methods such as yield-line analysis may be
used for the analysis of two-way slabs (see Clause 37.1.2).

Though the code allows substitute frame analysis for
reasonably regular frames subjected to gravity loads in
Clause 22.4.2, designers analyse the whole frame, due to
the availability of software packages. In case of a regular
structural system, the space frame can be divided into planar
frames for analysis. However, consideration of the whole
space frame is advisable in the case of irregular configuration,
as the torsional effects are considered automatically by the
computer program. The code also gives the moment and shear
coefficients for continuous beams of uniform cross section and
supporting uniformly distributed loads (see Tables 12 and 13
of the code). When such coefficients are used, redistribution
of moments is not permitted by the code.

4.5.1 Relative Stiffness

Under service gravity loading, the cracking of RC frames will
be relatively minor. Clause 22.3.1 of IS 456 suggests that the
relative stiffness to be used in linear elastic analysis can be
based on the following:

1. Gross concrete section ignoring reinforcement: The
most frequently used method in practice because the
reinforcement data is not known before the design

2. Transformed section: The gross concrete section including
area of reinforcement on the basis of modular ratio (as per
Annex B-1.3 of the code, the modular ratio m is given by
280/(30,,.), where 0O, is the permissible compressive
stress due to bending as given in Table 21 of the code)

3. Cracked section: The area of concrete in compression and
the transformed area of reinforcement based on modular
ratio

While analysing the frames for seismic loading, most
members will either yield or reach yielding and hence the
cracking will be significant. Therefore, it is essential to use the
realistic stiffness of members. The use of realistic stiffness is
also important because it directly affects the building periods



and dynamic response, deflection and drift, and internal
force distribution. The calculation of relative stiffness as
given in Clause 22.3.1(c) of the code is difficult to estimate.
The parameters that affect the effective stiffness include the
following:

1. The amount and distribution of reinforcement, especially
those in the tension zone

2. Yield strength of longitudinal reinforcement

3. The extent of cracking, which affects the magnitude of
tension stiffening

4. Tensile strength of concrete

5. The initial conditions in the member (such as shrinkage
and creep, which induce compression in the reinforcement)
before the structural actions are imposed

The effective stiffness to be considered in the frame analysis
has been studied by a number of investigators and the values
suggested by them and other codes are given in Tables 4.10
and 4.11. Elwood and Eberhard (2009) proposed equations
for the effective stiffness of columns, which are more accurate
than the existing models. The equations proposed by Khuntia

TABLE 4.10 Effective stiffness for beams and columns as per different
sources
Type of IS 456 ACI 318 Khuntia Kumar and
Member 2000 2011 and Ghosh Singh (2010)
(2004)
Beam Iy, Ly, 0.351, L,0.1 + 0.351, for P,/
PI(fuAy) < | or I, For T-beam | 25A/A,) (fuAg) <0.16
0.08 take as two | [1.2 —
times the I, | 0.2(b,/d)] <
of the web, | 0.6/,
i.e., 2(b,, and [1.2 —
R12) 0.2(b,/d)]
<1.0
Column L. 1, 0.701, I,(0.8 + (a) [0.175 +
PI(f4Ag) = | or I, 25A4/A,) 0.875P,/
0.08 [1 - (Mu/ (fckAg)]Ig
P,h.)— for 0.2 <
(OSPM/P())] Pu/(fckAg)
<0.8751, <0.48"
(b) 0.71, for
Pu/(fckAg)
>0.48
Walls
Uncracked - 0.701, - —
Cracked — 0.351, - _

* For high-strength concrete the following equations are to be used:

(a) [0.24 + L.1P/(fuA )M, for 0.1 < P /(fud,) < 0.48"

(b) 0.9/, for P,/(f4A,) 2 0.48

where A, is the gross cross section area in mm?, Ay, is the gross steel area in
mm?, 1, is the gross moment of inertia of cross section in mm?, P, is the factored
axial load on column in kN, P, is the nominal axial load strength in kN, M, is
the factored moment on column in kNmm, b is the width of member in mm, b,,
is the web width of T- or L-beam in mm, d is the effective depth in mm, and /.
is the overall depth of column in mm.
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TABLE 4.11  Effective stiffness as per New Zealand Standard NZS
3101
Type of Member Ultimate Serviceability Limit State
Limit
=1.25 =3 =6
State (f, = # # #
500 MPa)
Beams Rectangular | 0.3217 I, 0.71, |0.4017
beam
T- or 0.271F I, 0.6/, |0.351;7
L-beam
Columns | P,/(f4Ag) | 0.801, I, 1.04, | 1.0,
>0.5
PJ(fuAy) | 0.501, 1, 0.81, |0.661,
=0.2
PJ(faAg) | 0.301, I, 0.71, |0.451,
=0.0
Walls PJ(fuAy) = | 0.421, I, 0.71, | 0.421,
0.2
PJ(faAg) | 0.331, I, 0.6, |0.331,
=0.1
PJ(faAg) | 0.251, I, 0.51, |0.251,
=0.0
Diagonally — 0.607, for | I, 0.751, | 0.601, for
reinforced flexure flexure
coupling Shear area | 1.5 1.25 | Shear area
beams Ashear Ashear Ashear Ashear
for for
ULS ULS

4 =Maximum ductility demand

* Use with a E value of M40 concrete regardless of the actual concrete strength
ULS = Ultimate limit state

Agpear = Effective shear area

_ V)‘ , where the shear deformation,
shear GL 5\)

d,
§v — .L + fv b f7)
o |sina 15 |E|

G = Shear modulus = 0.4 E,

dj, = Diameter of rebar in the coupling beam

E. and E; = Young’s modulus of concrete and steel respectively
Jfy=Yield strength of steel diagonal rebars

L = Clear length of coupling beam

V, = Shear force

« = Inclination of the bars to the axis of the beam

and Ghosh (2004) are suggested as alternate values in ACI
318:2011 (by using the effective moment of inertias, the non-
linear effects are considered approximately in the ACI code).
These effective flexural stiffness values are intended to provide
an estimate of the secant stiffness to the yield point (see
Figs 4.17 and 4.18). Under sustained lateral loads, for example
the earth pressure, the effective moment of inertia needs to be
further reduced by dividing it by (1+ 8;,). As per ACI code, the
term /3, denotes the ratio of the maximum factored sustained
shear within a story to the maximum factored shear in that
story associated with the same load combination, but shall not
be taken greater than 1.0.
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The idealized static pushover plots in Fig. 4.20 may help to
interpret the NZS 3101 provisions for the stiffness coefficients
for the three different ductility demands given in Table 4.11.
Itis seen that the New Zealand code provisions are extensive and
may be adopted in the analysis. According to ACI code Clause
10.10.4.1, the stiffness modification factor for flat plates and
flat slab may be assumed as 0.25 and area can be taken as 1.04,
for all types of members. For more information on modelling
and acceptance criteria for seismic design and analysis of tall
buildings, refer to the report PEER/ATC 72-1 (2010).

4.5.2 Redistribution of Moments

In engineering practice, bending moment and shear force
distributions in an RC indeterminate structure are normally
arrived at by using any standard linear elastic analysis computer

package. Such a linear analysis has the virtue of simplicity and
permits results from a series of analyses to be combined using
the principle of superposition. The assumption of linear elastic
behaviour is reasonable at working loads but may become
invalid at higher loads due to cracking and the development of
plastic deformations. Once an element cracks, the behaviour
becomes non-linear, but it is still reasonable to assume that the
tension reinforcement and the concrete in compression both
behave elastically up to the yield of the reinforcement.
Design codes permit elastic analysis to be used at the
ultimate limit state but acknowledge this non-linear behaviour
by allowing a limited amount of moment redistribution from
one part of the structure to another. Such moment redistribution
in concrete structures is similar to plastic moment distribution
in steel structures. In steel structures, as the external load is

F
fuglobal =1
(Ideal elastic)
I
l (Essential elastic)
£3 /uglobal =125 I
o 2 |
£ & |
52 |
2 g |
E=N) |
B 2]
5z . I
28 /global =3 (Restricted ductility) I
|
9
Hgiopar = 6 (Fully ductile) |
| |
L]
| |
I Serviceability | Ultimate
1 |
AS ALI A
(a)
M M M
Legr= Iy (Service) Ig= 0.71, (Service)
Mn -T- /-/ s Mn T &/ s Mn -
M, iy M, T M, T
1/ £ 4 /
/4 \ . // /o= 0.41,(Service and
Mo )7 Lop= 0.4, (Ultimate) My T/ [ = 0.41, (Ultimate) Mo T/7 ultimate)
9 9 9
/uglobal =1.25 /uglubal =3 /uglobal =6
(b)

FIG.4.20

(local response)
Source: Mehanny, et al. 2001, reprinted with permission from ACI

Interpretation of NZS effective stiffness recommendations (a) Force deformation of system (global response) (b) Moment curvature of beam



increased, the section experiencing the maximum bending
moment reaches its plastic moment capacity (thus forming
a plastic hinge); then, the moment gets distributed to other
sections. This process continues until sufficient number of
plastic hinges is formed and the structure fails by forming
a mechanism (Subramanian 2010b). In concrete structures
too, as the loads are increased, tension reinforcement yields
at the location of maximum bending moment and the section
undergoes inelastic rotation. Thus, after yielding first,
the moments are redistributed to the other sections of the
member, which are still elastic. When the load is increased
further, plastic hinges will eventually form in other locations,
until the structure fails due to a mechanism. However, this
redistribution can take place safely only when ductile detailing
is adopted as per IS 13920 at critical plastic hinge locations,
and when the crack widths are controlled (Beeby 1997; Scott
and Whittle 2005). The plastic hinges permit the utilization of
the full capacity of more cross sections of a flexural member
at the ultimate loads.

Moment redistribution is useful in practical design as it
allows some flexibility in the arrangement of reinforcement. It
can be used to transfer moment away from the congested areas
(e.g., beam-column connections) to less-congested areas (e.g.,
mid-spans of beams) or help to allow standard reinforcement
layouts where small differences occur in the bending moment
distributions for a series of beams, thus avoiding the need to
detail each beam separately. In addition, useful economies
can be achieved when moment redistribution is applied to
different load combinations, resulting in a smaller bending
moment envelope, which still satisfies the equilibrium (Scott
and Whittle 2005).

Implicit in the current use of moment redistribution is
the assumption that sections possess sufficient ductility for
the requisite plastic deformations to occur. Design codes
achieve this by specifying rules that ensure that the tension
steel must have yielded, explicitly in the case of ACI 318
(which allows 20% moment redistribution when & is
equal to or greater than 0.0075 at the section at which moment
is reduced) and implicitly in the case of IS 456, BS 8110, and
Eurocode 2 (which link percentage redistribution to neutral
axis depth). Clause 37.1.1 of code IS 456 allows redis-
tribution of moments provided the following conditions are
satisfied:

1. Equilibrium is maintained at all times between the internal
forces and external loads. Thus, for example, when the end
support of a continuous beam has a cantilever moment, the
moment cannot be reduced by redistribution.

2. The ultimate moment of resistance provided at any section
is not less than 70 per cent of the maximum elastic moment
obtained using elastic analysis for all appropriate load
combinations.

Basis of Structural Design 125

3. The redistribution at any section should not be more than 30
per cent of the numerically largest elastic moment obtained
using elastic analysis for all appropriate load combinations.
It should be noted that the code allows only 15 per cent
redistribution in the case of the WSM (see Clause B-1.2 of
code IS 456).

At locations where moment capacity provided is less than
the moment obtained from elastic analysis (i.e., at locations
from where moments are reduced due to redistribution), the
following relation should be satisfied:

(4.6)

Here, x, is the depth of neutral axis, d is the effective depth, and
OM is the percentage reduction in moment. Substituting the
30 per cent maximum allowable redistribution in this
condition, we get x,/d < 0.3. For structures having four or
more storeys, the maximum redistribution is limited to
10 per cent, if the frames are designed to provide lateral
stability also.

It should be noted that as per Clause 22.7 of IS 456 and
Clause 6.2.4 of IS 13920:1993, moment redistribution is not
allowed under the following conditions:

1. Simplified analysis using moment coefficients is adopted
as per Table 12 of the code.

2. The frames are designed for earthquake forces and for
lateral loads (the draft IS 13920 allows 10% redistribution).

3. Based on experimental results of 33 two-span continuous
beams, Scott and Whittle (2005) confirmed that the 30
per cent redistribution of moment as recommended in the
codes is conservative and that there is redistribution even
during the elastic stage. Reynolds and Steedman (2008)
(see Tables 2.34 and 2.35 of their book) provide moment
coefficients for 10 per cent and 30 per cent redistribution.

4.6 CODES AND SPECIFICATIONS

A structural engineer is often guided in his/her efforts by
the code of practice. A code represents the consensus of
opinion of experienced engineers and professionals. It may
not cover in detail every situation a designer may encounter.
Often the designer must exercise judgment in interpreting
and applying the requirements of a code. It has to be noted
that strict adherence to codes will hamper the adoption
of innovative designs. Codes are basically written for the
purpose of protecting the public. These codes provide the
guidelines for the design and construction of structures. They
are revised at regular intervals to reflect new developments
(in research, materials, construction techniques, etc.), based
on the experience gained from past design practice, behaviour
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of existing structures, and failure of structures. Codes contain
the recommended loads for a given locality and the rec-
ommended fire and corrosion protection. They also contain
rules governing the ways in which loads are to be applied and
design rules for steel, concrete, and other materials. These
rules may be in the form of detailed recommendations or
by reference to other standards that provide specific design
rules. The codes should be regarded as aids to design, which
contain stress levels, design formulae, and recommendations
for good practice, rather than as a manual or textbook on
design.

The codes serve at least the following four distinct functions:

1. They ensure adequate structural safety, by specifying
certain essential minimum requirements for the design.

2. They aid the designer in the design process. Often, the
results of sophisticated analysis are made available in the
form of simple formulae or charts.

3. They ensure consistency among different engineers.

4. They protect the structural engineer from disputes, though
codes in many cases do not provide legal protection.

On the other hand, project specifications along with the
design drawings are given to the builder by the architect or
project manager. These specifications and the way in which
the drawings are prepared and presented vary from organ-
ization to organization. However, they include the following
items:

1. Materials that must be used in the structure

2. Sizes of structural members

3. Joint details

4. Expected quality and tolerance

5. Instructions on how the construction work is to be done

Whoever writes the specification, the structural engineer
should be involved in preparing or approving the technical
contents of a specification.

In India, the BIS issues the codes and standard handbooks.
Committees representing producers, designers, educators,
fabricators, government bodies, and other interested bodies
formulate them. The draft is circulated to a larger section
of engineers, designers, and professionals. The committee
considers their comments and finally the BIS prints the code.
It is strongly advised that the reader possess a copy of the
following codes, which will be referred to frequently in this
book:

1. IS 456:2000, Code of Practice for Plain and Reinforced
Concrete (Fourth revision)

2. IS 875:1987, Code of Practice for Design Loads for
Buildings and Structures (Part 1: Dead Loads, Part 2:
Imposed Loads, Part 3: Wind Loads, Part 4: Snow Loads,
and Part 5: Special Loads and Load Combinations)

3. IS 1893 (Part 1):2002, Criteria for Earthquake-resistant
Design of Structures

4. IS 13920:1993, Code of Practice for Ductile Detailing
of Reinforced Concrete Structures Subjected to Seismic
Forces

5. IS 4326:1993, Code of Practice for Earthquake-resistant
Design and Construction of Buildings

6. IS 10262:2009, Guidelines for Concrete Mix Design
Proportioning

In addition, the designer may need to refer to a number of
other codes covering topics such as specification for Portland
cement, pozzolan cement, fly ash, slag cement, coarse and
fine aggregates, ready-mixed concrete, admixtures, and high-
strength deformed bars, and also codes for the design of
foundations, liquid retaining structures, bridges, and silos.

In certain cases, it may be useful for the designer to consult
codes of other countries. The following are some of these
codes that will be helpful:

1. ACI 318-11 2011, Building Code Requirements for
Structural Concrete and Commentary, American Concrete
Institute, Farmington Hills.

2. NZS 3101-06 July 2006, Concrete Structures Standard,
Part 1: The Design of Concrete Structures, Part 2:
Commentary on the Design of Concrete Structures,
Standards Council of New Zealand, Wellington.

3. BS 81101: 97 September 1998, Structural Use of Concrete,
Part 1. Code of Practice for Design and Construction,
British Standards Institution, London.

4. CSA-A23.3-04 2004, Design of Concrete Structures,
Canadian Standards Association, Toronto.

5. ENV 1992-1-1:1992, Eurocode 2, Design of Concrete
Structures, Part 1: General Rules and Rules for buildings,
European Committee for Standardization (CEN), Brussels.

6. AS 3600:09 Australian Standard 2009, Concrete Structures,
Standards Australia, Sydney.

7. DIN 1045-1:01 July 2001, Tragwerke aus Beton, Stahlbeton
und Spannbeton, Teil 1: Bemessung und Konstruktion,
Deutsches Institut fiir Normung, Berlin.

4.7 DESIGN PHILOSOPHIES

Over the years, various design philosophies have evolved in
different parts of the world, with regard to structural concrete
design. The earliest codified design philosophy is the working
stress method of design, which evolved around 1900 when
the theory proposed by Coignet and Tedesco was accepted.
The elastic theory has been the basis of RC design for many
years. In the recent (2000) revision of code IS 456, the
provisions relating to this method of design procedure have
been relegated from the main text of the Code to Annex B
at the end of the code (with only a few pages devoted to it)



‘so as to give greater emphasis to limit states design’. Prior
to 2002, Appendix A of ACI 318 code allowed the design of
concrete structures either by strength design or by working
stress design. In 2002, the appendix was deleted. However, it
should be noted that serviceability checks are performed only
on unfactored or service loads in all the codes.

The WSM was followed by the ultimate strength design,
which was developed in the 1950s. This design became
accepted as an alternative to WSM in the ACI code in 1956
and in the British code in 1957. It was based on the ultimate
load carrying capacity of the RC at collapse. This method was
introduced as an alternative to WSM in Appendix B of IS 456
code in 1964.

In the mid-1960s, the probabilistic concepts of design
received a major impetus (Madsen, et al. 1986; Subramanian
1974). The philosophy was based on the theory that the
various uncertainties in design could be handled more
rationally in the mathematical framework of probability
theory. The risk involved in the design was quantified in terms
of the probability of failure. Such probabilistic methods are
known as reliability-based methods. However, this theory
was not accepted in professional practice, mainly because
the theory appeared to be complicated (mathematically and
numerically).

For codification, the probabilistic reliability method
approach was simplified and reduced to a deterministic
format involving multiple (partial) safety factors (rather
than the probability of failure). Based on the CEB-FIP
recommendations, the philosophy of limit states method was
introduced in the British code CP 110 in 1972 (now BS 8110),
and the Indian Concrete Code IS 456 in 1978. In the USA, the
ACI introduced the limit states method in the form of Load
and Resistant Factor Design (LRFD) in 1963. In the 1971
version of the code (ACI 318-71), the LFRD method was fully
adopted and the WSM was moved to an Appendix and later
deleted in 2002.

4.7.1 Working Stress Method

This was the traditional method of design not only for RC
but also for structural steel and timber design. The conceptual
basis of the WSM is simple. It basically assumes that the
structural material behaves in a linear elastic manner and
that adequate safety can be ensured by suitably restricting
the stresses in the material due to the expected working loads
(service loads) on the structure.

It assumes that both the steel reinforcement and concrete act
together and are perfectly elastic at all stages, and hence the
modular ratio (ratio between the moduli of elasticity of steel
and concrete) can be used to determine the stresses in steel
and concrete (it is interesting to note that a few codes such as
CP 114, used in the UK until 1973, used a constant modular
ratio of 15, independent of the strength of concrete and steel).
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The stresses under the working loads are obtained by applying
the methods of ‘strength of materials’ like the simple bending
theory. The limitations due to non-linearity (geometric as well
as material) and buckling are neglected.

The stresses caused by the ‘characteristic’ or service loads
are checked against the permissible (allowable) stress, which
is a fraction of the ultimate or yield stress; for example, for
compression in bending, one-third of the cube strength of the
concrete is assumed as the permissible stress. The permissible
stress may be defined in terms of a factor of safety, which
takes care of the overload or other unknown factors. Thus, the
permissible stress is defined by

Permissible (allowable) stress = Ultimate or yield stress/
Factor of safety (4.7a)
Thus, in WSM,

Working stress < Permissible stress (4.7b)

Therefore, the basic assumptions in the elastic theory in
bending are as follows:

1. At any cross section, plane sections will remain as plane
even after bending.

2. The stress—strain relationship of steel and concrete under
working loads is a straight line, and hence stresses o can
be calculated from the strains & using the relationship
o=EXe¢.

3. The tensile stresses are taken up only by the reinforcement
and not by the concrete.

4. Inorderto consider creep effects, the modularratiom is taken
as (280/3 0. ), where o, is the permissible compressive
stress due to the bending in the concrete expressed in
N/mm? (see Table 4.12 for the various values of o, for
various grades of concrete).

TABLE 4.12 Permissible stresses in concrete (MPa)

Grade of Permissible Stress in Modular | Permissible

Concrete Compression Ratio Average Stress
Bending Direct m =280/ in Bond for
Compression | Compression (3s) Plaiq Ba*rs in
Oche Occ Tension 74

M20 7.0 5.0 13.33 0.8

M25 8.5 6.0 10.98 0.9

M30 10.0 8.0 9.33 1.0

M35 11.5 9.0 8.11 1.1

M40 13.0 10.0 7.18 1.2

M45 14.5 11.0 6.44 1.3

M50 16.0 12.0 5.83 1.4

M55 18.0 13.5 5.19 1.5

M60 20.0 15.0 4.67 1.6

* Bond stress may be increased by 25 per cent for bars in compression.
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Based on these assumptions, the total compressive force C
(see Fig. 4.21) is given as follows:

C =0.50.,b(kd)

b, d = Breadth and effective depth of beam respectively

k = Neutral axis factor

b O-rbc
e B L f—
c
x=kd
] N A M
/
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FIG. 4.21 Stress distribution in rectangular section

This force acts at the centroid of the triangular stress block, at
a distance x/3 from the top. Hence, the leaver arm distance is

kd k k
jid=d——=d|1——];Hence,j=|1—— 4.8
J 3 ( 3) J ( 3) (4.8)

If the moment at service load is M,, then

M, =Cjd =050

ooblkd) jd (4.92)

/M
and d = Q_;J where Q is a constant and is taken as

Q=0.50y.jk (4.9b)
Similarly, taking moments about C yields
M, =Tjd=0c,A,jd (4.10a)
Using this equation, we get
M
o= ?;d (4.10b)

where A, is the area of tension steel and o, is the permissible
stress in the steel in tension.

These equations are used in the design of rectangular
beams using WSM. However, this analysis ignores the effect
of creep, which tends to slightly increase the stress in the
tension steel.

Each member of the structure is checked for a number
of different combinations of loadings. Usually, a factor of
safety of about 3 is adopted for cube strength of concrete

and a factor of safety of about 1.8 is used for steel, with
respect to its yield stress (see Tables 4.12 and 4.13). Since
dead, live, and wind or earthquake loads are all unlikely to
simultaneously act on the structure, the stresses are checked as
follows:

Stress due to dead load + live load < permissible stress

Stress due to dead load + live load + wind or earthquake
load < 1.33 (permissible stress)

TABLE 4.13 Permissible stresses in steel reinforcement

Type of Stress in Steel Permissible Stress in MPa

Reinforcement Mild Steel Bars as per | High-yield Strength-
IS 432(Part 1) (Grade | deformed Bars as per
Fe 250) IS 1786 (Grade Fe 415)

Tension (o, or T,)

Up to and including | 140 230

20mm

Over 20mm 130 230

Compression in 130 190

column bars (o)

Compression in

beam or slab bars

Up to and 140 190

including 20 mm

Over 20 mm 130 190

Note: For high-yield strength-deformed bars of grade Fe 500, permissible stress
in direct tension and flexural tension shall be 0.55f,. The permissible stresses for
shear and compression steel shall be as for grade Fe 415.

There are many limitations in and shortcomings of WSM.
Some of them are listed as follows:

1. The main assumption of a linear elastic behaviour and the
implied assumption that the stresses under working loads
can be kept within the ‘permissible stresses’ are found
to be unrealistic. Many factors are responsible for this,
such as the long-term effects of creep and shrinkage
and other secondary effects. All such effects result in
significant local increases in and redistribution of the
calculated stresses. For example, the compression steel in
columns may reach the yield strength during the sustained
application of service loads, which is not indicated by WSM.
Thus, the method does not provide a realistic measure
of the actual strength or factor of safety underlying a
design.

2. The use of the imaginary concept of modular ratio results
in larger percentage of compression steel and generally
larger member sizes than the members designed using
ultimate load or limit states design. However, as a result of
the larger member sizes, they result in better performance
during service (less deflection, crack width, etc.).

3. The stress—strain curve for concrete is non-linear and is
time dependent. This is particularly so at higher ranges of
stress. Thus, the elastic modulus is a function of the stress



level (it may also change with age) and hence the modular
ratio is not really constant. This method does not consider
the consequences of this material non-linearity.

4. WSM does not discriminate between the different types of
loads that act simultaneously, but have different degrees
of uncertainty. This may result in unconservative designs,
particularly when two different loads (say, dead loads and
wind loads) have counteracting effects.

In spite of these shortcomings, most structures designed in
accordance with this method have performed satisfactorily
for many years. Its popularity is due to its simplicity—in
concept as well as application (see Examples 4.1 and 4.2 for
the application of WSM).

It has to be noted that serviceability requirements such
as deflection and crack width limits are always investigated
at service load conditions, even when the limit states design
is used to satisfy strength requirements (see Chapter 12).
Members subjected to tension are often governed by WSM
requirements (see Chapter 18).

4.7.2 Ultimate Load Design

The shortcomings of WSM led to the development of the
ultimate load design. This method is also referred to as the
load factor method or the ultimate strength method. This
method was introduced in the USA in 1956, the UK in 1957,
and as an alternative in the second revision of IS 456 in 1964.
In this method, the non-linear stress—strain curves of concrete
and steel and the stress condition just before collapse are
considered. Thus, the problems associated with the concept
of modular ratio are avoided in this method. Sufficient safety
is achieved by the use of a load factor, which is defined as the
ratio of the ultimate load (design load) to the working load
(IS 456:1964 specified a load factor of 1.5 for service dead
load and 2.2 for service live load). In this method of design,
different types of loads are assigned with different load factors
under combined loading conditions, thereby overcoming the
related shortcomings of WSM. For example, a low load factor
is used for a load that is known more exactly (e.g., the dead
load) and a higher load factor for less-certain loads, (e.g., the
live loads). Thus, in the ultimate load design, the strength of
the member must be more than the ultimate load acting on the
member.

Design resistance (R,) = Design load effect (2% Q;) (4.11)

where R, is the nominal strength of the member, Q; are the
various load effects (such as dead, live, and wind loads),
and  are the respective load factors. It should be noted that
even though non-linear stress—strain behaviour is considered
in the design, the analysis is still based on linear elastic
theory. It is because non-linear analysis of RC structures
may be complicated and time consuming for regular design
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office practice. Before collapse, redistribution of internal
moments and forces takes place. Hence, the error is on the
safer side by not considering the redistribution of forces in
the elastic analysis. Since elastic moments and forces are
statically admissible distribution of forces, the strength
of the resulting structure is lower bound according to the
lower bound theorem of plasticity. More details of this
method of design may be found in Ramakrishnan and Arthur
(1969).

One of the disadvantages of this method is that the
performance at the normal service loads is not considered.
Hence, it was realized that the design approach that combines
the best features of the ultimate strength design and working
stress design will result in better structural performance
in strength and serviceability. This realization led to the
development of limit states design.

4.7.3 Principles of Limit States Design

Before discussing the limit states design, let us look at some
of the principles behind this method.

Uncertainties in Design

To safeguard against the risk of failure (collapse or
unserviceability), safety margins are normally provided in the
design. In the aforementioned designs, these safety margins
were assigned (in terms of ‘permissible stresses’ in WSM and
‘load factors’ in the ultimate load design) primarily on the
basis of past experience and engineering judgment. Structures
designed according to these methods were found, in general,
to be safe and reliable. However, the safety margins provided
in these methods lacked scientific basis. Hence, reliability-
based design methods were developed with the objective of
obtaining rational solutions, which provide adequate safety.

The variables such as loads, material strength, and member
dimensions (see, for example, Fig. 4.22) are subject to varying
degrees of uncertainty and randomness. The deviations in the
dimensions of members or strength of material, even though
within acceptable tolerance, can result in a member having less
than computed strength. Hence, the design should take into
account the possibility of overload or under strength. Further,
some idealization and simplifying assumptions are often used
in the theories of structural analysis and design. There are
also several unforeseen factors that influence the prediction
of strength and serviceability. They include construction
methods, workmanship and quality control, intended service
life of the structure, human errors, possible future change of
use, and frequency of loading. These uncertainties make it
difficult for the designer to guarantee the absolute safety of the
structure. Hence, in order to provide reliable safety margins,
the design must be based on the probabilistic methods of
design.
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Limit States

In the limit states design, the term ‘limit states’ is preferably
used instead of the term ‘failure’. Thus, a limit state is a
state of impeding failure, beyond which a structure ceases to
perform its intended function satisfactorily.

The limit states usually considered relevant for RC are
normally grouped into the following three types (Wight and
MacGregor 2009; SP 24:1983):

1. Ultimate (safety) limit states, which correspond to the
maximum load carrying capacity and are concerned
with the following: (a) loss of equilibrium (collapse) of
a part or the whole structure when considered as a rigid
body, (b) progressive collapse, (c) transformation of the
structure into a plastic mechanism collapse, (d) rupture
of critical sections due to the stress exceeding material
strength (in some cases reduced by repeated loading) or by
deformations, (e) loss of stability (buckling, overturning,
or sliding), and (f) fracture due to fatigue.

2. Serviceability limit states, which deal with the discomfort
to occupancy and/or malfunction, caused by excessive
deflection, excessive crack width, undesirable vibration
(e.g., wind induced oscillations, floor vibration), and so
forth.

3. Special limit states, which deal with the abnormal
conditions or abnormal loading such as damage or collapse
in extreme earthquakes, damage due to fire, explosions,
or vehicle collisions, damage due to corrosion or dete-
rioration (and subsequent loss of durability), elastic, plastic,
or creep deformation, or cracking leading to a change
of geometry, which necessitates the replacement of the
structure.

The attainment of one or more ultimate limit states may
be regarded as the inability to sustain any increase in load,
whereas the serviceability limits states denote the need for
remedial action or some loss of utility. Hence, ultimate limit
states are conditions to be avoided and serviceability limit
states are conditions that are undesirable. Thus, it is clear that
any realistic, rational, and quantitative representation of safety
must be based on statistical and probabilistic analysis, which
caters for both overload and under strength.

The design for the ultimate limit state may be conveniently
explained with reference to the type of diagram shown in
Fig. 4.23. This figure shows the hypothetical frequency
distribution curves for the effect of loads on the structural
element and the resistance (strength) of the structural element.
When the two curves overlap, shown by the shaded area, the
effect of the loads is greater than the resistance of the element,
and the element will fail. Thus, the structure and its elements
should be proportioned in such a way that the overlap of the
two curves are small, which means that the probability of
failure is within the acceptable range.

B2 Region corresponding to failure

Frequency

m

Load effect (Q)
or resistance of element (R)

FIG. 4.23 Frequency distribution curves

Levels of Reliability Methods

There exists a number of levels of reliability analysis. These
are differentiated by the extent of probabilistic information
that is used (Pillai and Menon 2003).

A full-scale probabilistic analysis is generally described as
a level Il reliability method, which uses the probability of
failure Py to evaluate the risk involved. It is highly advanced,
mathematically involved, and generally used as a research
tool. It is not suitable for general use in design offices.

The problem may be simplified by limiting the probability
information of the basic variables to their ‘second moment
statistics’ (i.e., mean and variance). Such a method is called a
level I reliability method. In this method, the structural failure
(the achievement of a limit state) is examined by comparing
the resistance R with the load effect Q in a logarithmic



form observing In(R/Q) as shown in Fig. 4.24. In this figure,
the hatched region shows the failure. The distance between
the failure line and the mean value of the function, In(R/Q),,,
is defined by S called the reliability index, the concept of
which was first proposed by Freudenthal (1956). The larger
the value of £, the greater is the margin of safety of the system.
The expression for fmay be written as (see also Fig. 4.24)

_In(R,/0,,)

B
V2 +V.))

(4.12)

where Vg = (0g/R,,), Vo = (0p/R,), R,, and Q,, are the mean
values of resistance and load, respectively, and oy and oy are
the standard deviations of resistance and load, respectively.

6,,(R/Q) = Standard deviation of In(R/Q)

Frequency

Lo, (RIQ)

0] In(R/Q),,
FIG. 4.24 Level Il reliability method

In(R/Q)

However, even such a ‘simplified method’ is unsuitable for
use in a design office, as the determination of J requires an
iterative procedure; it may require special software and is
therefore time consuming (Galambos 1981; Ranganathan
1990).

The values of the reliability index A corresponding to
various failure probabilities Py can be obtained from the
standardized normal distribution function of the cumulative
densities and are given in Table 4.14.

TABLE 4.14 Reliability index for various failure probabilities
B 232 | 3.09 3.72 4.27 | 4.75 5.2
Py =9(f) 102 1073 107 10 | 107° 1077

5.61
1078

It has to be noted that the values given in Table 4.14 are valid
only if the safety margin is normally distributed.

For code use, the method must be as simple as possible
using deterministic rather than probabilistic data. Such a
method, called level I reliability method or first-order second
moment reliability method, is used in the code to obtain a
probability-based assessment of structural safety.
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Characteristic Load and Characteristic Strength

In normal design calculations, a single value is usually used
for each load and for each material property, with a margin
to take care of all uncertainties. Such a value is termed
the characteristic strength (or resistance) or characteristic
load.

The characteristic strength of a material (such as steel,
concrete, or wood) is defined as the value of strength below
which more than a prescribed percentage of test results will
fall. This prescribed percentage is normally taken as 95. Thus,
the characteristic strength, f,;, of concrete is the value of cube/
cylinder strength, below which not more than five per cent of
the test values may fall (see Fig. 4.25).

Similarly, the characteristic load, Q., is defined as the load
that is not expected to be exceeded with more than five per
cent probability during the lifespan of a structure. Thus, the
characteristic load will not be exceeded 95 per cent of the time
(see Section 3.2 and Fig. 3.2 of Chapter 3).

The design values are derived from the characteristic
values through the use of partial safety factors, both for
materials and for loads. The acceptable failure probability, Py,
for particular classes of structures is generally derived from
experiences with past practice, consequences of failure, and
cost considerations. Having chosen Pyand /3, the determination
of partial safety factors is an iterative process (Galambos
1981).

Target strength or
Mean strength f,

Normal or Gaussian
distribution curve

Characteristic
strength f,,,

Frequency

5% of results

Compressive strength, MPa
FIG.4.25 Normal frequency distribution of concrete strengths

4.7.4 Sampling and Acceptance Criteria

The relationship between mean and characteristic strength is
given by

0. (P = (fu—fr)ls =—k (4.13)
where @, is the cumulative normal distribution function, f,,
and s are the mean value and standard deviation of the normal
distribution, respectively, f., is the characteristic strength,
and k is an index that signifies the acceptable probability of
failure. As the five per cent is on the negative end of the curve,
the minus sign is assigned to k. The value of k is 1.65 for
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five per cent acceptability of failure. Thus, Eq. (4.13) may be
written as

Jm=fu+ 1.65s (4.14)

The minimum size of the sample needs to be about 50 for
normal distribution, but Clause 9.2.4.1 of IS 456 accepts a
size of 30. When insufficient test results (less than 30 samples)
are available, an assumed value of standard deviation, s,
has to be used; the code suggests a value of 4.0N/mm? for
concrete of grades M20 and M25 and 5.0 N/mm? for concrete
of grades M30 and above (see Table 8 of IS 456). The standard
deviation of the results from the mean value is regarded as
an index of the scatter and hence may reveal the site control.
A small value of standard deviation will result in a curve
with a dominant peak, while a larger value will result in a
flatter curve as shown in Fig. 4.26. Three test specimens
form a sample. The minimum frequency of sampling depends
on the quantity of concrete, as shown in Table 4.15. It has
to be noted that IS 456 specifies both compressive and
flexural strength tests (Clauses 16.1 and 16.2); flexural
strength test is considered only in some special situations,
where the tensile strength of concrete plays an important role.

/ \ Very good (s = 2.5 MPa)

Frequency (No. of tests)

4 \ L
] / \\/ Fair (s = 5.5 MPa) _|
7T ) -4’

-~

Compressive strength, MPa
FIG. 4.26 Typical normal frequency curves for different levels of control

TABLE 4.15 Sampling frequency
Quantity of Concrete Involved, m3
1-5 1

Required Number of Samples

6-15 2
16-30 3
31-50 4
> 51 4 + 1 additional for each

additional 50 m?

Note: A minimum of one sample in each shift is required.

In most constructions, it may be difficult to obtain 30 samples,
and hence four consecutive non-overlapping samples (it means
that the test results of one group should not be taken in another
group too) are considered to be a practicable size to test the
acceptability of concrete. As this size is smaller than the minimum

population size, the following expression, which satisfies the five
per cent acceptability criterion, may be used (SP 24:1983):

ot =for + 1.655 (1 = 1/3/n) (4.152)

where 7 is the size of the sample and f,,; is the mean value
of the smaller size sample. Equation (4.15a) for four non-
overlapping samples reduces to

f1 =fur +0.825s (4.15b)

The concrete strength (for grades M20 and above) is acceptable
if the following relations are satisfied according to Table 11 of
IS 456:

Fnt 2 for +0.8255 (4.162)
Fint 2 for + 3MPa (4.16b)
fi=f4—3MPa (4.16¢)

where f,, is the characteristic strength, f;,; is the mean strength
of any four consecutive non-overlapping samples, and f; is the
strength of a sample.

These acceptability criteria are supposed to be valid for
concretes up to grade M60. It means that even if the concrete
is of M60 grade, a mean value of the order of 63 MPa of four
consecutive samples is acceptable. Hence, this criterion is
liberal for HSC. However, Eq. 4.16(a) is more stringent for
HSC, as the margin for individual sample strength is small.

As per ACI 318:18, the concrete may be accepted if the
strength is larger than (a) 0.8f,; + 1.34s and (b) 0.8f,; + 2.33s —
3.45 for concrete of grades less than M44 (with cylinder
strength converted to cube strength). If the concrete strength
is greater than M44, the strength should be larger than (a)
0.8f + 1.34s and (b) 0.72f,; + 2.33s, where s is the standard
deviation (it should be noted that the ACI values have been
converted from cylinder to cube strength to compare with
IS code values). As per Clause 5.6.3.3 of ACI, the concrete
strength is considered to be satisfactory as long as the averages
of any three consecutive strength tests remain above the
specified strength and no individual strength test falls below
the specified strength by more than 3.5 MPa if f is 44 MPa
or less or falls below f, by more than 10 per cent if f is
over 44 MPa.

It has to be noted that these strengths denote the 28th day
strength. Concrete made with Portland cement attains about
85-90 per cent of strength on the 28th day; however, in PPC
using pozzolanic materials such as fly ash, such a percentage
of strength will be attained only after the 56th day. More details
on acceptance criteria may be found in Rajamane, et al. 2012.

4.8 LIMIT STATES METHOD

The philosophy of the limit states method of design represents
advancement over the traditional design philosophies. Unlike



WSM, which based calculations on service load conditions
alone, or ultimate load method, which based calculations on
ultimate load conditions alone, limit states method aims for a
comprehensive and rational solution to the design problem,
by considering safety at ultimate loads and serviceability at
working loads.

The limit states method philosophy uses a multiple safety
factor format that attempts to provide adequate safety at the
ultimate loads as well as adequate serviceability at the service
loads, by considering all possible limit states. The selection
of the various multiple safety factors is supposed to have a
sound probabilistic basis, involving the separate consideration
of the different kinds of failure, types of materials, and types
of loads.

4.8.1 Limit States of Strength

The three different design formats used in the limit states
method are the multiple safety factor format, LRFD format,
and the partial safety factor format. These are briefly described
in the following sub-sections.

Multiple Safety Factor Format

The limit states design has to ensure that the probability
of any limit state being reached is acceptably low. This is
accomplished by specifying appropriate multiple safety
factors for each limit state (level I reliability). The values of
multiple safety factors are chosen by a careful reliability study
in order to achieve the target reliability.

Several national codes introduced multiple safety factors
in the limit states design during the 1970s. The values of
these factors were chosen based on tradition, experience,
and engineering judgement. Subsequently, several studies
were made to determine the range of the reliability index (or
its equivalent probability of failure Py), in order to calibrate
the codal values of specified safety factors. With every code
revision, conscious attempts are made to specify more rational
reliability-based safety factors, in order to achieve practical
designs that are safe, reliable, and economical.

Load and Resistance Factor Design Format

Of the many available multiple safety factor formats, perhaps
the simplest is the LRFD format that has been adopted by the
ACT’s code (ACI 318, 2011). As per LRFD, the expression for
structural safety is given as follows:

Design resistance (@R,,) = Design load effect (X% Q;) (4.17)

where the left-hand side of the equation represents the strength
(or resistance) of the system or component and the right-
hand side represents the load expected to be carried by the
system or component. The nominal strength R, is multiplied
by a strength reduction (or resistance reduction factor) ¢ to
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obtain the design strength. Similarly, the various load effects
Q; (such as dead, live, and wind loads) are multiplied by their
respective overload factors J to obtain the sum Z¥Q;.

Resistance factor accounts for the ‘under strength’ and is
less than unity, and the values adopted in the current version
of ACI 318:11 are given in Table 4.16. It will take care of the
following aspects:

1. The possibility of unfavourable deviation of material
strength from the characteristic value

2. The possibility of unfavourable reduction in member
strength due to fabrication and tolerances.

3. The possibility of unfavourable variation of member sizes

4. The uncertainty in the theoretical assumptions

5. The uncertainty in the calculation of strength of members.

TABLE 4.16  Resistance or strength reduction factor ¢ as per ACI
318:11 (Clause 9.3.2)

Structural Element Factor ¢

Tension-controlled sections:”
Beam or slab: bending or flexure 0.9
Axial tension

. . *
Compression-controlled sections:

Members with ties 0.65
Members with spirals 0.75
Beam: shear and torsion 0.75
Bearing except for strut-and-tie 0.65
Bearing areas in strut-and-tie 0.75
Flexural shear and bearing in plain structural concrete 0.60

“ When the beam reaches its nominal flexural capacity, a tension-controlled
section will have a net tensile strain in the extreme tension steel equal to or
greater than 0.005, whereas in a compression-controlled section, the strain in
the steel is less than or equal to the yield strain, which may be taken as 0.002.
A transition zone section has a strain in between 0.002 and 0.005 (see

Fig. 4.27). This classification was introduced in the 2002 edition of the code in
order to control ductility.

It was observed during the 1994 Northridge earthquake
that short structural walls in many of the parking structures
sustained significant damage. Hence, the ACI code Section
9.3.4(b) suggests the shear strength reduction factor for
diaphragms as 0.60 if the shear strength reduction factor for
the walls is 0.60.

On the contrary, the load factors j, which accounts for
‘overloading’ and the uncertainties associated with Q; are
generally greater than unity. These loads factors will account
for the following:

1. The possibility of unfavourable deviation of the load from
the characteristic value

2. The possibility of inaccurate assessment of the load

. The uncertainty in the assessment of the effects of the load

4. The uncertainty in the assessment of the limit state being
considered

98]
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The method used to develop LRFD uses the mean values R,
and Q,, (see Fig. 4.23) and the standard deviations o and oy
of the resistance and the load, respectively.

The strength reduction factors (¢) were derived with the
objective of obtaining the values of fas shown in Table 4.17
(Nowak and Szerszen 2003).

TABLE 4.17 Reliability indices based on recent recalibration

S. No. Types of Member Reliability Index, 4
1. RC beam, cast-in-place, flexure | 3.54
2. RC beam, cast-in-place, shear 3.95
3. RC tied column, cast-in-place 3.98

Equation (4.17) may be rewritten as

> 0, <R,(y/9)

This equation is representative of the safety concept
underlying WSM. The term (/@) here denotes the ‘factor of
safety’ applied to material strength, in order to arrive at the
permissible stress for design.

Alternatively, Eq. (4.17) can be rewritten as

(4.18)

R, 2 (r/9)> 0,

This equation is representative of the safety concept
underlying the ultimate load design method. The term (y/¢)
here denotes the so-called ‘load factor’ used in that method,
applied to the load in order to arrive at the ultimate load for
design.

(4.19)

Partial Safety Factor Format

The multiple safety factor format adopted by the Indian
code was initially recommended by CEB-FIP 1970. (The

provisions found in both the Indian and British codes for limit
states design are similar, as both are based on the model code
released by CEB-FIP.) It is called the partial safety factor
format and is expressed as follows:

Ry 2 7y (4.20)
Here, R, is the design strength (or resistance) computed
using the reduced material strengths R/}, where R, is the
characteristic material strength and , is the partial safety
factors for the material that allows for uncertainties of
element behaviour and possible strength reduction due to
manufacturing tolerances and imperfections in the material.
Qs is the design action (load effect) computed for the
enhanced loads (- DL, 334 IL, )/ EL), involving separate
partial load factors ;) (for dead load), y (for imposed load),
and y, (for wind or earthquake load).

Partial Safety Factors for Loads The partial safety factors
Jfor loads y, make allowances for possible deviation of loads
and the reduced possibility of all loads acting together. The
values suggested by the code have already been discussed in
Section 3.11 of Chapter 3. It is to be noted that when more
than one imposed load acts simultaneously, the leading load is
that causing the larger action effect.

It may be noted that whereas the multiplication factor ¢
is generally less than unity, the dividing factor J, is greater
than unity—giving the same effect. All the load factors
are generally greater than unity, because overestimation
usually results in improved safety. However, one notable
exception to this rule is the dead load factor 5, which is taken
as 0.9 whenever dead load contributes to stability against
overturning or sliding, or while considering reversal stresses
when dead loads are combined with wind or earthquake loads.



In such cases, underestimating the counteracting effects of
dead load results in greater safety.

It should be noted that the load factors are reduced when
different types of loads (DL, LL, and WL or EL) are acting
simultaneously at their peak values. (This is sometimes
referred to as the load combination effect.) It is because of the
reduced probability of all the loads acting concurrently. The
reader may refer Section 3.11 of Chapter 3 and Clause 35.4.1
of SP 24:1983 for more discussions.

Partial Load Factors for Materials The material partial
safety factors j, for concrete and reinforcing steel is taken as
1.5 and 1.15, respectively. The partial safety factor of 1.15 as
applied to steel reinforcement accounts for (a) the reduction
in strength of any member as a result of inaccurate positioning
of steel and (b) the reduction in strength of steel reinforcement
due to any manufacturing defect—for example, deviation
in the nominal diameter. Thus, the design strength of steel
reinforcement equals f,/1.15 = 0.87f,.

A higher value of j, is prescribed by the code for
concrete, as unlike steel, the strength of concrete may deviate
much from the assumed strength due to several parameters
such as deviation in properties of aggregates and defects or
variations that may occur during mixing, transporting, placing,
compacting, and curing of concrete.

It has been observed in experiments conducted on beams
or columns that the strength of concrete in the compression
zone at failure is approximately 0.85 times the strength of
cylinders cast and tested in laboratories (Hognestad, et al.
1955; Riisch 1960). This is approximately equal to 0.85 X
0.8« = 0.68 times the characteristic cube strength (taking
the cylinder strength as approximately equal to 0.8 times the
cube strength). Thus, the characteristic strength of concrete
in the actual structure is taken as 0.68f, and applying the
partial safety factor of 1.5 for concrete, the design strength of
concrete equals 0.68f./1.5 = 0.45f,,.

4.8.2 Serviceability Limit States

In this limit state, the variable to be considered is a
serviceability parameter A (representing deflection, vibration,
etc.). Limit state or failure is considered to occur when a
specified maximum limit of serviceability, A,; is exceeded.
The limiting failure is deterministic and not probabilistic.
Serviceability limit states relate to satisfactory performance
and correspond to excessive deflection, vibration, local
deformation, durability, and fire resistance.

The load factor j should be taken as unity for all
serviceability limit state calculations, since they relate to the
criteria governing normal use.

Deflections and Crack Widths

The maximum deflection affecting the strength and stability
of the structure is controlled by the strength limit state.
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However, excessive deflection should not produce sagging
appearance, plaster cracking, or failure to align plant and
machinery (e.g., lifts). Excessive deflection of beams
causes damage to supported non-structural elements such
as partitions, excessive vibrations of floors, or impair the
usefulness of the structure (e.g., distorting door frames so that
doors will not open or close). On roofs, a major deflection-
related concern is ponding of water. Excessive deflections are
often indicative of excessive vibration and noise transmission,
both of which are serviceability problems. Deflections are
to be calculated for all combinations of loads specified in
the code, by using an elastic analysis and checked for the
maximum values specified in the code. Some of the deflection
limits specified by Clause 23.2 of IS 456 are shown in
Table 4.18.

Serviceability, instead of strength, may often control the
design of beams. The code suggests an empirical method (by
limiting the span to effective depth ratios) and a theoretical
method to calculate the deflection (by considering the
effective moment of inertia) and compare it with the limiting
deflection.

Similarly, for controlling crack widths too, the code
recommends an empirical method (detailing by spacing of
bars, minimum steel ratios, etc.) and a theoretical method
to calculate the actual width of cracks and compare it with
the limiting crack width (see Table 4.4). More discussions
on deflection and crack width considerations are provided in
Chapter 12.

TABLE 4.18 Limiting deflection for flexural members as per IS 456

Deflection to be Deflection Limitation

Considered

Type of Member

Final due to all loads,
including long-term
effects of temperature,
creep, and shrinkage

Floor or roofs Span/250

Lesser of span/350
or 20mm

Floor or roofs Deflection including
long-term effects

of temperature,
creep, and shrinkage
that occur after

the construction of

partitions and finishes

Due to wind or
earthquake

Lateral drift of tall
buildings

Height/250*

Deflection that occurs | Span/500™
after the addition of

partitions

Member supporting
masonry partitions

* As per Clause 7.11.1 of IS 1893 (Part 1):2002. As per Clause 20.5 of IS
456, lateral sway should not exceed H/500, where H is the total height of the
building.

* As per Table 2.4.2 of AS 3600-2001
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Vibration

With the development of lighter construction using high-
strength concrete and use of longer spans, there is a
higher risk of vibrations becoming critical in a number
of situations. Vibration will have to be checked when
vibrating loads such as due to machinery, washing
machines, and cranes applied to slabs. Activities such
as dancing, aerobics, marching of soldiers, drilling, and
impact loads also produce vibration. In these cases, care
must be taken to ensure that the structural response will
not amplify the disturbing motion. IS 456 does not give
any recommendation for vibration control. However, IS
800:2007, Clause 5.6.2 recommends that flexible structures
(with height to effective width ratio exceeding 5:1) should
be investigated for lateral vibration under dynamic loads.
Annex C of IS 800:2007 gives the guidelines to estimate
floor frequency, damping, and acceleration due to vibration.
When vibration becomes a problem, one may have to
change the natural frequency of the structure by some
means. Changing the load factor will not help in reducing
this problem. Design charts for floor vibration, design
criteria for vibration due to walking, and other information
regarding building vibration may be found in Allen (1990);
Ellingwood and Tullin (1984); Lancaster (2007); and Murray
(1991).

Software packages (e.g., Floorvibe—www.floorvibe.com)
are also available using which the frequency and amplitude
resulting from transient vibration caused by human activity
can be quickly estimated.

4.9 DESIGN BY USING MODEL AND LOAD TESTS

Clause 18.2.3 of IS 456 allows design based on experimental
investigations conducted on models or full-size structure
or element. The conditions given in Clause 18.2.3.1 must
be fulfilled while conducting the experiments. These tests
reveal not only the ultimate strength but also the behaviour
of the structure, such as deflection and cracking perfor-
mance of the structure under the considered loading. Even
though a few products such as the prestressed concrete
sleepers have been developed based on prototype testing,
they are expensive and time consuming. Hence, prototype
testing is resorted to only when a new theory is being
applied or when a novel or new type of detail or structure is
adopted.

4.10 STRUT-AND-TIE MODEL

The strut-and-tie method presents an alternative method for
designing RC members with force and geometric discontinuities.
This method is also useful for designing deep beams for
which the usual assumptions of linear strain distribution is not

valid. Similarly, pile caps supported on piles can be designed
using three-dimensional strut-and-tie models. These models are
also useful for designing diaphragms with openings. The strut-
and-tie model gives the lower bound estimates of the capacity
of concrete structures, provided the following conditions are
satisfied:

1. The strut-and-tie model of the structure represents a
statically admissible distribution of forces.

2. The strengths of struts, ties, and nodal zones are chosen to
be safe, relative to the computed forces in the strut-and-tie
model.

3. The members and joint regions have enough ductility.

Strut-and-tie method of design was developed by Schlaich and
associates during the late 1980s and was incorporated in the
ACI code in 2002 (Schlaich, et al. 1987; Marti 1985). More
details of this method are given in Appendix B.

4.11 PERFORMANCE-BASED DESIGN

Historically, the design basis of current prescriptive building
codes is intended to provide a minimum level of safety and
a relatively economical means to design and build buildings.
For example, the buildings designed as per IS 1893 resist
minor level earthquakes without damage, moderate level
earthquakes with some non-structural damage, and major
earthquakes without total collapse. The performance-based
design codes are intended to design and build for a higher
level of performance.

The development and use of the performance-based
design has been in progress for several years, primarily for
the seismic and blast design. It was introduced in FEMA
283/349 and refined and extended in FEMA 445. They
allow the building owners to choose the performance of
their buildings. For example, they may consider spending
more money to achieve higher performance than provided
in normal codes, thereby reducing risk and potential losses.
This design is not limited to the design of new buildings.
With it, existing buildings or bridges can be evaluated and/
or retrofitted to reliable performance objectives (ASCE/SEI
41-2007).

Performance-based seismic design explicitly evaluates
how a building is likely to perform, given the potential
hazard it is likely to experience, considering uncertainties
inherent in the quantification of potential hazard and
uncertainties in the assessment of the actual building
response. It permits the design of new buildings or upgrade
of existing buildings with a realistic understanding of the
risk of casualties, occupancy interruption, and economic
loss that may occur as a result of future earthquakes.
The methodology of this design is explained in Fig. 4.28
(FEMA 445).
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FIG. 4.28 Flow diagram of performance-based design
Source: FEMA 445

It also establishes a vocabulary that facilitates meaningful
discussion between stakeholders and design professionals on
the development and selection of design options. It provides a
framework for determining the level of safety and the level of
property protection, along with the cost, which are acceptable
to building owners, tenants, lenders, insurers, regulators, and
other decision-makers based upon the specific needs of a
project (FEMA 445).

In contrast to the prescriptive design approaches,
performance-based design provides a systematic method-
ology for assessing the performance capability of a building,
system, or component (Klemencic, 2008). It can be used to
verify the equivalent performance of alternatives, deliver
standard performance at a reduced cost, or confirm higher
performance needed for critical facilities. More information
about this design may be found in ASCE 41 and FEMA 445.
Though this has not yet been codified in India, with the current
awareness about sustainability, it may be incorporated in the
future editions of the Indian codes.

EXAMPLES

ExamrLE 4.1:

Design an RC rectangular beam to carry a B.M. of 100kNm.
Assume the width of the beam as 300 mm and use M20 concrete
and high-strength deformed bars with f, = 415N/mm?.

SOLUTION:
From Tables 4.10 and 4.11,
Permissible compressive stress due to bending, o, of
M20 concrete = 7.0 N/mm?
Permissible tensile stress of Fe 415 steel o;, = 230.0 N/mm?
Modular ratio = 13.33
Neutral axis constant, k
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1 1
= > = 30 0.2886
1+ 1+
mo,,,. 13.33x7

Lever arm constant, j =1 — k/3 =1 —0.2886/3 = 0.904
Moment of resistance constant, Q = 0.5kjo,,. = 0.5 X
0.2886 X 0.904 x 7=0.913

($)
Effective depth, d = |- = [ 10010 _ 504 1
ob  \0.913x300

Using 20 mm bars and a clear cover of 25 mm, provide total
depth = 650 mm
Hence, d provided = D — cover — diameter of bar/2
=650 -25-10=615mm > 604 mm.
Required area of steel, A,
M 100 x 10°

=—>= =782 mm?
o jd  230x0.904x615

Provide two #20 mm and one #16 mm bars, provided area =
829 mm? > 782 mm?

ExAmPpLE 4.2:

Design a short square RC column to carry a load of 675 kNN.
Use M20 concrete and high-strength deformed bars with f;, =
415N/mm?.

SoLuTION:
The permissible axial load of a short column

P=o0.A.+ O-ScAsc

From Tables 4.10 and 4.11, for M 20 concrete and grade Fe
415 steel:

Permissible stress in concrete in direct compression,
0, = 5.0N/mm?

Permissible compressive stress in steel, ;. = 190.0 N/mm?

Assuming the size of column as 300 mm x 300 mm,

P =0, Act O Ay

Hence, 675 x 103 =5(300 x 300 — A,.) + 190A,,

Hence A, = 1216 mm?

Provide four 20mm diameter bars, provided A,. =
1256 mm? > 1216 mm?. Hence, safe.

ExampLE 4.3:

In a concrete work, concrete of grade M25 is to be used.
The standard deviation has been established as 4.0 N/mm?2.
In the course of testing concrete cubes, the following results
were obtained (average strength of three specimens tested at
28 days, in each case expressed in N/mm?): 29.8, 32.0, 33.6,
28.6, 23.0, 27.7, and 22N/mm?. Determine whether the
concrete is acceptable.

SoLuTION:

(a) The first four tests are straightaway accepted, the sample
strength being greater than the characteristic strength of
25MPa in each case.
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(b) The fifth test result of 23.0N/mm? is less than the
characteristic strength of 25 MPa, but greater than
fax — 3N/mm?, or 22N/mm?>. Average strength of the
samples = (29.8 + 32.0 + 33.6 + 28.6 + 23.0)/5 = 29.4,
which is greater than f,; + 1.65s(1 — l/\/;) =25 +
1.65 x 4(1 — 1/4/5) = 25 + 0.912 x 4 = 28.65N/mm?
and greater than f; + 3 = 28N/mm? Hence,
acceptable.

(c) The sixth result is also acceptable, being greater than the
characteristic strength of 25 MPa.

(d) The seventh one is equal to 22N/mm?. The average
strength of all seven samples is: (29.8 + 32.0 + 33.6 +
28.6 +23.0 + 27.7 + 22)/7 = 28.1, which is less than f; +
1.655(1 = 1/\/n) =25+ 1.65 x4 (1 = 1/3/7) =25+ 1.026 x
4.1 = 29.1N/mm? but greater than f,; + 3 = 28 N/mm?.
The seventh sample thus does not comply with all the
requirements given in Table 11 of IS 456. However,
the acceptance will depend upon the discretion of the site
engineer. In this case, as only one specimen fails to meet a
single criterion, the concrete may be accepted.

SUMMARY

The various steps involved in the construction activities are listed
and the role and responsibilities of the designer while carrying out
these activities are emphasized in this chapter. Structural design is
considered a science as well as an art. The aim of any structural
designer should be to design a structure in such a way that it will
fulfil its intended purpose during its intended lifetime and have
(a) adequate safety (in terms of strength, stability, and structural
integrity), (b) adequate serviceability (in terms of stiffness,
durability, etc.), (c) economy (in terms of cost of construction
and maintenance), (d) durability, (e) aesthetics, (f) environment
friendliness, (g) functional requirements, and (h) adequate ductility.
The term analysis means the determination of the internal forces
acting on different members of a structure, due to the application of
external actions (forces). The analysis is followed by design, which
is the selection of the sizes of different members based on the criteria
stipulated in the national code of practices. A brief description of the
methods of analysis and the available computer program are given.
A discussion on code and specifications that will guide the
designer in the design process has been provided. The codes
published by the Bureau of Indian Standards for the design of RC
structures are listed and the reader is advised to obtain a copy of

these codes, since they may be required to understand the material
that is provided in the chapters to follow.

The various design philosophies that have been evolved in the
past, namely working stress method, ultimate strength (load) design,
and limit states design, are briefly discussed. The various limit states
to be considered in the design are explained. A brief description of
the reliability of these methods of design is also provided.

The terms characteristic load and characteristic strength are
explained. The basis of the limit states method is explained along
with the various partial safety factors adopted by the code for
materials and loads. The various serviceability limit states, related
to the satisfactory performance of the structure (as opposed to the
ultimate or safety limit states, which are concerned with strength,
stability, fatigue, etc.), are also briefly explained along with the
deflection limits specified by the code. Brief discussions on the
design based on experimental results and performance-based design
are also provided.

As explained in this chapter, though analysis and design are
interactive processes, for convenience they are presently performed
as separate activities, with the design phase following the analysis
phase. The design of RC flexural members is discussed in Chapter 5.

REVIEW QUESTIONS

1. What are the various steps involved in the construction of RC
structures?

2. What are the roles and responsibilities of the designer?

3. What are the main design considerations during the design of
RC structures?

4. The minimum size of a column as per IS 13920 is
(a) 200mm (¢) 300 mm
(b) 250mm (d) 350mm

5. Why is an area of compression reinforcement at least equal to
50 per cent of the tension reinforcement necessary in beams?

6. Why is an upper limit to tension reinforcement in beams
necessary?

7. What is the purpose of shear reinforcement and why should we
provide at least minimum shear reinforcement in beams?

8. What are the elements that will provide bracing effect in RC
frames?

9. What is the purpose of serviceability requirement?

10. Will optimum quantities of materials provide an economic
structure? State the reason for your answer.
11. What are the five exposure conditions considered for durability?

12. The allowable maximum crack width under mild exposure is

(a) 0.3mm (¢) 0.1lmm

(b) 0.2mm (d) 0.4mm
13. List a few parameters that will affect the durability of concrete.
14. The minimum grade of concrete for moderate environment is

(a) M30 (c) M25
(b) M15 (d) M20

15. Why is curing important for the development of strength? List
the methods of curing.

16. The minimum number of days concrete elements have to be
cured when blended cements or mineral admixtures are used is

(a) 3 days (c) 7days
(b) 10 days (d) 15 days
17. Minimum cover to be provided for columns as per IS 456 is

(a) 50mm .
(b) 25mm

(¢) 40mm
(d) 30mm



18. Will providing thick covers always provide the required
durability? State the reason for your answer.

19. List a few methods that are used to tackle corrosion in RC
structures.

20. Spacers and chairs should be provided at a maximum spacing of

(a) 500mm. (c) 2m

(b) 1000 mm (d) 300mm
21. What is controlled permeability formwork? Write a short note
onit.

22. Write a short note on aesthetics of RC structures.

23. List the three tools suggested by Mehta to reduce CO, emissions
in concrete structures.

24. What is geopolymer concrete? How is it better than ordinary
concrete?

25. Why are site visits considered necessary and important for the
structural designer?

26. List a few constructability issues connected with detailing of
reinforcement bars.

27. What is ductility? Why should it be considered in design?

28. Distinguish the differences between analysis and design.

29. List the names of a few computer programs suitable for linear
elastic analysis of structures.

30. What is meant by relative stiffness? State the three relative
stiffness values suggested in Clause 22.3.1 of IS 456:2000.

31. List the parameters that affect the relative stiffness of members.

32. Why are codes of practices necessary and what is the function of
these codal provisions?

33. List a few Indian standard codes that are followed while
designing structures made of RC.

34. Distinguish the differences between the working stress method,
ultimate load design, and limit states design.

35. What are the limitations and shortcomings of the working stress
method?

36. What is modular ratio?

37.

38.

39.
40.

41.

42.
43.
44.

45.

46.

47.

48.

49.

50.
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The permissible stress used for HYS bars of grade Fe 415 in
columns is .

(a) 415N/mm? (c) 190N/mm?

(b) 230 N/mm? (d) 250N/mm?

What are the three types of limit states that are considered in the
limit states method?

What are characteristic load and characteristic strength?

The standard deviation suggested by IS 456:2000 for grade
M20 concrete is

(a) 4N/mm? (c) SN/mm?
(b) 3.5N/mm? (d) 4.5N/mm?
How many cube specimens form a sample?
(a) 4

(b) 3

(c) 5 consecutive non-overlapping

@ 2

State the three acceptability criteria as per Table 11 of IS 456:2000.
What are the features of load and resistant factor design?

What are the partial safety factors (of resistance) for materials
adopted by the IS 456 code?

What are the partial load factors adopted for the following
loading combinations:

(a) DL (c) WL

(b) LL (d) DL+LL

Write a brief note on the various serviceability limit states
considered by the IS 456 code.

The final deflection limitation for floors and roofs as per IS 456
is .

(a) Span/250 (¢) 20mm

(b) Span/350 (d) Both (b) and (c)

When is model testing adopted as an alternative method of
design.

Under what circumstances is the strut-and-tie method of design
useful?

What is performance-based design?

EXERCISES

1. Design a RC rectangular beam to carry a B.M. of 75 kNm.
Assume the width of the beam as 230 mm and use M20 concrete
and high-strength deformed bars with f, = 415 N/mm?.

2. Design a short square RC column to carry a load of 500 kN.
Use M30 concrete and high-strength deformed bars with f, =
415N/mm?.

3.

In a concrete work, concrete of grade M30 is to be used. The
standard deviation has been established as 4.0N/mm?. In the
course of testing the concrete cubes, the following results were
obtained (average strength of three specimens tested at 28 days, in
each case expressed in N/mm?): 35.1, 36.9, 38.7, 34.6, 27.9, 33.0,
and 28 N/mm?. Determine whether the concrete is acceptable.
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FLEXURAL ANALYSIS AND DESIGN

OF BEAMS

5.1 INTRODUCTION

A reinforced concrete (RC) structure has several members in
the form of beams, columns, slabs, and walls that are rigidly
connected to form a monolithic frame. Each individual member
must be capable of resisting the forces acting on it. Beams are
members that are primarily subjected to flexure or bending and
often support slabs. The term girder is also used to represent
beams, but is usually a large beam that may support several beams.
It may be noted that slabs are also predominantly subjected to
flexure. Columns and walls may also be subjected to flexure when
they experience eccentric loading or lateral pressures. Beams
support the loads applied on them by slabs and their own weight
by internal moments and shears. The behaviour of RC beams
under flexure alone is covered in this chapter. The effects of shear,
torsion, and axial force are covered in subsequent chapters.

In an RC beam of rectangular cross section, if the reinforce-
ment is provided only in the tension zone, it is called a singly
reinforced rectangular beam, whereas if the reinforcements
are provided in both the compression and tension zones, it is
called a doubly reinforced rectangular beam. In many practical
situations, the beams will be supporting slabs and a portion of the
slab will be acting along with the beam in resisting the applied
bending moments. These beams can be designed by taking into
account the contribution of the slab in resisting the compression
at mid-span. These beams are called 7-beams or L-beams (also
called spandrel beams) depending on whether the beam is at the
centre of the building or at the edge, respectively. At the supports,
due to negative moment, the flanges of T- or L-beams will be in
tension, and hence they have to be designed only as rectangular
beams. T- or L-beams can also be singly or doubly reinforced.

In all these types of beams, two types of problems are
encountered—analysis and design. Analysis is a situation
existing in an already-constructed building, where the geometry
of the beam and the reinforcement details are known, and
the engineers are required to calculate the capacity to check

whether the existing beam is capable of resisting the external
loads. Design situations occur in new buildings where one has
to arrive at the depth, breadth, and reinforcement details for the
beam to safely and economically resist the externally applied
loads. It is important to know the behaviour of each type of
beam before designing them in order to correctly place the
reinforcement. When subjected to increasing external moment,
the beam cracks after a certain load and then the reinforcement
comes into play. The cracks keep increasing in size, eventually
leading to the failure of the beam, and the corresponding
moment is termed the ultimate moment. This moment is
resisted by the internal resisting moment created by the couple
of compressive force in concrete and the tensile force in steel.
Beams are classified as under-reinforced, over-reinforced, and
balanced, depending on their behaviour. Over-reinforced beams
are to be avoided as they result in brittle failure of concrete under
compression, which are sudden and do not give any warning
before failure. Balanced sections are those in which both the
concrete and steel fail at the same time. In under-reinforced
beams, failure is initiated by the yielding of steel, even though
the final failure may be due to concrete compression. This
type of failure is ductile (due to inelastic deformation in steel
reinforcement) and hence gives enough warning before failure.
In the codes of practices, under-reinforced beam or ductile
behaviour is ascertained by controlling the value of tension strain
at the level of steel reinforcement, when the extreme concrete
fibre in compression reaches the maximum compression strain.
Several assumptions are made in the general theory for the design
of beams, of which the most important one is that there is a linear
strain variation across the depth of the member. In IS 456, the
maximum strain in concrete is taken as 0.0035 and that in steel
as f,/1.15E; + 0.002 (the extra strain of 0.002 is to ensure ductile
behaviour). The IS code also considers a parabolic—rectangular
stress block for concrete. Based on the equilibrium and
compatibility of strains, the neutral axis depth and the moment of
resistance of any beam’s cross section can be obtained.



In beams with span less than 2.5 times the depth, the linear
stress—strain behaviour is not valid. Such beams are called
deep beams. Based on the experimental data, some guidelines
have been suggested in IS 456; more accurate assessment of
the behaviour of the beams can be made by using the strut-
and-tie models. In order to reduce the floor heights, wide
shallow beams (WSBs) are sometimes employed, and for
shorter spans, beams may also be concealed inside the slab
thickness. High-strength concrete (HSC) and high-strength
steel (HSS) are also employed in tall buildings or bridges to
reduce the size or to reduce reinforcement congestion.

5.2 BEHAVIOUR OF REINFORCED CONCRETE
BEAMS IN BENDING

Let us first consider the behaviour of a singly reinforced
rectangular beam under increasing moment. As mentioned,
the beam behaves as a plain concrete beam until it cracks.
Once the cracks are developed, the reinforcements resist the
tensile forces. Near the ultimate load, in under-reinforced
sections, the steel reinforcements start to yield in a ductile
manner, and when the steel yields, or the concrete crushes in
compression, the beam fails. This behaviour is explained in
detail in the following sub-sections.

5.2.1 Uncracked Section

Bending causes tensile and compressive stresses in the cross
section of the beam, and the nature of these stresses depends

w/m

Al |B

Deflected // |

shape L !

(@)

— f

D/2

B

Sfo/m

Cover

SN -
1

© (d)
Mechanics of RC beam under flexure (a) Simply supported beam (b) Segment of beam at mid-span (c) Cross section of beam (d) Elastic

FIG. 5.1

Flexural Analysis and Design of Beams 143

upon the position of the fibre in the beam and also the type of
support conditions. For example, assuming gravity loading,
the top fibres near the mid-span of a simply supported beam
will be under compression and the bottom fibres will be in
tension. In contrast, in a cantilever beam, the top fibres will
be in tension and the bottom fibres will be under compression.
Figures 5.1(a) and (c) show a rectangular, simply supported,
and singly reinforced RC beam subjected to uniformly
distributed gravity loads. Figure 5.1(d) shows the variation
of elastic stresses across the depth of the beam. It should be
noted that the tensile stresses are indicated by the positive sign
and the compressive stresses by the negative sign.

Aslong as the moment is small and does notinduce cracking,
the strains across the cross section are small and the neutral
axis is at the centroid of the cross section (see Fig. 5.2a). The
neutral axis is an imaginary line that separates the tension
zone from the compression zone. By this definition, the stress
at the neutral axis is equal to zero as shown in Fig. 5.2.

The stresses are related to the strains and the deflection
is proportional to the load, as in the case of isotropic,
homogeneous, linearly elastic beams. The following applied
mechanics formulae for pure flexure (called the Euler—
Bernoulli equations) hold good:

M E.
M_J_E (5.1a)
I y R
. 1 M
ie., sz—sz and f=— (5.1b)
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stress—strain distribution (e) Stress—Strain distribution after cracking (Continued)
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where d is the effective depth of the beam (as per Clause 23.0
of IS 456 the effective depth of abeam is defined as the distance
between the centroid of the area of tension reinforcement and
the maximum compression fibre), E. is the Young’s modulus
of elasticity of concrete, f is the bending stress at a layer, 7 is
the second moment of area (moment of inertia) of the beam,
M is the applied bending moment, R is the radius of curvature,
V is the shear force, x, is the depth of neutral axis, y is the
distance of the layer from the neutral axis, Z is the section
modulus, &, is the ultimate compressive strain in concrete,
& 1s the strain at the centroid of tension steel, &, is the yield
strain in steel, and ¢ is the curvature of the beam (equals the
slope of the strain diagram). These formulae cannot be used
in cracked beams, as the stress—strain relationship for concrete
becomes non-linear at higher strain levels.

5.2.2 Cracking Moment

As the load is increased, the extreme tension fibre of the beam
cracks as the stress reaches the value of modulus of rupture,
f.r (see Fig. 5.2b). Most of these cracks are so small that they
are not visible to the naked eye. At this stage, the maximum
strains in concrete in tension and compression are still low;
hence, assuming a linear stress—strain relation, the moment
that produces the first crack or the cracking moment, M, is
given by

(5.4)

fZ
Vi

where y, is the distance of extreme tension fibre from the neutral

axis, I, is the second moment of gross area ignoring reinforce-

ment, and f,.. is the modulus of rupture, which is taken as

0.7 \/Z , as per Clause 6.2.2 of the code. (It should be noted
that the ACI 318 code suggests a lower, conservative value
for modulus of rupture, which equals 40.55 \/f , where A is
the modification factor for lightweight concrete. For normal
weight concrete A equals 1.0; for lightweight concrete A equals
1.40.5 \/E ) < 1.0, where f,, is the splitting tensile strength of
lightweight concrete.) Even though the reinforcements can be
included in the calculation of /, using the transformed section
method, this will not make any appreciable change in the value
of M.,.

The section curvature at cracking, ¢,,, can also be calculated
using the elastic bending theory as

M

— Ccr

cr EC Ig

where the Young’s modulus of elasticity of concrete, E,., may
be taken as 5000 /£, N/mm?

5.2.3 Cracked Section

As the load is increased further, extensive cracking occurs as
shown in Figs 5.1(b) and 5.2(b). The cracks also widen and
propagate gradually towards the neutral axis. The cracked
portion of the concrete beam is ineffective in resisting the tensile
stresses. The steel reinforcements come into play now, and
there is a sudden transfer of tension force from the concrete to
the reinforcements in the tension zone. This results in increased
strains in the reinforcements. If the minimum amount of tensile
reinforcement is not provided, the beam will suddenly fail.

The relatively large increase in the tensile strains of
reinforcements results in an upward shifting of the neutral
axis (see Figs 5.1e and 5.2b). The deflections and rotations
also increase at a faster rate, resulting in increased curvature
at the cracked section. If the concrete stresses do not exceed
approximately 0.33f,, the stresses and strains continue
to be approximately proportional and close to linear. The
relationship between the moment and curvature is again
approximately linear, but the slope is different from that of
the uncracked section. This is called the working load stage,
which was the basis of the working stress method.

(5.5a)
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5.2.4Yielding of Tension Reinforcement and Collapse

If the loads are increased further, the tensile stress in the
reinforcement and the compression stress in the concrete
increase further. The stresses over the compression zone will
become non-linear. However, the strain distribution over the
cross section is linear. This is called the ultimate stage (see
Fig. 5.2c). The distribution of stress in the compression zone
will have the same shape of the concrete stress—strain curve.

At one point, either the steel or concrete will reach its
respective capacity; steel will start to yield or the concrete will
crush. Let us assume that the section under consideration is
under-reinforced. In this case, the steel will yield first before
the concrete fails, giving sufficient warning before failure. For
normally reinforced beams, the yield load is approximately 90—
95 per cent of the ultimate load. There will be a considerable
shift in the neutral axis position; non-linear deflections will
increase leading to extensive cracking, and finally the beam
will collapse due to the crushing of concrete in the compression
zone. It has to be noted that in the over-reinforced beams the
steel will not yield, and hence, the concrete in the compression
zone will crush and the beam will collapse (rather explosively)
suddenly without giving any warning. Such failures are sudden
and catastrophic; this is not the preferred mode of failure.

Hence, most codes do not permit the use of over-reinforced
beams. Let us now develop a mathematical model for these
phases of behaviour.

The yield curvature is calculated as the slope of the strain
diagram by setting the strain in the steel equal to the yield strain.

£

__ %
% d-x,

5.3 ANALYSIS OF AND DESIGN FOR FLEXURE

The analysis of flexure should not be confused with the
structural analysis, which is concerned with the determination
of forces and moments acting in the different elements (such
as beams and columns) of a structure due to the application
of external loads. The analysis of flexure deals with the
calculation of the nominal or theoretical moment strength of
the beam (or stresses, deflections, crack width, etc.) for a given
cross section and reinforcement details. It is determined from
the equilibrium of internal compressive and tensile forces,
based on the assumed compressive stress block of concrete.
The moment strength of the beam is determined from the
couple of internal compressive and tensile forces.

On the other hand, the design for flexure deals with the
determination of the cross-sectional dimensions and the
reinforcement for a given ultimate moment acting on the beam.
Many times, the breadth of the beam may be fixed based on
architectural considerations. Sometimes, both the breadth and
depth may be fixed for standardization of sizes and only the
reinforcement needs to be determined. It should be noted that

(5.5b)

there may be several possible solutions to a design problem,
whereas the solution to an analysis problem is unique.

5.3.1 Effective Span

As the bending moment varies with the square of effective
span, it is important to correctly fix the effective span. Clause
22.2 of IS 456 suggests the following:

1. For beams that are not built integrally with their supports,
for example, beams supported on brick walls:
Effective span, L = (L, + d) or c/c of supports, whichever is
less (where L, is the clear span, d is the effective depth of
slab, and c¢/c denotes the centre-to-centre distance)
2. For continuous beams:
(a) If width of support, b,, < L,/12,
Effective span, L= (L, +d) or c/c of supports, whichever
is less
(b) If width of support, b,, > L,/12 or 600 mm, whichever
is less, the following cases can arise:
(1) For end span with one end fixed and the other
continuous or for intermediate spans,
Effective span, L=1L,
(i) For end span with one end free and the other
continuous,
Effective span, L =L, + d/2 or L, + Half width of
discontinuous support, whichever is less
(iii)) Spans with roller or rocker bearings,
Effective span, L = Distance between the centres
of bearings
3. For cantilevers:
(a) Normally,
Effective span, L=L, + d/2
(b) If it forms the end of a continuous beam,
Effective span, L=L,+ b,,/2

5.4 ANALYSIS OF SINGLY REINFORCED
RECTANGULAR SECTIONS

Some assumptions need to be made in order to analyse the
beams subjected to flexure. These assumptions and the
derivation of the theoretical moment capacity of beams are
discussed in this section.

5.4.1 Assumptions Made to Calculate Ultimate
Moment of Resistance

The mathematical models for shallow beams (span to depth
ratio greater than 2.5) are based on the following assumptions
(see Clause 38 of IS 456):

1. Plane sections normal to the axis remain plane after
bending, that is, strains are proportional to the distance
from the neutral axis. This assumption holds good until
collapse for all slender members.



2. The maximum strain in concrete, &, at the outermost
compression fibre is assumed to be 0.0035 in bending.
(It should be noted that the value of &., will reduce as the
concrete strength increases, especially for HSC. CEB-FIP
model code 1990 suggests &, = 0.0035 for f,, < 50MPa

and £, = 0.0035[2] for 50 MPa < f;, < 80 MPa.)

Jck
. Compressive stress distribution is assumed to correspond
with the assumed stress—strain diagram of concrete, as
shown in Fig. 5.4(a). The stress block in IS 456 is assumed
as parabolic—rectangular, as shown in Fig. 5.4(b). It
has to be noted that the geometrical shape of the stress
distribution depends on a number of factors, such as cube/
cylinder strength and the rate and duration of loading.
Several studies have indicated that the ratio of maximum
compressive strength in beams or columns to the cylinder
compressive strength, f can be taken as being equal to
0.85 for most practical purposes (Hognestad 1952a). This
accounts for the size effect and the fact that the actual beam
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is subjected to sustained loading, whereas the test cylinder
is subjected to short-term loading alone. Furthermore, the
cylinder strength, f is about 0.80 of the cube strength,
[« Hence, the maximum compressive strength of concrete
in any structure is assumed to be 0.85 x 0.8 = 0.67 times
the characteristic cube compressive strength. With an
additional partial material safety factor j, of 1.5, the
maximum compressive strength will be equal to 0.67/1.5 =
0.447f,,, which is normally rounded off to 0.45f. It should
be noted that the partial safety factor is applied over the
whole stress—strain curve to obtain the design stress—strain
curve, as shown in Fig. 5.4(a). The stress—strain curve
shown in Fig 5.4(a) is parabolic from the starting point of
zero strain up to a strain of 0.002, and then a straight line
from this point up to the crushing strain of 0.0035. The
same shape is adopted for the stress block too in the Indian
code. If the distance up to 0.0035 strain is denoted as x, then
the distance of 0.002 strain is obtained as (0.002/0.0035)
x=(4&/T)x=0.57x.
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FIG. 5.4 Stress-Strain curve for concrete (a) Idealized (b) Stress block adopted in IS 456:2000
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The design compressive stress f, corresponding to any strain
£.<0.0035, as shown in Fig. 5.4(a), may be approximated by
a parabola. The equation for this parabola was first introduced
by Hognestad (1952b) as

2
f.=04471, 2( & J—( & J
8(:() gCO

for £, <0.002, with £,, = 0.002 (5.6a)

fe=0.447f, for 0.002< g <0.0035 (5.6b)

4. The tensile strength of concrete may be neglected. It
should be noted that the ultimate tensile strain of concrete
is of the order of 0.00015, which is less than one-twentieth
of the compressive strain. However, the tensile strength of
concrete is taken into account to check the deflection and
crack widths in the limit state of serviceability. All the tensile
forces are assumed to be carried by the reinforcement.

5. The stresses in the reinforcement are derived from the
representative stress—strain curve for the type of steel
used. Typical curves for mild steel bars (grade Fe 250)
and high-yield strength-deformed (HYSD) bars (generally
cold-twisted) of grade Fe 415 are shown in Figs 5.5(a) and
(b), respectively. For design purposes, a partial material
safety factor ¥, of 1.15 is suggested by the code. Thus, the
maximum stress in steel is limited to f,/1.15 = 0.87f,, where
/fy s the characteristic strength of steel, which equals yield
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stress in mild steel and is taken as proof stress for HYSD
bars at a 0.2 per cent residual strain. For mild steel bars and
for HYSD bars up to & < 0.8f,/(1.15Ey), the stress—strain
relationship is linear. Hence,

Stress in steel, f; = £E, for & <0.8f,/(1.15E) (5.7)

The dotted inclined line in Fig. 5.5(b) is parallel to the
elastic curve with a residual strain of 0.2 per cent. It should
be noted that in the case of steel the partial material safety
factor of ¥, = 1.15 is used only in the region starting from
0.8f, of the actual stress—strain curve (see Figs 5.5a and b).
The design stress—strain curve given in Fig. 5.5(b) is linear
up to astrain of 0.8f,/(1.15E}) (i.e., &=0.0014435 for grade
Fe 415 and &= 0.0017391 for grade Fe 500) and thereafter
non-linear up to the design stress of f,/1.15, corresponding
to a strain equal to or greater than f,/(1.15E;) + 0.002.
Table 5.1 gives the inelastic strains for HYSD bars for a
few design stress values and Table 5.2 gives the values of
design stress at some selected strain values for Fe 415 and
Fe 500 grade steels.

TABLE 5.1 Inelastic strain in HYSD bars for some design stress values

Design Stress | 0.8f,, [ 0.85f,4 [ 0.9f,4 | 0.95f,4 | 0.975f,4 | 1.0f4

Inelastic Strain | 0.000 | 0.0001 | 0.0003 | 0.0007 | 0.0010 | 0.0020

Table 5.2 is difficult to implement in computer codes or
spreadsheets, and hence, the following equations have been
derived to calculate f,, from the given value of strain.

Characteristic curve

£,/1.15=0.87f,

Design curve

}/ £},=:(|0.87 FE+ (l).ooz | |
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FIG. 5.5 Stress—Strain curves for steel reinforcements (a) Mild steel bars (b) HYSD bars as per IS 456 (Eg = 2 x 10° N/mm?)



TABLE 5.2 Design stress at salient strain as per Fig. 5.5(b) for HYSD bars

Stress f, = 415N/mm? S, =500N/mm?

Lz Strain x 10=3 |Stress (N/mm?) |[Strain x 10=3 |Stress (N/mm?)
0.0 0.00 0.0 0.0 0.0

0.80fq 1.444 288.7 1.74 347.8

0.85f1a 1.63 306.7 1.95 369.6

0.90f,q 1.92 324.8 2.26 391.3

0.95fya 241 342.8 2.77 413.0
0.975f1q 2.76 351.8 3.12 423.9

1.0fyq >3.81 360.9 >4.17 434.8

Note: Linear interpolation may be done for intermediate values.
fya=0.87f,

For Fe 415 steel:

fra=—109.1569+537,276.6€ — 250,905 x 103£2 + 5,528,249
x 10*&3 — 4,709,357 x 105&*

For Fe 500 steel:

Sya=1707.624-2,356,626¢€ — 1,444,077 X 103£%+ 3,666,904
X 10°3 - 3,318,089 x 107&*

In order to avoid sudden and brittle compression failure
of concrete in singly reinforced beams, IS 456 stipulates
that the maximum strain in the tension reinforcement in the
section at failure should obey the following condition:

0.87f,
£, >0.002+ L o002+ 287
1L15E E

* N

(5.8)

where &, is the strain in steel at ultimate failure, f; is the
characteristic strength of steel, and E; is the modulus of
elasticity of steel, which is taken as 2 X 10°N/mm?. Thus,
for grade Fe 415 steel, &, should not be less than 0.0038.
This assumption assures ductile failure, that is, the tensile
reinforcement will undergo a certain degree of inelastic
deformation before the brittle concrete failure in compression.

It has been found from experiments that the strain in
concrete at collapse is in the range of 0.003-0.008. (It should
be noted that in contrast to concrete, steel reinforcements can
sustain very high tensile strains, due to the ductile behaviour of
steel after yielding. The ultimate tensile strain in steel is in the
range 0.12-0.20, i.e., 25-35 times more strain than concrete.).
However, the codes of India, Belgium, Sweden, UK, Germany,
and Canada restrict this value to 0.0035 in design, whereas the
US codes restrict it to 0.003. The strain and stress distributions
at failure are shown in Figs 5.1(g) and (h). The curved stress
block may be replaced by an equivalent rectangular stress
distribution, with the intensity equal to 0.85 f/ = 0.68f,, and
depth a = fx,, as suggested by Whitney (1937) and shown in
Fig. 5.1(j). The area of this stress block should be equivalent
to the curved stress block and the centroids of the two blocks
should coincide. The ACI code suggests the value of 4 as 0.68
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for concrete cube strengths up to and including 35 MPa. For
cube strengths above 35MPa, £ is to be reduced at a rate of
0.05 for each 8.75MPa of strength in excess of 35MPa but
shall not be taken less than 0.52. This is expressed as

B, =0.68—0.05 (fg—;:s) >0.52 (5.9)

The values of f; are reduced for HSC primarily because
of the different shapes of the stress—strain curves. It
should be noted that most of the codes (such as the US,
UK, Australian, and New Zealand codes) adopt a similar
equivalent rectangular stress block, whereas the Indian code
has adopted a parabolic—rectangular stress block, which,
though more accurate, results in lengthy calculations.

6. The embedded reinforcement is bonded with concrete,
even when the section is cracked. Adequate bond length
is available at all critical sections (see Chapter 7 for more
details on bond). The strain in the reinforcement is equal
to the strain in the concrete at the same level. The most
economical solution is to place the steel bars far away from
the neutral axis; however, some cover has to be provided to
protect them from the environment.

5.4.2 Design Bending Moment Capacity of
Rectangular Section

The analysis of the cross section is carried out by satisfying
the following two requirements:

1. Equilibrium: This demands that the sum of the internal
forces be equal to the sum of the external forces. For
sections subjected to pure bending, there are no external
forces. This leads to the following:

YlInternal forces =0; Thus, T—C=0o0r7T=C

YInternal M = Y External M (taken about any point in the
section), where T is the tension force, C is the compressive
force, and M is the moment.

2. Compatibility of strains: The strain at any point is
proportional to its distance from the neutral axis.

Hence, if the problem has more than two unknowns, they
should be reduced to two by using some suitable assumptions.
Normally, the stress in the tension steel is assumed to be equal
to the yield strength, f. It has to be noted that this assumption
should be verified after determining the position of the neutral
axis. Based on this, the nominal or theoretical moment strength
of the beam may be obtained using the following simple steps:

1. Compute total tensile strength, T=A, f; = 0.87A, f,.

2. As the compressive force C and the tensile force 7 must be
equal to maintain the equilibrium of the section, equate T
with the total compressive force C and solve for x.

3. Calculate the distance between the centres of gravity of T
and C, called the lever arm, z (for rectangular stress block,
z=d—x/2).
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4. Determine M,,, which is equal to 7 or C multiplied by the
lever arm, z.

Considering the area of parabolic and rectangular portions
of the stress block, the compressive force of concrete is
determined as follows (see Fig. 5.4b):

C, = 0.45(,b(4x17) (2/3) = 0.171f4bx,
C, = 0.45(,b(3x/7) = 0.193f,;bx

Thus, C=C,+ C.=0.36f4bx (5.10)

where C, is the compressive force of concrete due to the
parabolic portion of stress block and C, is the compressive
force of concrete due to the rectangular portion of stress block,

The distance from the top fibre at which the compressive
force acts may be obtained by taking the moment of the forces
about the top fibre. Denoting this distance as x,.,

C(x.) = Cplx — (5/8)(4x/T)] + C(3x/14)
Substituting the values of C,, C,, and C and simplifying, we get
x.=0.416x (5.11a)

The lever arm, z, that is, the distance between the centre of
gravities of 7 and C is given by

z=d—-0.416x (5.11b)

Having determined the stress block distance x, the assumption
of the tension steel yielding can be verified by using
compatibility of strains as follows:

fs = Esgst

Ey = 0.0035% (Compatibility of strains)

(as per Hook’s law)

Substituting the value of E;=2 x 10°, we get

d—
£ =700 < S
' X 1.15

If the stress in steel, f;, calculated by using Eq. (5.12) exceeds
f/1.15, then the assumption of yielding of tension steel is
valid (f; = f,/1.15), as used to calculate tension force.

The second equilibrium equation can be used to determine
the moment capacity of the section by equating the internal
moment, M,, to the external applied moment, M,,. The internal
moment capacity may be computed by taking the moment of
the internal forces T and C about any point. Thus, the nominal
or theoretical moment of resistance of the beam, M,, is
obtained in terms of concrete compressive strength as

(5.12)

M, = Cz=0.36f,bx (d — 0.416x) (5.13)
Alternatively, in terms of the steel tensile strength,
M, =Tz=0.87f,A, (d — 0.416x) (5.14a)
If the tension steel does not yield, Eq. (5.14a) becomes
M, =f,A, (d—0.416x) (5.14b)

If an equivalent rectangular stress block as shown in
Fig. 5.1(j) is adopted, the calculations are simple and will
result in Eqgs (5.15a and b) and (5.16) (with partial safety
factor of 1.5 for concrete and 1.15 for steel):

T=0.87fA, (5.15a)

C =0.68/1.5fba = 0.45fba (5.15b)

M, = Tz = 0.87f,A, (d — 0.5a) = 0.45f,ba(d — 0.5a)
(5.16)

5.4.3 Balanced, Under-reinforced, and Over-
reinforced Sections

The RC sections under flexure are generally assumed to fail
when the compressive strain in concrete reaches the failure
strain in bending compression, which is assumed by IS 456
as 0.0035. The RC sections in which the tension steel reaches
yield strain at the same load as the concrete reaches failure
strain in bending compression are called balanced sections.
The RC sections in which the tension steel reaches yield strain
before the load that causes the concrete to reach failure strain in
bending compression are called under-reinforced sections. The
RC sections in which the failure strain of concrete in bending
compression is reached earlier than the load that causes yield
strain in tension steel are called over-reinforced sections.
Figure 5.6 shows the location of the neutral axis for the balanced
and under- and over-reinforced sections (it also shows the x,, iy,
case, which is considered the balanced section in the IS code, in
order to ensure ductility and to avoid over-reinforced sections).
It should be noted that in the case of under-reinforced
beams, yielding of the tensile steel will not result in the sudden
collapse of the beam. As discussed in Section 5.2.4, yielding
of the tensile steel results in non-linear deflections, leading to
extensive cracking. Finally the beam will collapse due to the
crushing of concrete in the compression zone. This is because
the rupture of steel takes place at a much higher strain, of the
order of 0.20-0.25 (i.e., 0.20-0.25% elongation based on the
original length), compared to the yield strain of 0.0038 for
grade Fe 415 steel, and the concrete ultimate strain is 0.0035.
Since the failure initiated by the yielding of steel gives ample
warning before the final failure, this failure is called ductile
failure. Thus, the member will experience large deflections,
large strains, and wide cracks before the final failure, and
hence, repairs can be performed in case of overload.
Moreover, the cost of reinforcement is about 70 times that
of concrete by volume. Hence, the designer should try to use as
minimum a quantity of steel as possible. In addition, in under-
reinforced concrete sections the strength of steel is fully utilized,
and hence, it will be economical in addition to being ductile.
The moment capacity of an under-reinforced beam is
controlled by the steel, whereas for an over-reinforced beam
it is controlled by the concrete. The value of (x/d) of a singly
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FIG.5.6 Neutral axis for balanced and under- and over-reinforced sections (a) Strain distribution (b) Beam cross section
reinforced concrete beam is not allowed to exceed the limiting  [aAy 517
values of (x,/d) specified in Table 5.3. However, when r= 0.36f.,b G.17)
<

compression steel is provided, the ductility of the section is
improved and the limiting value of (x,/d) may be relaxed.

TABLE 5.3  Limiting values of x,/d, j, k1, and k,

Type of | f, N/mm?) | Yield Strain | (x,/d)mic |J ky k;
Steel (&) X 1073

Mild steel | 250 3.088 0.531 0.78 [0.191 |0.149
HYSD 415 3.805 0.479 0.80 {0.172 |0.138
HYSD 500 4.175 0.456 0.81 [0.164 |0.133

5.4.4 Depth of Neutral Axis

As already discussed, beams are assumed to fail when the
failure compression strain is reached in concrete. The steel
need not reach yield stress at the same time, unless it has been
specifically designed to fulfil this condition. For example,
steel also yields when concrete fails in balanced or under-
reinforced beams. However, in over-reinforced beams, the
stress in steel at failure will be below its yield stress. As an
equilibrium of forces is required at all times, the tensile forces
will be equal to compressive forces. Thus, we have
Total tension, T =f,A,
Total compression, C = 0.36f,,bx
where f;; is the actual tension in steel corresponding to the
strain in steel.
Equating the two expressions, we get
JstAse = 0.36fbx

In under-reinforced beams, the yield stress of 0.87f; is
reached first in steel reinforcement. Substituting this value in
Eq. (5.17) and dividing both sides by the effective depth, we
get the equation presented in Annex G of IS 456.

x, O087fA,

d 036f,bd

where x, is the depth of the neutral axis at ultimate failure of
under-reinforced beam in flexure.

(5.18a)

If an equivalent rectangular stress block as shown in
Fig. 5.1(j) is adopted, equating tension and compression
(Egs 5.15a and b), we get

0.87f,Ay = 0.45f 1ba
1.93f,A,
a——————
fab
where a is the depth of the neutral axis at ultimate failure of
the under-reinforced beam in flexure.

or (5.18b)

Limiting Values of x,, /d

From assumption 5 given in Section 5.4.1, in order to avoid
brittle failure, the steel strain &, at failure should not be less
than the following:

£, =0.002+ U (5.19)

1.15E
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Assuming E,; = 2 x 10°N/mm?, the yield strain for different
grades of steel may be worked out and is given in Table 5.3.
It should be noted that there is no balanced strain condition
specified in the Indian code provisions; the tensile strain in
reinforcement is permitted to reach any value more than the
specified minimum.

From the similar triangles of Fig 5.4(b), we get

8Su - d - ‘xu
From this, we get
£.,d 0.0035d

(5.20a)

X =

" e &, 00035+0.002+[f,/(.15E, )]
Substituting for E; =2 X 10’ N/mm? and simplifying, we get

x,) _ 805
d lim

— =k,
1265+ f,
Substituting the values of f, for various grades of steel, the
limiting values of x,/d are obtained as shown in Table 5.3 for
various grades of steel.
The lever arm distance as given by Eq. (5.21) is

d-0416x,=d[1 -0.416(x,/d)] (5.21)

(5.20b)

z=jd=d—-x.=

where j is the ratio of the lever arm distance coefficient. The
values of j for different grades of steel may be calculated and
are shown in Table 5.3.

The maximum or limiting value of concrete compression,
C;, is obtained by substituting the limiting values of (x,/d) in
Eq. (5.10). Thus

Cp=0.36f.,bd (x,/d) =k f.bd

The values of k; = 0.36(x,/d) for different values of (x,/d) are
also given in Table 5.3.

The nominal or theoretical moment strength of the beam, M,,,
can be obtained in terms of concrete compressive strength as

M, = Cz=0.36f,bx,(d —0.416x,)
=0.36f4b (x,/d) djd = kof4bd>  (5.22a)
where k, = 0.36(x,/d)j. The values of k, for different steel

grades are given in Table 5.3.
Alternatively, in terms of the steel tensile stress,

M,=Tz=f,A, (d—0.416x,) for all x,
= 0.87f, Ay (d — 0.416x,) for all x, < X, jim (5.22b)

5.4.5 Resisting Moment Strength for Balanced
Sections

In Section 5.4.2, the nominal or theoretical moment strength of
the beam was derived in terms of the steel tensile strength as

M,=Tz=0.87f,A, (d—0.416x,)

Substituting the value of x,/d from Eq. (5.18) as

0.87f,A,
X, =—
‘T 0.36f,b
we get
0.416(0.87f,A,,)
M, =087f,A,|d- Sy
! 0.36f,b

Simplifying and rounding off the coefficient, we obtain the
equation given in Annex G of IS 456, which should be used
when x,/d is less than the limiting value.

0 f}'ASt
87f,Aqd
fbd
Let the area of tensile steel be denoted as a percentage of the
effective beam area as follows:

(5.23)

_ A x 100
Pe=a

where p, is the percentage of steel. Substituting p, for (A /bd)

in Eq. (5.23), we get
M, =087f, L pd® |1 R
¥ 100 100£,

Dividing both sides by bd?, we get

M, _ 5 b,
bd* =087/, (IOOJ[]

- Em} for  p; <priim (5.24)
Based on Eq. (5.24), SP 16:1980 has provided tables (Tables
1-4), using which for any value of M,/bd* the percentage
of steel may be obtained for different values of f, and f. It
must be noted that the value of p, found from Eq. (5.24) is
not directly proportional to M,/bd*>. Moreover, this equation
should be used only for under-reinforced beams, where the
tensile stress in steel will reach yield stress before failure.
Solving the quadratic equation given in Eq. (5.24) in p,, we get

4.6M
P = 50221 1 - 20 (5.25)
1 fubd
where p,;n, is the limiting percentage tensile steel

corresponding to the limiting moment of resistance, M, ji.
When the value of x/d is equal to the limiting value, Eq.

(5.22) must be used. Dividing both sides of Eq. (5.22a) by

bd* we obtain the other equation given in Annex G of IS 456:

Substituting the values of x,/d from Table 5.3, we get the
limiting moment of resistance for various grades of steel as



shown in Table 5.4. Substituting these values in Eq. (5.25), we

pt,limfy

get the reinforcement index, ( J as given in Table 5.4.

ck

TABLE 5.4 Limiting moment of resistance and reinforcement index for
singly reinforced rectangular sections

Sy N/mm? 250 415 500
M, jim/f b 0.149 0.138 0.133
Prjimylfok 21.97 19.82 18.87

Thus, the moment capacity of a singly reinforced section is
restricted to M, ji,,. Even if the beam has more reinforcement
than that required for a balanced section, the increase in
strength will be very minimal. Such an over-reinforced beam
is not adopted in practice, as the failure of the beam will be
brittle, without any warning, and hence catastrophic. If the
applied moment, M,, exceeds M, i, the section has to be
redesigned by (a) changing the cross-sectional dimensions
of the member, (b) increasing the concrete strength, or
(c) designing the member as a doubly reinforced section.

5.5 DESIGN OF SINGLY REINFORCED
RECTANGULAR SECTIONS

As mentioned in Section 5.3, the design for flexure deals with
the determination of the cross-sectional dimensions and the
reinforcement for a given ultimate moment acting on the beam.
The basic requirement of safety at the ultimate limit state of
flexure is that the factored applied moment due to external
loads and self-weight, M,, should not exceed the ultimate
moment of resistance, M,,, and that the failure at the limit state
should be ductile. Hence, the basic design equation is given by

Mu < Mn with Xy < Xy limit (527)

Many times, the breadth of the beam may be fixed based on
architectural considerations. Hence, let us discuss how the
depth and area of reinforcement are determined.

5.5.1 Minimum Depth for Given M,

As per Eq. (5.22a), the nominal moment capacity of the beam is
M, = kyf.ubd?

where k, = 0.36(x,/d)j and its value is given in Table 5.3 for
various grades of steel.
From this equation, we get

M
d= |—*
kfckb

For Fe 415 grade steel, the value of k, = 0.138. Hence,

g [ M. [12m,
TNO0138f,b | fub

(5.28a)

(5.28b)
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For Fe 250 and Fe 500 grades steel, the coefficient 7.2 in
Eq. (5.28b) is to be replaced by 6.71 and 7.52, respectively.

Similarly the value of (x/d) can be derived as follows:
From Eq. (5.26)

M, :0.36j‘ck(x2 ](1 —0.416%)1%12

Dividing both sides of this equation by (0.36)(0.416)f..bd>,

we get
6.68M, ) (x, Y
Lopgf |
Tabd d d

Rearranging the terms, we get the following quadratic
equation in (x,/d)

2
(X_J _2,4(x_u)+ﬂM;=0
d d)  f.bd

Solving for (x,/d), we get the following:

(xu) . . 6.68M,
—|=1.2- {144 - 5
d Jabd

This equation may also be written in the following format:

(5.29a)

(xu) 1-Jl1-4pm M,

— =7 with m=——"—

d 25 0.36 ., bd

and B=0.416 (5.29b)

From Eq. (5.29b), we may determine the value of (x,/d) for
the given values of M,, f., b, and d.

5.5.2 Limiting Percentage of Steel
From Eq. (5.18a), with x, as the depth of the neutral axis at
ultimate load, we get

x, O087f,A,

d  036f,bd
Rearranging the terms and simplifying, we get
A 0.414f,
Ay 04ty (5.30)
bd fd

Denoting the area of tensile steel as a percentage of effective
beam area,

At
=—L %100
b=

Rewriting Eq. (5.30) in terms of p;, we get

4138
. 41.381, (X_J (5.31a)
1 d
Thus
Primdy _ 4y .38(—“’““‘ J (5.31b)
Sor d
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Using Eq. (5.20b), we get

33310 J 5310

pt,limfy _
fr 1265+ fy

The value of p,jim(f,/fo) for various steel grades are shown
in Table 5.5 along with the limiting percentage of steel for
concrete grades M20 to M50.

TABLE 5.5 Percentage of limiting steel areas for balanced section

Grade of (x,/d) Priim(fy/ Limiting Percentage of Steel
Steel Limit )" for Grades M20 to M50

Fe 250 0.531 21.97 1.758-4.396

Fe 415 0.479 19.82 0.955-2.389

Fe 500 0.456 18.87 0.755-1.887

“Until 2002, the ACI code permitted p, values up to 75 per cent of the steel
required for balanced sections; see also Sections 5.5.4 and 5.5.5.

5.5.3 Factors Affecting Ultimate Moment Capacity

The following factors affect the nominal ultimate strength of a
beam subjected to bending (Subramanian 1975):

1. Yield strength of steel reinforcement, f,,
2. Compressive strength of concrete, f

3. Depth of beam, d

4. Breadth of beam, b

5. Percentage of reinforcement, p;

The effects of these parameters are shown in Fig. 5.7.
As shown in Fig. 5.7(a), the yield strength of steel rein-
forcement has a considerable impact on its ultimate
moment capacity. Increasing the yield strength of steel from
250N/mm? to 415N/mm? increases the ultimate capacity by
51 per cent. However, the compressive strength of concrete has
only a slight effect on the ultimate capacity, as shown in Fig.
5.7(b). Changing the compressive strength of concrete from
20N/mm? to 40 N/mm? increases the ultimate moment capac-
ity by only 16.5 per cent. With the other factors remaining
the same, the moment capacity of the beam is directly pro-
portional to the breadth and square of the depth. Thus, the
depth of the beam has more influence on the ultimate moment
capacity than its width. Increasing the depth from 500 mm
to 1000mm increases the capacity of the beam four times.
Increasing the percentage of tensile reinforcement also has a
significant effect on the ultimate moment capacity, as shown by
Fig. 5.7(c).

5.5.4 Minimum Tension Reinforcement

For architectural or other reasons, beams may be provided in
a larger size than required for flexural strength. With a small
amount of tensile reinforcement, the computed strength of
the member using cracked section analysis (using Eq. 5.23)
may become less than that of the corresponding strength of an
unreinforced concrete section, computed using the modulus
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FIG. 5.7 Effect of different parameters on ultimate moment capacity (a) Effect of yield strength of steel (b) Effect of compressive strength of concrete

(c) Effect of percentage of steel reinforcement



of rupture. This will result in sudden and brittle failure of
such beams. To prevent such possibilities, codes of practices
often prescribe a minimum amount of tension reinforcement.
Minimum steel is also provided from the shrinkage and
creep considerations, which often control the minimum steel
requirement of slabs. Minimum steel will also guarantee
accidental overloads due to vibration and settlements, control
cracks, and ensure ductility.

Hence, the required condition for the minimum percentage
of steel may be stated as follows:

Strength as RC beam >

Strength as plain concrete beam (5.32)

The moment of resistance for an unreinforced concrete
beam, M, may be calculated using elastic theory from Eq.
(5.4). Substituting the values of I,/y, (equal to b,,D?/6, for a
rectangular section) and f,, in Eq. (5.4), we get

M, =0.117b,D% [f.,

where D is the total depth of the beam and b,, is the width of
the rectangular beam (for 7-beams, b,, denotes the width of
the web).

The nominal moment of resistance as given by the cracked
section theory in Eq. (5.22), without the partial safety factors
may be approximately written as

M, =A;f(d—0.416x,)

(5.33)

(5.34a)

The term (d — 0.416x,), representing the lever arm, may range
from 1.00d (when steel area is zero) to 0.71d (at balanced
failure). Safely assuming it to be 0.71d, we get

M, =0.71A,f,d (5.34b)

In rectangular beams, the ratio D/d will be in the range
0.8-0.95. Safely assuming it to be 1.0 in Eq. (5.33) and
equating Eqgs (5.33) and (5.34b), we get

0.71A,f,d = 0.117b,d* [ f., (5.35a)
Rearranging the terms, we get
A0 e (5.35b)
b,d f, '

It should be noted that the minimum steel as per Eq. (5.35b) is
dependent on the compressive strength of concrete and hence
will increase with increasing f,,. However, in IS 456, f,;, might
have been assumed to be 25 MPa, and the equation is given in
Clause 26.5.1.1 as

A, 085

N

byd f,

The explanatory handbook SP 24:1983 states that this
requirement will result in 0.34 per cent for mild steel, thus
matching the 0.3 per cent minimum as required in the 1964

(5.35¢)
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version of the code. For cold-worked deformed bars (f, =
415N/mm?), the value of minimum steel will be given as 0.20
per cent.

Varghese (2006) reports that in some situations, large
beams designed with the minimum steel requirement of the
IS code have experienced extensive cracking, although there
are no reported failures. Hence, there is a need to revise the
minimum tensile steel provisions of IS 456:2000. It should
be noted that cantilever T-beams, with their flange in tension,
will require significantly higher reinforcement than specified
in this clause to prevent brittle failure caused by concrete
crushing; however, IS 456 suggests calculating the minimum
reinforcement for such T-beams by taking b,, as the width of
the web alone.

It is interesting to note that the US code, until the 1995
edition, used Eq. (5.36a) (which is similar in format to the
Indian code equation and uses a factor of safety of 2.5):

A, 14

b,d f,
This equation provides a minimum tension steel of about 0.5
per cent (as against the 0.3% minimum in the Indian code)
for mild steel grade, as required by the earlier editions of the
ACI code. The 1995 version of the code recognized that the
minimum steel as given by Eq. (5.36a) may not be sufficient
for HSC with strength greater than 35MPa. Hence, the
code introduced Eq. (5.36b), which has a format similar to
Eq. (5.35b):

(5.36a)

A, _025f, 14
bd 1y 1y
where f. is the cylinder compressive strength of concrete.

Equation 5.36(b) may be rewritten in terms of cube
compressive strength as follows:

(5.36b)

A, 0224y 14

S

il S 5.36
R (5.36¢)

It should be noted that 0.224\/E and 1.4 are equal when
Jek equals 39 MPa. Hence, (1.4/f,) will control only when f
is less than 39 MPa. Thus, for HSC, the concrete strength
should also be considered while providing minimum tensile
reinforcement. It makes sense as HSC is normally brittle
when compared to normal strength concrete. It has to be
remembered that for T-beams with the flange in tension, ACI
318-08 specifies the use of Eq. (5.36b), with b,, replaced by
2b,, or the width of the flange by, whichever is smaller.

In this connection, it should be noted that Clause 6.2.1 of
IS 13920 uses Eq. (5.36d), which is similar to Eq. (5.36¢):

A, 024f,

S

(5.36d)
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A comparison of the minimum flexural reinforcement
provisions of different codes is provided in Fig. 5.8. It
can be seen that unlike Eurocode 2, the minimum flexure
reinforcement requirements for the slabs of the Indian,
Canadian, and US codes are not a function of concrete strength
(Subramanian 2010).

0.008
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0.007 |- v ¥
h di=085h K[, ., , . . f|d=085h
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<o ACI 318-08
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FIG. 5.8 Comparison of minimum flexural reinforcement provisions of
different codes

Source: Li and Zhang 2005 (adapted)

An area of compression reinforcement equal to at least one-
half of the tension reinforcement should be provided, in order
to ensure adequate ductility at the potential plastic hinge zones
and to ensure that minimum tension reinforcement is present for
moment reversal (NZS 3101:2006; Wight and MacGregor 2009).

5.5.5 Maximum Flexural Steel

An upper limit to the tension reinforcement ratio in flexural
RC members is also provided to avoid the compression
failure of concrete before the tension failure of steel, thus

ensuring sufficient rotation capacity at the ultimate limit
state. The upper limit is also required to avoid congestion of
reinforcement, which may cause insufficient compaction or
poor bond between the reinforcement and concrete.

Until 2002, the ACI code permitted p; values up to 75
per cent of the steel required for balanced sections as the
maximum flexural reinforcement (see Table 5.5 for the
percentage of limiting steel areas for balanced section). Using
this rule and selecting M25 concrete and grade 415 steel, the
maximum percentage of steel =0.75 x 19.82 x 25/415 = 0.90.
However, IS 456 stipulates that the maximum percentage of
tension reinforcement in flexural members be four per cent,
which is very high (if both tension and compression steel
are provided, it amounts to 8%). It should be noted that
Clause 6.2.2 of IS 13920 suggests a percentage of steel of
2.5 per cent, which is also high.

Tension- and Compression-controlled Sections

Although the US code specified the maximum percentage of
steel as 75 per cent of the balanced reinforcement ratio in the
earlier versions, in the 2002 version of the code, the provision
was changed, as it may become complicated for flanged
sections and sections that use compression reinforcement. In
the present edition of ACI 318-11, the ductility of the section
is controlled by controlling the tensile strain, &, in the extreme
layer of tensile steel, as suggested by Mast (1992) (see
Fig. 5.9). Thus, when the net tensile strain in the extreme
tension steel, &, is equal to or greater than 0.005 and the
concrete compressive strain reaches &.,, the section is defined
as a tension-controlled section. Sections with & less than
0.002 are considered compression controlled and are not used
in singly reinforced sections. Sections with & in the range
0.002-0.005 are considered as transition between tension and
compression controlled. Such a tension-controlled section

£.,,=0.003 compression

Q \(pz 0.75 + (&—0.002)(50)
0.90 \ — T
X X,
Spiral ~  _--""
0.75 Ik
"= 0= 0.65 + (&— 0.002)(250/3) d d,
0.65 [~ e
er .
Compression . Tension
controlled Transition controlled e e e &
- o—0o—0o -
£=0.002 £=0.005 N L
X, X, Reinforcement closest
4 0.600 4 0.375 to the tension face

t t

Interpolation on x,/d,: Spiral ¢=0.75 + 0.15[(1/x,/d,) — (5/3)]
Other ¢=0.65 + 0.25[(1/x,/d,) — (5/3)]

(@)

(b)

FIG. 5.9 Definition of tension- and compression-controlled sections (for grade 420 reinforcement) in ACI 318 code (a) Tension- and compression-
controlled sections (b) Strain distribution (Reprinted with permission from ACI)



will give ample warning of failure with excessive deflection
and cracking. For grade 415 steel, the tensile yield strain is
& =415/(200 x 103) = 0.00208. Thus, the tension-controlled
limit strain of 0.005 was chosen to be 2.5 times the yield strain.
Such tension-controlled sections will result in a moment—
curvature diagram similar to that shown in Fig. 5.10 (the one
with area of reinforcement equal to 2900 mm?).

770 T T T . —

/— 300 mm
660 g .............. |
I / Ay =4190mm? 20| 4

550 e | At |
£ A,=2900mm’ f,=415MPa
Z 440 ]
= //  f,=275MPa |
) _ 2 :
g 330 A, =1610mm-~ (basic)
>l

220 //

110 //

0 1 1 1 1 1 1
0 0.0001 0.0002 0.0003 0.0004 0.0005 0.0006
Curvature, ¢ (1/mm)

FIG.510 Moment-Curvature diagram of a beam with varying steel areas

It should be noted that in the ACI code different strength
reduction factors (called ¢ factors)
are used—ranging from 0.9 (tension-
controlled) to 0.65 (compression-

af
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of the ACI code (i.e., 75% of steel required for the balanced
section, as per Table 5.4).

Comparison of the provisions for maximum tensile
reinforcement in flexural members of the Indian, Eurocode
2, US, New Zealand, and Canadian codes shows that except
the Indian and Eurocode 2 codes, all the other codes have a
similar format and involve both f;, and f, (Subramanian 2010).

5.5.6 Slenderness Limits for Rectangular Beams

When slender beams are used, the beam may fail by lateral
buckling accompanied by a twist, as shown in Fig. 5.11, before
the development of flexural strength. The lateral buckling of
concrete beams is less critical than that of steel beams. It is
because RC beams are often less slender and accompanied
by floor slabs attached to the compression zone of beams (see
Fig. 5.12a).

u

FIG. 5.11 Lateral buckling of slender beams

An inverted

controlled)—to calculate the

design strength of members from
the calculated nominal strength.

Moreover, flexural members are

usually chosen as tension controlled, r %
whereas  compression  members

are usually chosen as compression L
controlled. The net tensile strain ->|L|<-
limit of 0.005 for tension-controlled Section 1-1

sections was chosen to be a single
value that applies to all types
of steel—prestressed and non-
prestressed (Mast 1992).

From the similar triangles of Fig. 5.9(b), and assuming &,
as 0.0035 according to IS 456, for tension-controlled flexural
members we may deduct x,/d; = 0.0035/(0.003 +.005) =3.5/8.
Substituting this value in Eq. (5.31a), we get,

(@)

p=18.10% <25

vy

(5.37)

For M25 concrete and grade 415 steel, we get p, = 1.09 per
cent, compared to 0.75 x 19.82 x 25/415 = 0.90 per cent
obtained using the earlier rule specified in the older version

7'— ,—— beam
7
2| L
NN R |
b
e
______ 7 Compression
Compression o _ zone
zone
Section 2-2

(b)

FIG.5.12 Lateral supports to beams (a) Laterally supported beams (b) Laterally unsupported beams

However, lateral torsional instability may be important
in the case of beams lacking lateral support, if the flexural
stiffness in the plane of bending is very large compared to
its lateral stiffness. Critical situations may arise during
the erection of precast concrete structures before adequate
lateral restraint to components is provided (Park and Paulay
1975).

Figure 5.12(b) shows a case where the compression zone
of the beam is not laterally supported against lateral buckling
by the floor slabs. In such cases, and in other cases where
the floor slabs do not exist, Clause 23.3 of the code sets the
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following limits on the clear distance, /, between the lateral
restraints:

1. For simply supported or continuous beams, the lesser of
60b and 250b%/d

2. For cantilever beams with lateral restraint only at support,
lesser of 25b and 1006%/d

where d is the effective depth of the beam and b is the breadth
of the compression face midway between the lateral restraints.
These slenderness limits are based on UK code CP 110:1972
and BS 8110:1997. According to ACI 318, Clause 10.4.1, the
distance between lateral restraints shall not exceed 505, where
b is the least width of compression flange or face. If these
limits are exceeded, the critical moment M, will govern the
strength of the beam. The approximate value for this critical
moment is (Park and Paulay 1975)

64 f,bd

: (5.38)
cr l

Based on experimental investigations, Revathi and Menon
(2007) proposed the following moment reduction factor, 77
(ranging in value from 1.0 to 0.6), to be applied on the ultimate
moment capacity of beams, M,, (see Eq. 5.23), in the transition
zone of slenderness 0.34 < [d/b?> < 1.61:

p=1.1 1( 1d/b*
=1.1——
34

where [ is the clear distance between lateral restraints, d is the
effective depth of beam, b is the breadth of beam, and A is the
limiting slenderness ratio, defined as follows:

e R

10C, R

(5.39a)

(5.39b)

Here, E, is the short-term elastic modulus of concrete, R is
the flexural resistance factor (without partial safety factors),
o is the flexural rigidity coefficient, £ is the torsional
rigidity coefficient, constant C; depends on the nature of
loading (equals 7 for pure bending and 3.54 for uniformly
loaded case), and constant C, is the effective length ratio
(equals 1.0 for simply supported case and 0.5 for fixed—
fixed boundary condition). Simplified equations for ¢ and 3
are provided by Revathi and Menon (2007). Equation 5.39
incorporates the effects of design variables such as grade of
concrete, grade of steel, amount of tension and compression
reinforcement, and transverse reinforcement ratio. Typical
limiting slenderness ratios, A, for beams with various
boundary conditions for p, = 1.1 per cent, p. = 0.46 per cent,
and C; = 3.54 (Revathy and Menon 2009) are provided in
Table 5.6.

TABLE 5.6  Typical limiting slenderness ratios for beams with various
boundary conditions

Boundary fy=415MPa fy =250MPa
Condition | » _ >0MPa | f, =45MPa | f,=20MPa | f,=45MPa
Simply 215 178 285 243
supported

Cantilever 107 89 142 121
Fixed-Fixed | 430 356 570 486

5.5.7 Guidelines for Choosing Dimensions and
Reinforcement of Beams

It should be noted that the selection of the sizes of flexural
members is also dictated by the serviceability criteria (need
to control deflections and crack widths; see Clause 23.2
of IS 456:2000), and requirement related to placement
of reinforcement (providing proper cover for durability,
spacing of reinforcement bars for proper compaction of
concrete, etc.; see Clauses 26.3 and 26.4 of IS 456:2000), in
addition to strength considerations. Moreover, architectural
considerations may also dictate the size of beams in some
situations.

Unlike analysis, design will not yield a unique solution.
Many choices of beam sizes (breadth and depth) and
reinforcements are feasible. The following may be useful
while selecting the sizes of beams:

1. It is economical to select singly reinforced sections with
moderate percentage of tension reinforcement (p, = 0.5-0.8
times p, ji,), which will result in ductile sections.

2. The minimum percentage of steel is around 0.3 per cent.
Choose the depth of the beam such that the percentage
of steel required is less than 75 per cent of the balanced
steel.

3. At least two rods must be provided as tension steel, and
not more than six bars are to be used in one layer. It is
preferable to adopt a single size of bars or two sizes at the
most. When two sizes of bars are adopted, it is better to
choose such that the sizes do not vary much (say, 16 mm
and 12mm, 20mm and 16 mm, and so on).

4. Often two bars are used as hanger bars, which are placed
in the compression side of the beam. Their purpose is
to provide support for the stirrups and to hold them
in position (stirrups are provided to resist shear, as
explained in Chapter 6). The minimum diameter of the
main tension bar should be 12mm and that of the hanger
bar 10mm (unless the hanger bars are significant, say,
greater than 0.2%, they are not considered as compression
steel).

5. The usual diameters of bars adopted in practice are 10, 12,
16, 20, 22, 25, and 32mm. If two different sizes are used
as reinforcement in one layer, the larger diameter bars are



placed near the faces of the beam. It is preferable to keep

the rods symmetrical about the centre line of the beam.

6. The width of the beam necessary to accommodate the
required number of rods is dependent on the side cover and
minimum spacing. Table 4.6 of Chapter 4 gives the required
cover to main steel reinforcement for beams. Assuming a
nominal cover of 20mm for mild exposure and a stirrup
size of 8 mm, the clear cover to steel works out to 28 mm.
The cover and arrangement of bars within a beam should
be such that there is provision for the following:

(a) Sufficient concrete on all sides of each bar to transfer
forces into or out of the bar, that is, to develop sufficient
bond

(b) Sufficient space for the fresh concrete to flow around
the bar and get compacted

(c) Sufficient space to allow vibrators to reach up to the
bottom of the beam

As per Clause 26.3.2 of IS 456:2000, the minimum
horizontal distance between bars (the dimension °‘s;’
shown in Fig. 5.13) should be greater than the diameter
of the larger bar (if the diameters are unequal) or nominal/
maximum size of aggregate plus Smm. In India, 20 mm
aggregate is usually used in RC members and hence the
clear minimum distance between bars should be 25 mm or
the diameter of the larger bar used. Assuming 8 mm bar
for stirrups, the required minimum width for different bar
diameters can be worked out and one such calculation is
shown in Table 5.7.

From this table, it is clear that for two bars a minimum
width of only 200mm is to be adopted. The minimum
vertical spacing between bars (dimension ‘s,’ in Fig. 5.13)
should be greater than (a) 15mm, (b) the diameter of the
larger bar (if the diameters are unequal), and (c) two-thirds
the nominal or maximum size of aggregate. The dimensions

——]
O . @
@ @l @ )

Cc

FIG.5.13 Clear cover, clear side cover, and spacing between bars
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‘c.” and ‘cy’ in Fig. 5.13 are the clear cover and clear side
cover, respectively, for the main reinforcement. The value
of ¢, should be greater than 25 mm or the diameter of the
larger bar (if the diameters are unequal).

TABLE 5.7 Minimum width of beam based on minimum spacing of
bars

Main Nominal Minimum Beam Additional
Bar Cover (See Distance Width for | Width for
Diameter | Table 4.6 and | between Two Main | Every Extra
(mm) Fig. 5.13) Bars (See Bars (mm) | Bar (mm)
(mm) Fig. 5.13)
(mm)
12 15" 25 95 37
16 20 25 113 41
20 20 25 121 45
22 25* 25 135 47
25 25 25 141 50
28 30 28 160 56
Notes:

1. This table is for mild environment, 20 mm aggregates, and 8 mm stirrup.

2. Increase cover for other environmental conditions, check cover for fire
resistance.

3. Increase width for stirrup diameter of 10 mm and above.

" As per Table 16 of IS 456:2000, nominal cover is reduced by 5mm for bars

less than 12 mm diameter.

* As per Clause 26.4.1, nominal cover should not be less than the diameter

of the bar.

Iftherods are placed in many layers, the effective depth should
be calculated with reference to the centroid of reinforcement.
The following formula can be used to calculate the centroidal
distance of bars from the bottom fibre:

g1=(XArea of rods in each layer x Distance of C.G.
from bottom)/Total area

Then, effective depth, d =D — g,

. In building frames, the width of the beams is often selected

based on the lateral dimension of columns into which they
frame. In India, in most of the buildings (with up to four to
five floors), the column and beam widths are often selected
as 230mm, just to match the size of the walls, so that
column sides are flush with the finished surface of the wall.
However, proper detailing requires the minimum size of
the columns to be 300 mm, so that the reinforcement bars
of beams are properly accommodated inside the column.
Sometimes, the beam width is also selected as 115 mm to
support a half brick wall, which is often used as a partition
wall. However, it should be noted that as per draft IS 13920
a minimum width of 200mm must be provided for the
beam and a minimum b/D ratio of 0.3 must be adopted (see
Table 4.1). The usual widths of beams adopted in practice
are 150, 200, 230, 250, and 300mm. Again, it must be
noted that these widths should be equal to or less than the
dimension of the column into which they frame.
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8.

When architectural considerations restrict the size of
the beam, the required moment of resistance may be
achieved by increasing the strength of concrete or steel or
by providing compression steel to make the beam doubly
reinforced (see Section 5.6). It has to be noted that one
may also take advantage of the slabs cast integrally with
the beams by considering them as flanged beams: T- or
L-beams (see Section 5.7).

. As discussed in Section 5.5.3, increasing the depth is

more advantageous than increasing the width (which is
often fixed on architectural considerations) and results
in an enhanced moment of resistance and a flexural
stiffness with reduced deflections, curvatures, and crack
widths. However, very deep beams are not desirable, as
such deep beams reduce the height of headroom and may
increase the height of the building too. Moreover, if the
depth of the beam increases beyond 750mm, side face
reinforcement (not less than 0.1% of the web area and
distributed equally on two faces at a spacing lesser of
300 mm and web thickness) has to be provided to reduce
cracking, as per Clause 26.5.1.3 of IS 456:2000 (see Fig.
5.14). Increasing the compressive strength of concrete
will not produce a large change in the nominal moment
strength, but it will increase the ductility of the section
(Wight and MacGregor 2009).

T
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FIG. 5.14 Side face reinforcement

10.

It should be noted that in the Indian building construction
industry, the structural designs are found to be greatly
influenced by the available construction infrastructure,
namely timber suppliers. They mainly work in the foot-
pound-second (FPS) system rather than the International
System of Units (the SI system). The timber planks
available are usually of size 4” (= 100 mm), 6”(= 150 mm),
9” (= 230mm), 12” (= 300mm), and 14” (= 350mm).
Thus, the usual depths of beams adopted in India are
350 mm (in order to avoid cutting or wastage of timber),
450mm, 500mm, and 600 mm. This fact equally holds
good for the width of the beam, which are selected as
150mm, 230mm, or 300mm. In beams of other sizes,
plywood with timber framing is used (Vivek 2011).

It is often recommended to have the overall depth to width
ratio (D/b) of rectangular beams in the range 1.5-2.0,
though it may be higher (up to 3.0) for beams carrying
heavy loads or having larger spans. It has to be noted that

11.

12.

the width and depth may also be governed by the shear
force acting on the section (see Chapter 6).

The deflection requirements often control the depth of
the beam. Clause 23.2.1 of IS 456:2000 suggests the
following minimum span to effective depth (L/d) ratios
for spans up to 10 m:

Lid = (L/D)pgsic X ki X k. (5.402)

Here (L/D)y,c 1S as follows:

Cantilever beams: 7

Simply supported beams: 20

Continuous beams: 26

For spans above 10 m, these values may be multiplied by
10/span in metres, except for cantilevers, for which the
deflection calculations are necessary to fix the depth. The
modification factors k, (dependent on p, and f;,) and k.
(dependent on p.) are shown in Figs 4 and 5 of the code
(Beeby 1971) and are given by the following:

1

o (5.40b)
[0.225+0.00322 f, — 0.6251og,,(1/p,)]
kc =1+ Pe <15 (54OC)
p.+3.0
Where
_100A, 1004,
p(- - bd 7pt - bd s
and fS = 0.58 fy — Area of steel required

Area of steel provided’

The L/d ratios of 10-15 have been found to result in
economic depths for simply supported and continuous
beams. An L/d ratio of 5-7 may be adopted for cantilevers.
However, for cantilevers, though it is possible to taper
the depth along the length, such tapering may not be
economical due to the increased cost of the formwork.

It is desirable to limit the number of different sizes of
beams in a structure to a few standard modular sizes,
as they will reduce the cost of the formwork and permit
reusability of forms.

5.5.8 Procedure for Proportioning Sections for

Given Loads

A typical design problem involves the determination of the
size and reinforcement of the beam subjected to a bending
moment. It must be noted that the bending moment due to
the self-weight of the beam should also be included in the
calculation of the bending moment. As discussed, it is
advisable to adopt under-reinforced beams with p; < p; ;. The
various steps involved are as follows:

1.
2.

Assume suitable concrete and steel grade.
Fix the beam width, b, based on the architectural and other
considerations.



3. Calculate the effective depth of beam as per Eq. (5.28):

d= Mu _ kSMu
Kb\ fub

where k3 =6.71,7.2, and 7.52 for Fe 250, Fe 415, and Fe 500
grade steels, respectively.

. Round off to the next 50 mm and adopt an effective depth.
Adopting a depth greater than the required depth results
in an under-reinforced section. One may now assume the
diameter of the bar and calculate the effective cover. Based
on this, determine the total depth (expressed in multiples
of 25 mm or 50 mm). Check whether the D/b ratio is within
the range 1.5-2.0.

. Now calculate the adopted effective depth (assuming the
bars are accommodated in single layer) as follows:

D =D — clear cover — diameter of stirrup — diameter of
main bar/2

If the bars cannot be accommodated in one layer, the value
of d should be calculated accordingly. As shown in Fig.
5.15, the effective depth is the distance between the extreme
compression fibre to the centroid of the longitudinal tensile
steel reinforcement.

d d
. O o d
—_ o_o Jd o O
(a) (b)

FIG. 5.15 Effective depth of an RC beam (a) Beam with single layer of
reinforcement (b) Beam with two layers of reinforcement

6. The effective span of a beam of simply supported beams

may be calculated as the clear span plus the effective depth
of beam or c/c of supports, whichever is less (see Clause
22.2 of IS 456 and Section 5.3.1 for guidance to calculate
the effective span of continuous beams, cantilevers, and
members in frames).

. Using the effective span and the considered loading,
calculate the factored bending moment, M,, acting on
the beam. When the beam is a part of a frame and the
bending moments are determined using a computer
program (which will give the values at the centre lines),
it is required to calculate the moment values at the face of
the column for the design; this will result in considerable
economy.

8.

10.

11.

12.

13.
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Calculate (x,/d) using Eq. (5.29).

ST Y S FPVRAL R
d f.bd

This value should be less than (x,/d)y;y-

. Find the required area of steel.

. M . x
Required A, = 7“ with z= d(l - 0.416;”)

1z
Provide the area of steel equal to or slightly greater than
the required area and calculate the required number of
bars for the chosen diameter of bar.

Check for minimum and maximum area of reinforcement.
The minimum area of reinforcement is given by Egq.

(5.35¢) or (5.36¢).

A
bW

A 0224f.,. 14
_S:—JCI‘Z— as per ACI 318
bwd fy fy

The maximum area of steel according to Table 5.5 is given

as follows:
e
pt,lim = k( L
Iy

Here k=21.97, 19.82, or 18.87 for Fe 250, Fe 415, and Fe
500 grade steels, respectively. The provided p, should be
less than or equal to p; jim.

Check for ductility. Assuming the tension steel is yielding,
calculate x, as follows:

0.87,A,
X, =—
“T0.36f,4b

0.85
£ =—— asper IS 456
Sy

Using strain compatibility, calculate £, as follows:

_ d- Xu
‘F"st - gcu
Xu

This calculated value of strain in steel should be greater
than 0.005, so that we achieve enough ductility and the
section can be classified as ‘tension controlled’ as per ACI
318. If the value of & is less than 0.005, the depth should
be increased and steps 5-8 repeated until & is greater than
0.005. Increasing the concrete compressive strength will
also change the transition zone section (with &; values
0.002-0.005) to tension-controlled section.

If the beam is an inverted beam, then the lateral slenderness
has to be checked, as discussed in Section 5.5.6.

If the web of the beam is more than 750 mm, side face
reinforcement has to be provided (not less than 0.1% of
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the web area and distributed equally on the two faces at a
spacing equal to the lesser of 300 mm and web thickness).
14. The beam reinforcements should be detailed properly. At
least one-third of the positive moment reinforcement in
simple supports and one-fourth of the positive moment
reinforcement in continuous beams should be extended
along the same face of the member into the support to a
length equal to L;/3, where L, is the development length
(see Chapter 7 of this book and Clause 4.6.3 of SP 34:1987).
15. The shear capacity should also be checked, as per Chapter
6, and if it is not sufficient, shear reinforcements should
be designed. In any case, a minimum amount of shear
reinforcement should be provided. In some cases, the
beam has to be designed for torsion (see Chapter 8). When
the beam is a part of a frame and the shear forces are
determined using a computer program (which will give
the values at the centre lines), it is required to calculate the
shear values at a distance d from the face of the column.
16. It should be noted that in addition to these steps, the beam
should be checked for deflection and crack control.

5.5.9 Design of Over-reinforced Sections

It has to be noted that over-reinforced sections are not
permitted by the code, that is, when p; < p; i, and x,,> x,, i, the
steel will not yield and the stress in steel will be f;; < 0.87f,.
Now the failure will be by compression failure of concrete and
the expression for M,, is of the following form:

Mﬂ_ p[l:l

_p P, 0416f, b
pd® 100

036/, 100

] for f; <0.87f, (5.41)

The strain &; corresponding to the stress f;; must satisfy the
strain compatibility condition. The following are the steps
involved in the strain compatibility method for determining
M, for a given p;:

1. Apply equilibrium equation 7' = C, assuming the steel has
yielded. Calculate the first trial value of x,,.

d_
2. Now, f, =700

‘xu

3. Recalculate x,. With the stress in the steel as A, f;, we get
0.36f.bx, = A f;

Substitute the value of f; from step 2 in this equation and
solve the quadratic equation for x,,.

4. Determine f; by using the equation given in step 2.

5. Determine the moment capacity of the section, M,,, using
the following equation:

M, = A f.(d—0.416x,)

This procedure is illustrated in Example 5.5. Thus, it is clear
that the determination of M,, of over-reinforced section requires
considerable computational effort. A conservative estimate of

the ultimate moment capacity of such over-reinforced section
is given by M, jin, (see Eq. 5.26).

5.5.10 Design Using Charts and Design Aids

In practice, spreadsheets or computer programs are used to
design beams. The Bureau of Indian Standards (BIS) has also
published a special publication SP 16, which contains charts
and tables that may be used for the quick design of beams.
These tables are based on Eq. (5.24). Charts 1 to 18 of SP 16
have been developed by assigning different values of M,, per
unit width and plotting in terms of depth, d, and percentage of
tensile reinforcement, p,. One such chart for f, = 415 N/mm?
and f.; = 20N/mm? is shown in Fig. 5.16. Tables 1 to 4 of SP
16 show various values of M,/bd* for a number of p, values.
Using Excel, similar tables have been generated and are
included in Appendix C.

The following procedure has to be adopted to determine
the value of A, from Tables 1 to 4 of SP 16 (or Tables C.1 to
C.6 of Appendix C), for the given values of M, f, f} b,and d.

1. Calculate M, /bd>.

2. Choose the table corresponding to the given values of f
and f,.

3. Read the percentage of steel corresponding to the value of
M,/bd?. Interpolate for in between values.

5.6 DOUBLY REINFORCED RECTANGULAR BEAMS

It is always economical to design beams as singly reinforced.
However, occasionally beam sections are designed to have
both tension and compression steel reinforcement. These are
called doubly reinforced beams. If the required area of tension
steel is more than the limiting area of steel recommended
by the code (when &; = 0.0038), compression steel may be
provided to increase the moment-resisting capacity. Adding
compression steel may change the mode of failure from
compression failure of concrete to tension failure of steel. It
may even change the section from over-reinforced to under-
reinforced. Compression steel, in addition to increasing the
resisting moment, also increases the amount of curvature that
a member can take before failure in flexure. Thus, the ductility
of the section is increased substantially (see Fig. 5.17, where p,
denotes tension steel and p,. denotes compression steel). Due to
this fact, several earthquake codes specify a certain minimum
amount of compression reinforcement to be included. For
example, Clause 6.2.3 of IS 13920:1993 requires a minimum
of 50 per cent tension steel to be provided as compression
steel. As per AS 1480, compression steel must be used even in
normal beams if the percentage of tension steel exceeds three-
fourths of the balanced percentage.

Compression steel is also effective in reducing the long-
term deflections due to shrinkage and creep, as shown in
Fig. 5.18. The reader can also check the equation given



Flexural Analysis and Design of Beams 163

20 N/mm?

Jo=

415 N/mm?

f=

wo ‘p ‘ydop 2anoayg

33
32

E
Z
Ll [ ) o | O S | D o | © o | © o | © o 1| O o | 2 =l =} (=} =} = =l el = S | oo (2 2
M | O o0 \O| <t N (=) 0 \O | <t N | D 0[O < | O o0 O < [\ (=} o0 \O <t [\ S Qoo || \O
\88\7 7\7 7\7 6\6 6\6 6\5 SC\J v -\\J \A—. \A—. \A_. <t <t [sp] N \3 \3 GHJ 22MLM/~ \
Ve 7 74 7 e 7 \ 7 T r A A av
o “ \\\\ \\\\ \\\ / \\\ / \\\ / \\\ / \\\ \\\ \\\ \\\ A / \\ \\\\\ \\ \\ \\\\ ‘\ \\ \\ o
e’ AN AN A =
Cosalidbdldald \\w /1 e /| v,
1 1~
A “ \“ ““ \“\ \“\ \\ A A AN A A A A \\W\\\ /| \“\\ / \\
AT A A \\ pd \\ \\\ \\\ A |/ \\\\\\\\\ \\ \\\ \\\““ /| \\\\ \ \\
=P g e i
A A AN A A AN A
L | ) )
ESE S g gr 95S P P2 r P AP BY Or SpdpsY %94 W\\ oo
\ L~ L~ L1 “ \\ \ \ \\\\\ \\\ \\ \\“\ \\\“\\\\\\\\\\\\\\\\\
== = A A
A L d d d
AT T A g - A d A \W gl \“ “ A gl \“ “
T A AT T A A L1 LT A L ANV d
P “ 1T T A AT A AT LA A “ d et \“ \“ \\ \“ \\ \“ $ \\ \\\
A A P A e g
\\\\\\\ \\\\ \\\\ T - \\ \\\\\\\\\\\\\“\\\“\ \\ \\\ .
T A —T 1A | T 1A A = A Jove A NA A" S
T AT T T T T T LT - 00 o\\Q\\ A \\ o \\\ \\
L~ L~ — L 1 AT Qb L ~
L1 ] |~ L L 1 L~ L1 LT L~ LT 1A v
s g el e al el gl S e S e S \\%e\\_%\ﬂ\\ AT
L — — = = P s P s T o P g P g e e A AT AT T T A
g g H\“ T \m it e \ow_ﬁ AT T T H A
L— L — | — L1 1 —1T 1 el g e D e i P i P 1 \ LT L~
T e D S D L L
D e e e e e R e PRt S e B g E
—"11T—1T T +—T 1 1T 1T —+T —1T 11 — | __+—1 — |+ O = A — g I S
NmuNHHmHmnHHUHHNHHHH\HH\HH\H\\H\H\\H\%2 %@\\o“\“\“n\“
\“\\\\\\\“\\\\\\\\\\\ | | | =" L ) 0 LG — " —
=
1t =1 ——1 [ ——1 T 411 [ ——T | +—T1 | — ——t—1 1 1T 1 [ 1 = — = —
s s B e e o S B S s S s g S e e e e B e e e — 09 Tles—Toc——]
— 1 4 +—1 1 | —+—1 1 —7T1 | At a—T | — 1 1 | —t1 —1 | — — 0ST-, L—1
— 1 11 | | —F/——— = T T+ T 1 1
L .
w

31
30
0

Reinforcement percentage, 100 A,/b,

FIG.5.16 Design chart for singly reinforced rectangular section for M, (kNm) per metre width, as per SP 16
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0.16 i the stirrups will not be held in proper
//— P.=D, position during concrete placement
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FIG. 5.17 Effect of compression reinforcement on strength and ductility of under-reinforced beams

even if the compression concrete
crushes, when the compression steel
is enclosed by stirrups. Once the
compression concrete reaches its
crushing strain of about 0.0035, the
cover concrete spalls (similar to the
process in columns), and the beam

R — | ,
1 deflects in a ductile manner. If the
— compression bars are confined by
E ! closely spaced stirrups, the bars will
E 150 p.=0 : :
< | not buckle and will continue to take
_§ p.=05p, additional moment. This additional
5 100 / moment is not considered in practice,
= . . .
0 since the beam is considered to
° Sustained load deflection .= . o
g 50 ,/I/- i Pe= P have practically reached its limiting
B Initial elastic deflection strength once the cover spalls.
= However, the additional moment will
0 120 days 240 days 2years provide extra safety and ductility.

Time
FIG. 5.18 Effect of compression reinforcement on sustained deflection
Source: Washa and Fluck 1952, reprinted with permission from ACI

in Annex C of IS 456 (Clause C-3.1) for calculating the
deflection due to shrinkage, which clearly shows the effect of
compression reinforcement on long-term deflection.

Compression reinforcement is used in the following
situations:

1. In many cases, doubly reinforced sections may be necessary
when architectural (space or aesthetic) requirements
restrict the depth of beams. In such cases, the beam has
to carry moments greater than the limiting capacity of the
beam given by Table 5.4.

2. When the bending moment at a section changes sign (as
may occur in the span of a continuous beam with moving
loads in a bridge girder or in beams subjected to lateral loads
such as earthquake or wind), compression reinforcement is
used.

3. While assembling the reinforcement cage for a beam,
it is advantageous to provide continuous compression
reinforcement, which will hold the shear stirrups in place
and also help to anchor the stirrups. If it is not provided,

In spite of the advantages men-
tioned, adding compression steel in
beams will not appreciably increase
the moment capacity of the section.

The depth of compression steel from the top fibre will be in
the range of 10-30 per cent of the neutral axis distance. In
such a case, the strain in compression steel is in the range
of 0.0024-0.003. The corresponding stress in Fe 415 grade
steel will be in the range of 342-354 MPa, which is near the
design yield stress (415/1.15 = 360.8 MPa). Hence, usually
an initial assumption is made that in addition to tension steel
the compression steel also yields. In fact, this assumption
may be perfect because the creep and shrinkage occurring in
the compression concrete will help the compression steel to
yield. It should be noted that if the calculated neutral axis
is close to compression steel (this will happen in beams
with a low percentage of tensile steel), the addition of
compression steel is not advisable, as it will not contribute
to the moment capacity of the section. To increase the
moment capacity, it is required to add reinforcing steel
in both tension and compression sides of the beam. This
is because even if compression steel is added, the value
M = Tz will remain the same, as the lever arm z of the internal
couple is not affected by the presence of compression steel
alone (see also Section 5.6.4 and Fig. 5.19).
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Clause 26.5.1.2 of IS 456 states that the compression
reinforcement must be enclosed by stirrups for effective lateral
restraint. Section 26.5.3.2(c) stipulates that the spacing of the
stirrups should not exceed 300 mm, least lateral dimension of
the beam cross section, or sixteen times the smallest diameter
of the longitudinal bar. It also states that the diameter of the
stirrups should be greater than one-fourth of the diameter of
the largest longitudinal bar or 6 mm.

5.6.2 Analysis of Doubly Reinforced Rectangular
Beams

The distribution of stresses and strains in a doubly reinforced
rectangular section are similar to that of a singly reinforced
section, shown in Fig. 5.1, except that there is now an
additional stress f;. in the compression steel. This stress may
or may not reach the design yield stress 0.87f,, depending on
the magnitude of strain in the compression steel.

Considering the strain compatibility, the strain in
compression steel is easily obtained as
d’

£, =0.00351-— (5.42)
xM

where d is the distance between the centroid of the compression
steel and the extreme compression fibre (effective cover for
compression steel), as shown in Fig. 5.19.

The stress in compression steel corresponding to this strain
is given as follows:

For mild steel:

fo.=&,E, <087f, (5.43a)

For HYSD bars:

foo = &,E, for £, <0.696f,/E, (5.43b)

This is calculated from Table 5.2 or design stress—strain curve
(Fig. 5.5) for &, > 0.696 f,/E,.

The limiting moment of resistance of the section will
depend on whether it is a balanced or under- or over-reinforced
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section, which may be ascertained by comparing the depth
of the neutral axis (x,) obtained by assuming either balanced
or under-reinforced section with the neutral axis depth of the
balanced section.

Considering a balanced section, the neutral axis can be
obtained from the equilibrium of the internal compressive and
tensile forces as follows:

C+C.=T (5.44a)

where C; and C, denote the compressive force in concrete and
compression steel, respectively. Thus,

0.36f . bx, +(f,, — [ )A, = 0.87f, A, (5.44b)
Rearranging, we get
0.87 YA? “\Jse " Jee Avc
x, = Sy = Use = Jee)A, (5.44¢)

. 0.36,b

where f;. is the stress in compression steel, determined using
Eq. (5.43), and f. is the stress in concrete at the level of
centroid of the compression steel corresponding to the strain
given by Eq. (5.45).

0.002 ) 0.002
= 0.447f,; for 0.002 < & < 0.0035

2
fo= 04471, [2( % ) ] for £, < 0.002,

(5.45)

The ultimate moment of resistance can be calculated by
considering the moments of C,. and C; about the centroid of
the tension steel (Fig. 5.19) as follows:

M,=C.z. +Cz
M, =036f.,bx,(d—-0416x,)+(f,. — f..)A.(d—d") (5.46)

The value of x, given by Eq. (5.44c) can be determined only
by iteration using the following procedure:

Step 1 Assume x, = X, jjm = 0.0035
™ 0,0055+0.87f, E,
0.0035(x, — d’)

Step 2 Calculate £, = and the correspond-

xu

ing values of f;. and f,. using Eqs (5.43) and (5.45).
087f)Ast - (f;a - fcc )Asc
0.36f.,b

Repeat Steps 2 and 3 until the value of x, converges.

Step 3 Compute x, =

Comparison of x, with x, i, will give rise to the following
two cases:

Case 1 If x, < x,5, then it is a balanced or an under-
reinforced section and the value of x, as determined by the
given procedure is correct. The ultimate moment of resistance
can be calculated using Eq. (5.46).
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Case 2 If x,, > x,, i, then it is an over-reinforced section and
the value of x, as determined by this procedure is not correct.
It may be determined from the equilibrium of internal forces
as follows:

C,+C.=T
Thus,
0‘36fckbxu + (fsc - fcc )Asc = fstAst
_ -f;‘lAst B (fsc B fcc )Asc
or =

u 0.36f..b

where f;; is the stress in tension steel, corresponding to the
strain &; = 0.0035(d — x,)/x, and f;. and f. are the stresses in
compression steel and concrete, respectively, at the level of
centroid of the compression steel corresponding to the strain
&, =0.0035(x, —d")/x,.

The value of x, can be determined by iteration using the
following procedure:

Step 1 Assume x, = X, jjm = 0.0035
’ 0.0055+0.87f,/E
0.0035(d - x,)

Step 2 Calculate &, = and the correspond-

Xy

ing values of f;;.
0.0035(x, —d’)

Xu

ing values of f;. and f,. using Eqs (5.43) and (5.45).
fstAst - (fxc B fcc )Asc
0.36f,b '

Repeat Steps 2 and 4 until the value of x, converges.
The ultimate moment of resistance can now be calculated
using Eq. 5.46.

Step 3 Calculate £, = and the correspond-

Step 4 Compute x, =

5.6.3 Limiting Moment of Resistance and
Compression Steel

The limiting moment of resistance M, jin, is obtained for the
condition x, = x,, i, and is given by the following expression:

Mn,lim = 0‘36fckbxu,lim (d —-0416x
+(foe —044T7f A (d—d)

u,lim)

(5.47a)

where the value of f;. depends on &, obtained from Eq. (5.43)
and Table 5.2. For convenience, the values of the stress f;.
(corresponding to x,, = X, ;) for various grades of steel and
the ratios of (d’/d) as derived using Egs (5.43) and (5.20) and
Table 5.2 are given in Table 5.8.

Similarly, the compression reinforcement for the balanced
section is given by

0.87f,

e — 5.47b
Pc,lim fsc _ 0~447fck ([7 ( )

¢ = Pt lim )

where f;. may be obtained from Table 5.8. If the p. provided
in a beam section exceeds p, jin, then x,, < x, ;i and the beam
is under-reinforced. Similarly, if p, < p.jim the beam is over-
reinforced.

TABLE 5.8 Design stress fq for different values of d’/d

d'ld Stress f. (MPa) d'ld Stress f;. (MPa)

Fe 250 | Fe415 | Fe 500 Fe 250 | Fe 415 | Fe 500
0.04 | 217.5 | 355.72 | 424.66 |0.13 |217.5 | 346.40 | 401.60
0.05 | 217.5 |355.08 |423.78 [0.14 |217.5 |344.52 | 398.36
0.06 | 217.5 |354.44 |421.41 |0.15 |217.5 |342.58 | 395.06
0.07 | 217.5 |353.80 |419.01 [0.16 |217.5 |339.90 | 391.82
0.08 | 217.5 |353.17 |416.61 |0.17 |217.5 |337.22 | 386.75
0.09 | 217.5 |352.53 | 41421 |0.18 |217.5 |334.53 | 381.43
0.10 | 217.5 |351.89 |411.43 [0.19 |[217.5 |331.85 | 376.04
0.11 | 217.5 | 350.18 |408.15 [0.20 |217.5 |329.17 | 370.65
0.12 | 217.5 | 348.28 |404.87 - - - -

To find the limiting compression steel, let us consider p, as
consisting of two components—one component is p, ji,, and the
other is (p, — p;jim)- Let us also assume that the tensile force due
to py1im is balanced by the compressive force in concrete C, =
0.36f.1bx,, max. and the tensile force due to (p, — p; jin,) is balanced
by the compressive force in the compression steel, C,, alone.
Now, considering the force equilibrium of the second part, the
balanced compression steel, p,. jiy,, may be obtained as follows:

(pt_ptlim)bd De lim
0.87f, ——————=(f,, —0.447f, — bd
5 100 (S Ja) 00
From this equation, we get
0.871,

Pclim = ) for Xy = Xy lim (548)

(f;c _O~447fck) (p[ Pt lim
In this equation, f;. should be calculated based on Table 5.2.
As in the case of singly reinforced beams, the following can
be deduced:

If the provided p, in the beam is greater than p, j;,, given by
Eq. (5.48), then x,, < x,,jim, and the beam may be considered
under-reinforced, whereas if p. < p jim, then x,, > x,, jim, and the
beam is over-reinforced. The limiting moment of resistance
M, jir, for the balanced condition can be derived in terms of
percentage tensile steel as follows:

pt,lim

bd(d —0.416x, ;) +
M, i = 0.87f, —p )
t t,lim bd(d_d/) (549)
100
5.6.4 Design of Doubly Reinforced Rectangular
Beams

The procedure similar to the one used for designing singly
reinforced sections can be used for the design of doubly
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FIG.5.20 Design of doubly reinforced rectangular section (a) Beam section (b) Strain (c) Stresses

reinforced sections, assuming that the beam is equivalent to
two beams as shown in Fig. 5.20. Thus, the real beam may
be considered as consisting of one singly reinforced beam,
which reaches its ultimate strength, and another imaginary
steel beam (without any concrete) but has only compression
and tension steel. The moment of resistance of the doubly
reinforced beam is thus the sum of the moment of resistance
of the two beams shown in Fig. 5.20. This concept is referred
to as steel beam theory.

Thus, M, =M, +M,,

where M, is the limiting moment of resistance of the singly
reinforced beam and M, is the moment capacity of the steel
beam.

The limiting moment of resistance of singly reinforced
beam is given by

M, jim

=0.149f,;bd? for grade Fe 250 steel with p; i, = 21.97&
(5.56;)

= 0.138fbd> for grade Fe 415 steel with Dilim = 19.82&
(5.50&)

= 0.133f4bd> for grade Fe 500 steel with Dilim = 18.87'];"“
(5.503)

The moment capacity of the steel beam is given by (considering
the effect of replacement of concrete in the compression zone
by the compression steel too)

MnZ = (fsc _fcc)Asc(d - d,)
where f. is the stress in compression steel, corresponding

xu,lim

—d
to the strain given by € = 0.0035[ J determined

X lim

using Eq. (5.43), and f,. is the stress in concrete at the level of
the centroid of the compression steel. The value of f,. will be
much smaller than that of f;. and hence can be neglected for
all practical purposes; hence, we get the value of M, as given
in Annexure G-1.2 of IS 456 as

n2 }Viu - Mn,lim = (f;c - fcc )Asc (d— d,)

The total area of tension reinforcement is obtained as

(5.51)

Ast = Astl + Ast2

where A, is the area of total tension reinforcement, A
is the area of tensile reinforcement for a singly reinforced
section with a moment resistance capacity of M, j,, and
Ay =Age fsc/O'87fy'

The compression steel area (A;.) may be expressed as a
ratio of tension steel, Ay, as follows:

Age = 0Ay (5.52)

The value of ¢ is usually in the range 0.1-0.6. For economy,
it is always better to restrict the amount of compression
reinforcement to only 40 per cent of the tension steel.

The following steps are adopted in the design of doubly
reinforced sections, subjected to an external moment M,
where the depth is restricted for architectural or other
considerations and it is required to find A, and A

1. Assume a reasonable breadth for the beam and the limiting
moment of resistance of the section M, ji,, considering the
beam as singly reinforced and using Eq. (5.50).

2. Compare M, i, with the factored applied moment M,,. If
M, sim > M, a singly reinforced section itself is adequate to
resist the external moment. Otherwise, the beam has to be
designed as doubly reinforced.

3. Determine the area of tensile reinforcement A, required to
resist M, i, given by

A Mn,lim
M 0.87f,(d - 0.416x

(5.53)

u,lim )
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This can also be determined from the p,j, given in

Eq. (5.50).
4. Calculate the additional moment to be resisted by the beam,
Mu2 = Mu - Mn,lim'

This moment has to be resisted by the internal couple
produced by the additional tensile steel Ay, and the
compressive steel A,.

5. Compute A and Ay, using the following relations:

M
Ay =——42— (5.54a)
0.87f,(d —d’)
M
12 (5.54b)

ASC = 14
(foe = foeXXd =d)
Here, f. and f,. are the design stresses in compression steel
and concrete at the level of centroid of the compression
steel.
6. Compute total tensile steel, Ay, = Ay + Agp.

Check if the provided p, is greater than the p.j, given
by Eq. (5.47b). Only when p,. provided in a beam section
exceeds p, jim, the beam is under-reinforced. Hence, if it is
less, revise the reinforcement.

7. Other checks regarding shear, deflection, and maximum
crack width should also be made on the designed beam.

5.6.5 Design Using Charts and Design Aids

As mentioned in Section 5.5.10, in practice, spreadsheets
or computer programs are used to design doubly reinforced
beams. The special publication SP 16, published by BIS,
contains charts and tables that may be used for the quick
design of doubly reinforced beams. Charts 19 and 20 of SP
16 can be used to determine A, the additional steel, for the
beam for different (d — d”) values for Fe 250 grade steel alone.
For other grades of steel, multiplication factors are provided
in Table G of SP 16 for four different values of (d’/d). Tables
45 to 56 of SP 16 show the reinforcement percentages (p, and
p.) for various M,/bd* values, and for four different values of
(d’/d) ratios (0.05, 0.10, 0.15, and 0.20), three steel grades (Fe
250, Fe 415, and Fe500), and three concrete grades (M15,
M?20, and M30). These tables are based on Eqs (5.55)—(5.57):
M; - M“";m + &(0.87]{)(1 - d—) (5.55)
bd bd 100 ? d
Here, p,, is the additional percentage of tensile reinforcement
and (M, jin/bd 2) values are given by Eq. (5.50).

Pt =DrlimT P2 (5.56)
0.87
Pe= pt{—ny (5.57)
fvc - fcc

The values of p, ;i are also given in Eq. (5.50).

The following procedure has to be adopted to determine the
value of Ay, from Tables 45 to 56 of SP 16, for the given values
of My, fe fy» b, and d.

1. Calculate M, /bd>.

2. Choose the table corresponding to the given values of f, f,,
and (d'/d).

3. Read the percentage of tension and compression steel (p;
and p,) corresponding to the value of M,/bd?. Interpolate
for in between values.

Using Excel, similar tables have been generated and are
included as Tables C.7 and C.8 in Appendix C. It has to be
noted that IS 13920 requires 50 per cent of tension steel as
compression steel for the beams to perform as ductile beams.
Desai (2003) also developed tables that give the M,/f..bd?>
values for the given values of p;, p., d'/d, f, and f,. These
tables (given as Tables C.9-C.16 in Appendix C) will be very
useful to analyse a given section for its moment capacity.
During design, extra reinforcement is normally provided,
according to the available bar sizes. Thus, these tables can be
used to find the additional moment capacity that is available
in the designed beams.

Moreover, when the beams are subjected to reversal of
stresses, designers generally design them separately for
sagging (positive) and hogging (negative) moments and
provide reinforcements at the appropriate face of the beam.
Since reinforcements are available on both the faces of the
beam, such beams can be designed using these tables, resulting
in considerable saving of reinforcements. Sinha (1996) and
Varyani and Radhaji (2005) also developed design charts for
singly and doubly reinforced rectangular beams.

5.7 FLANGED BEAMS

With the exception of precast systems, beams in RC buildings
are often cast monolithically with concrete slabs. Naturally,
in this case, both the beam and the slab act together to
resist the external loads. (If the beam and the slab are not
cast monolithically, some kind of shear connector has to be
provided in order to assume composite action.) Due to this,
some portion of the slab is often considered to act together
with the beam. This extra width of the slab at the top (if the
beam is an inverted beam, the slab will be at the bottom) is
often called a flange. If the slab is present on both the sides,
the beam is called a T-beam, and if the slab is present only
on one side (at the end of the slabs), it is called an L-beam
(see Fig. 5.21). The part of the T- or L-beam below the slab
is called the web or stem of the beam (it should be noted
that the entire rectangular portion of the beam other than the
overhanging parts of the flange is considered as the web in
shear calculations, described in Chapter 6). The integral action
of the slab with the beam is ensured by the stirrups (described
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in Chapter 6), which extend from the web into the slab, and
also by the bent-up bars in slabs.

5.7.1 Effective Width of Flange

The effective flange width concept allows us to use the
rectangular beam design methodology in the design of T- or
L-beams. There is always a question of the width of the slab that
acts with the beam integrally to resist the applied loads. When
the flange is relatively wide, the flexural compressive stress is
not uniform over its width. It has been found from experiments
that this stress has the maximum value near the web of the beam
and reduces to a minimum value midway between the webs, as
shown in Fig. 5.22(a). This is because the shearing deformation
of the flange relieves some compression at the points away from
the web. This effect is referred to as the shear lag effect.
Although the actual longitudinal compression varies as
shown in Fig. 5.22(a), it is simple and convenient to consider
an effective flange width, by, smaller than the actual flange
width, which is uniformly stressed at the maximum value (Lee
1962). This effective width was found to depend primarily on
the type of loading (concentrated, uniformly distributed, etc.)
and four important dimensional parameters, namely b,/L,
Ly/D, b,,/D, and bs/d, where b, Ly, D, b,,, and by are the beam
spacing, span, overall depth, web thickness, and flange width,
respectively (Loo and Sutandi 1986). The equivalent flange
width may be less for the concentrated load than for uniformly
Distribution of longitudinal

compressive stress in

top fibre ~

(a)

Flexural Analysis and Design of Beams 169

by=(Ly/12) + b+ 3D; by =(Lyl6) + b, + 6D;

=1 SIab — T Flange l_ by
/] v
Web of «~__ Webof |
L-beam — b T-beam

-

(b)

distributed loads. Different codes adopt different formulae for
calculating the effective width, and there is considerable lack
of agreement among the code methods in predicting the by
values. However, all codes were found to predict conservative
estimates of b, for uniformly distributed loads, but give unsafe
values for concentrated loading cases, when the beam spacing
is small (Loo and Sutandi 1986). The Indian (Clause 23.1.2),
US (Clause 8.12), and New Zealand code provisions are
compared in Table 5.9.

The Indian code also specifies that for isolated beams the
effective flange width should not be greater than the actual
width or the following:

L
T-beams: by= 77 0O +b, (5.582)
(0) +4

b
0.5L,
L-beams: b= ©+b (5.58b)

According to ACI, for isolated beams, the T-flange thickness
should not be less than one-half the width of the web and
the effective flange width should not be more than four
times the width of the web (b,,). The New Zealand code
clearly states that only one-half of the effective overhanging
parts of flanges used for the evaluation of flexural strength

(b)
FIG.5.22 Distribution of flexural compressive stresses across the flange (a) Actual distribution (b) Assumed in design
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TABLE 5.9 Effective flange width, by, as per different codes

Type of Beam | IS 456:2000 ACI 318:08 NZS 3101:2006
T-beam Least of Least of Least of
(@) by, + 6D+ Lo/6 | (a) by, + 16Dy | (a) b, + 16Dy
(b) b, + by (b) Ly/4 (b) b, + Ly/4
(©) by, + by (©) b, + 2D
(d) bw + bO
D,+D,
L-beam Least of Least of Least of
(@) b, +3Ds+ (@) b, + 6Dy (a) b, + 8Dy
Ly/12 (b) b, + Ly/12 | (b) b,, + Ly/8
(b) bw+b0 (C) bw+b0/2 (C)blv+Dl
(d) by, + by
D,
D, +D,

L, = Distance between the points of contra flexure (zero moments) or effective
span for simply supported beams and 0.7 times the effective span for continuous
beams, b,, = Breadth of web, D= Thickness of flange, by= Half the sum of the
clear distances to the adjacent beams on either side, D; = Total depth of beam
being considered, and D, = Total depth of the adjacent beam.

(see Table 5.9) should be used for the evaluation of stiffness
(moment of inertia). Thus, it is clear that the code formulae for
calculating the effective flange width differ considerably and
the provisions of NZ 3101 are more stringent.

It should be noted that the direction of bending moment
plays a role in the decision regarding the design of the beam as
a rectangular or T-beam. Consider the example of a continuous
beam shown in Fig. 5.23. If the flange resists the compressive
stresses due to the bending moment, then it can be designed as
a T-beam. On the other hand, if the web resists the compressive

stresses, it has to be designed as a rectangular beam. Thus, in a
normal beam (where the slab is at the top) subjected to gravity
loading, near the mid-span there is a positive bending moment
(section A—A); the flange resists the compressive stresses due
to the bending moment, and hence the beam is designed as a
T-beam. On the other hand, near the support (section B-B), there
is a negative bending moment; the compressive stresses due to the
bending moment are resisted by the web of the same beam, and
hence it has to be designed only as a rectangular beam. However,
as shown in Case 2 of Fig. 5.23, for an inverted beam, the position
of the slab is reversed, and hence near support (section D-D), it
is designed as a T-beam and near mid-span (section C-C), the
same beam has to be designed only as a rectangular beam.

5.7.2 Behaviour of Flanged Beams

The behaviour of the flanged beams is similar to that of
the rectangular beams. For the case of ‘sagging’ moment
(referred to as positive moment in this book), which occurs at
mid-span, the top fibres (above neutral axis) are subjected to
compression and the bottom fibres (below the neutral axis) are
subjected to tension, and hence the effect of the flange (which
is effective in resisting compression in concrete) can be
considered in the design; due to this, the area of reinforcement
is reduced. However, near the supports in continuous beams
or at the support of cantilevers, there will be a ‘hogging’
moment (referred to as negative moment in this book), and
hence the top fibres will be in tension and bottom fibres will
be in compression. Now, the flanges are subjected to tension;
since concrete is weak in tension, it will crack, and hence
only the reinforcement should be considered to be effective
in the calculations. Thus, the flange concrete is ignored for

Case 1 Case 2 the hogging moment. Thus, in effect,
A B W >~C >D the T-beam action is taken only at the
Vo Vol )
v v vV ¥ ¥V VNV ¥ ¥ v v ¥ I 2 2 mid-span, whereas near supports
\Slab\ only the rectangular beam action
W N B L c N D is cons1de.red. In the same manner,
le L Je L J le L e L | the behaviour of doubly reinforced
" T i I T 1

Normal beam

M

e

Inverted beam

T-beams will be similar to that
of doubly reinforced rectangular
M sections; again, only at the portion
near the mid-span, the flanges are

e

Bending moment diagram

by by
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FIG.5.23 Compression zones (a) Normal beams (b) Inverted beams

Bending moment diagram
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(l N\ . { Compression
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effective and considered in resisting
the external moment. It has to be
noted that under reversal of stresses
(as happens due to the action of
lateral loads), there will be a negative
moment near the mid-span and a
positive moment near the support.
Hence, the T-beam action may
be utilized near the supports and
(b) should not be considered near the
mid-span.

Section D-D



5.7.3 Analysis of Flanged Beams

The basic assumptions stated in Section 5.4 for the rectangular
sections, including that of the plane sections remaining plane
after bending, are also applicable for T-beams. It is assumed
that the concrete begins to crush in compression at a strain
equal to 0.0035. Depending on the magnitude of the applied
bending moment, the neutral axis may lie within or outside
the flange, resulting in the following three cases:

Case 1 Neutral axis within the flange (x, < Dy), as shown
in Fig. 5.24(a). As shown in this figure, the compression zone

Compression
. by Z(?ne
b i—
D, RES
d
A, N
< M” s Web
- [ N ]
b
w
Compression Flange
zone — by
| /!
Dy
T xtt
d
< Neutral axis
A, DN
Mu s Web
- [ N N J
b
Compression Flange
zorlle —| bf .
I rA—
Df
T xu
d
Neutral axis
M, Ay N Web
- L N J
f—

b

w

Flexural Analysis and Design of Beams 171

in this case occupies only a part of the flange. Hence, the
concrete section in the flange on the tension side of the neutral
axis can be assumed to be ineffective, and the beam can be
treated as a normal rectangular beam of width by and depth d.
Thus, Egs (5.18a), (5.22a), and (5.29) are applicable with b

being replaced by by, as follows:
X _ 0.87f,A,, (5.59)
d 036f,b.d

(x_uj:l—1/[l—4ﬂm];
d

2B
0.0035 0.447f
EQ@_ _______ ——_
> st
Et
. Stresses
Strains
(@)
0.0035 0.447f .,
0.002 _/
> st
Eu
(b)
0.0035 0.447f
0.002 /
> st
Egt
(©)

FIG. 5.24 Behaviour of flanged T-beams at ultimate load (a) Neutral axis within flange x, < D (b) Neutral axis outside flange x, > D (c) Neutral axis

outside flange x, > Drand D> 0.2d
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M

with m=———t——
0.36f,4b,d

and £=0.416 (5.60)

Mn=0.36fck(%](1—0.416%)bfd2 for all x, (5.61)

As in the case of rectangular beams

x,) _ 805
d )y 1265+,

The T-beam is considered under-reinforced when x,, < x,, jim.

Case2 Neutral axis outside the flange, which happens when
(3x,/7) 2 Dy), as shown in Fig. 5.24(b). As shown in this figure,
the compression zone in this case occupies the full flange and
a portion of the web. When the thickness of the flange is small
compared to the depth of the beam, that is, when Dy is less than
0.2d, the compressive stress in the flange will be uniform (and
equals 0.447f.,) or nearly uniform, as shown in Fig. 5.24(b).
The moment of resistance of the T-beam can now be taken as
the sum of the moment of resistance of the concrete in the web
of width b,, and the contribution due to the flanges of width by.
The centroid of the compressive force in the flange can also be
taken at D;/2 from the extreme compression fibre.

From Fig. 5.24(b), with by as the breadth of the flange, the
total compression in concrete

Cuw + Cuf= 0.36fckxubw + 0447kaDf(bf_ bw)

Total tension in steel: T, = 0.87f,A,
Equating total compression and total
rearranging, we get
0.87f,A, —0.447f,D,(b; - b,,)
‘o 0.36f.,b,

The moment of resistance of the section can be considered as
having two parts:

tension and

(5.62)

X

M, = M,,;[rectangular web of size b,, X d]
+ M, [flange of size (by— b,,) X Dy]

Taking the moment of forces about the tension steel, we get
for the web portion alone

PR (s
For the remaining flange of size (by— b,,) X Dy, we get
Dy
M, =0447f, (b, —b,)D;| d- > (5.63b)

Thus, we get the moment of resistance of the T-beam as given
in Annex G (Eq. G-2.2) of IS 456:2000 as

M, =036f, (%)(1 - 0.416%“] b, d>

D
+0.447/,, (b —b,)D; (d - Tf] (5.63¢)

where M, x,, d, and f; are as defined earlier, byis the breadth
of flange, b,, is the breadth of web, and Dy is the thickness of
flange.

From this equation, the value of (x,/d) may also be derived
as follows:

Dividing both sides of the equation by (0.1497f.bd 2), we

get
6.68M, ) (x, Y |b,
X S B e e
fckbfd d d bf
b D D
PR DY | e (il
b\ b, d 2d

Rearranging the terms in this equation, a quadratic equation in

(x,/d) is obtained as
o8, (1) (e \(P)(, 2
fubsd®\ b, b, d 2d

2
xu A xu
— | =24 — |+
(d) (dJ

6.68M (b b D D
Denoting k4 = . Sal L g || 2L = 2L
fubd?\b,) (b, Jd )\ 2d

and solving, we get

(iJz 12— 44—k,
d v

(5.64)

Case 3 Neutral axis outside the flange; this occurs when
(3x,/7T) < Dyor when the flange thickness is greater than about
0.2d, as shown in Fig. 5.24(c). As seen from the stress and
strain distribution, shown in Fig. 5.24(c), the parabolic portion
of the stress block extends to a height of 4/7x,, from the neutral
axis, beyond which it is rectangular for the remaining 3/7x,,.
The limiting x,/d for Fe 250, Fe 415, and Fe 500 grade steel
are approximately 0.531, 0.479, and 0.456, respectively (see
Table 5.3). Hence, considering the worst case, the rectangular
stress distribution may extend to a depth of 3/7 x 0.456d =
0.195d = 0.2d (for grade 500 steel). Hence, a depth of 0.2d
has been chosen as the limiting depth for the shallow flanges
in Clause G-2.2 of IS 456:2000.

In this case, the estimation of compressive force in the
flange is difficult as the stress distribution is non-linear
and the stress block in the flange consists of a rectangular
area plus a truncated parabolic area (see Fig. 5.24c). It has
to be noted that the calculations will become simpler if an
equivalent rectangular stress block is adopted, as suggested
by Whitney (1937) and adopted in the ACI code (see Section
5.4.1 and Fig. 5.1j). Let us assume a rectangular stress block
as a substitute for the complex stress block in the flange as
shown in Fig. 5.25.
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Compression Flange
zone b
- _l f e 0-0055 0.447f 0.447f,,
e 1
> X 0.002 I Df_f v
_T_ ' 0.57 x, l
‘ Neutral axis I ey L=
M A ™ Web
Y u 00 - I .,
|<—>| st
bW ) .
Strains Stresses as per Equivalent rectangular

IS 456:2000 stress block

FIG.5.25 Neutral axis outside flange x, > Dy and D;> 0.2d and an equivalent rectangular stress block for the flange portion

Let y, be the depth of the equivalent rectangular stress block.
Let Yr= Axu + BDf

The values of constants A and B can be found by substituting
the following conditions:

1. When D= 3/7x,, y;= 0.43.
2. When Dy = x,, yy= 0.8x, (assumed).

Solving for the two constants, we get A = 0.15 and B = 0.65.
Hence,

yr=0.15x, + 0.65D; for
=Dy for x,/D;27/3

1 <x,/Dy<7/3  (5.65)

It should be noted that this approximation of equivalent depth
will not satisfy the two conditions of equivalence, in terms of
the area of stress block as well as the centroidal location, at
the same time (Pillai and Menon 2003).

From Fig. 5.24(c), with by as the breadth of the flange, the
total compression in concrete is

Cu+ Cufz 0.36f.4x,b,, + 0447fckyf(bf_ b,)
= 0.36/,b,, + 0.447£,(0.15x, + 0.65D;)(b;— b,)

= x,10.36£,b, +0.447f,, x0.15(b, — b,)]
+0.447 ;. X0.65D (b, —b,,)]

Total tension in steel: 7, = 0.87f,A,
Equating total compression and total tension and
rearranging, we get

0.87f,A,, —0.447f, x0.65D, (b, —b,)
" 0.36f,b, +0447f, x0.15(b, —b,)
0.87f,A, —0.29f, D, (b, —b,)

0.36f,4b, +0.0671, (b, —b,)

(5.66)

The moment of resistance in this case can be written as

M, = M, [rectangular web of size b,, X d] + M,,[flange of size
(bf_ bw) X Df]

Taking the moment of forces about the tension steel, for the
web portion alone

M, =036f,| 2 |[1-04167% |b >  (5.67a)
d d
For the remaining flange of size (by— b,,) X Dy, we get
( Yr
M,, =0447f, (b, =b,)y, Ld -y (5.67b)

Hence, we get the moment of resistance of the T-beam as
given in Annex G (Eq. G-2.2.1) of IS 456:2000 as

M, =036f,| 2 || 1-04167% |, d>
d d
FOA4TS (b — by, | d—2L ] (5.670)
CK f w f 2

For this case, the value of (x,/d) may be derived as discussed
earlier from this value of M, as

(%] =12- 144~k (5.68a)
6.68M, (b b
with ks = L3 L Y220 (5.68b)
by d®\ b, b, d 2d

The limiting value for the moment of resistance is obtained for
the condition x,, = x,, i, Where x,, i, takes the values of 0.531,
0.479, and 0.456 for Fe 250, Fe 415, and Fe 500 grades of
steel, respectively (see Table 5.3). Thus, the limiting moment

of resistance is given by
X .
](l - 0.416ﬂ]bwd2
d

+0.447 1, (by = b,)y, ( - %f)

xu,lim

M

......

=036/, (

(5.69)



174 Design of Reinforced Concrete Structures

where

0.15x, iy, +0.65D, for Dy /d>0.2
V= (5.70)

Df for Df 1d <0.2

As discussed in the case of rectangular sections, if it is
found from the analysis of a given T-section that x,, > X, jim
the section is over-reinforced; hence, the strain compatibility
method needs to be applied to calculate the exact value of x,,
and based on this value, the moment of resistance M, can be
calculated. M, i, as given in Eq. (5.69), may be taken as a
conservative estimate of the moment of resistance.

5.7.4 Minimum and Maximum Steel

Similar to rectangular beams, T-beams should also be provided
with a minimum amount of reinforcement. According to Clause
26.5.1.1 of IS 456, the minimum amount of reinforcement to
be provided in the T-beams is the same as that for rectangular
beams, as given by Eq. (5.35c¢).

A, 085

S

bd f,

In this equation, b,, is the breadth of the web of the T-beam. For
grade Fe 415 bars, this equation will give about 0.20 per cent
minimum steel. As discussed in Section 5.5.4, the minimum
area equation should also include concrete strength and hence
the ACI code expression is more appropriate. According to the
ACI code, which was based on the derivation made by Wang
and Salmon (2002), for T-beams, with the flange in tension,
the minimum reinforcement should be

A 0.448./f..

S

14

their ability to redistribute moments. Recently, Seguirant,
et al. (2010) developed an equation for minimum steel
requirement that provides the most reasonable and consistent
margins of safety for all grades of reinforcement than the
available and present codal methods. They also found that
the minimum reinforcement not only prevents the fracture
of the reinforcement at first cracking but in many cases also
prevents the concrete from crushing at first cracking.

In the same Clause 26.5.1.1 of IS 456, the maximum steel is
specified as four per cent, based on web width. The discussions
on minimum and maximum reinforcement as given in Sections
5.5.4 and 5.5.5 for rectangular beams are also applicable for
T-beams. More discussions on the minimum reinforcement
for beams may be found in Medhekar and Jain (1993).

Transverse Reinforcement in Flange

If the main reinforcement in the slab (flange portion) of a
T- or an L-beam is parallel to the beam, it is necessary to
provide transverse reinforcement at the top of the slab, over
full effective width (see Fig. 5.26). This situation normally
occurs when a number of smaller beams supporting a one-way
slab are supported by a girder, which is therefore parallel to
the one-way slab (see Fig. 5.26). This steel not only makes
the girder and slab act together but is also useful to resist the
horizontal shear stresses produced by the variation of
compressive stress across the width of the slab (see Fig. 5.22a).

Clause 23.1.1(b) of IS 456 specifies that such reinforcement
should not be less than 60 per cent of the main reinforcement
at the mid-span of the beam. This reinforcement should be
placed at the top and bottom of the slab as shown in Fig. 5.26

— >— (5.71)
b,d 1y

where b,, is the breadth of the web
or the effective width of the flange
by, whichever is smaller. This
requirement can be waived if the

satisfied:

y J I

following over-strength equation is -

bl

1.33M,
M, >

n

(5.72)
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Here, M, is the ultimate nominal

flexural capacity of the section,
M, is the applied external factored
moment, and ¢ is the resistance

|
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factor, which can be taken equal
to 0.9 for flexure. It should also be

remembered that lesser minimum
reinforcement will be necessary
for indeterminate structures than
for determinate members, due to

Section X—X
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FIG.5.26 Transverse reinforcement in flanges of T-beams (a) Internal beam (b) External beam



and should either pass below the longitudinal bars anchoring
the stirrups in the beam or be bent into the beam (see the
L-beam section in Fig. 5.26). The purpose of the clause is to
control the cracks that will tend to occur in the flange above
the edge of the web and to avoid the necessity of complex
computations to determine the amount of reinforcement. Tests
on simply supported T-beams have shown that the cracks are
parallel to the web, as shown in Fig. 5.27, rather than at a
45° angle as frequently assumed (Placas and Regan 1971).
This mode of cracking indicates direct shear and normal stress
failure along the shear plane rather than diagonal tension
failure. If adequate reinforcement is not provided, the cracks
will lead to the separation of flanges from the web, resulting
in premature failure of the beam. It should be noted that BS
8110, as per Table 3.25 of the code, specifies that this steel
should not be less than 0.15 per cent of the longitudinal cross-
sectional area of the flange. Thus, for a T-beam, with a flange
thickness of 100mm and with the area of main reinforcement
at mid-span as 400 mm?/m, the transverse steel according to
IS 456 is 0.6 x 400 = 240 mm?2/m, whereas as per BS 8110 it
is only (0.15/100) x 100 x 1000 = 150 mm?/m.

Support
Transverse
compressive
stresses Crack
Plan of | \/
flange
Transverse
tensile
Crack — stresses
Compressive \T\T\L Mid-span
stresses in_/
flange
(@) (b)

FIG.5.27 Flange cracking in T-beams (a) Plan (b) Section

The US code ACI 318-08 does not consider this type of
transverse reinforcement, whereas the Canadian code suggests
a minimum reinforcement similar to that given in Eq. (5.36¢).
In this connection, it is to be noted that NZS 3101:2006 code
stipulates that the tensile strength of the reinforcement in the
effective overhanging flange should not exceed 15 per cent of
the total flexural tensile strength of the beam. More discussion
on transverse reinforcement in the flanges of T-beams and a
refined method of calculation may be found in Razagpur and
Ghali (1986).

According to the US code, transverse reinforcement should
be designed to carry the factored load on the overhanging slab
width assuming it to act as a cantilever. For isolated beams,
it is necessary to consider the full width of the overhanging
flange; for other T-beams, it is enough to consider only the
effective overhanging slab width. Moreover, the spacing of

Flexural Analysis and Design of Beams 175

such transverse reinforcement should be the lesser of five
times the slab thickness and 450 mm.

Flexural Tension Reinforcement

When the beam is subjected to negative bending moment,
some of the longitudinal reinforcement in the flange (slab
reinforcement) will also act as tension steel, in addition
to the main steel provided in the beam. The tensile force is
transferred across the flange into the web by the shear in the
flange, similar to the case of compressive force transfer when
positive bending moment acts on the beam. IS 456 does not
specify the effective width over which the slab steel can be
considered to be acting as tension reinforcement. Park and
Paulay (1975) suggest that the slab steel within a width of four
times the slab thickness on each side of the web could also be
considered as tension steel for the T-beam (see Fig. 5.28).

4D, 4D,
I I | | g
[ | | |
Slab reinforcement

Beam reinforcement

oooooooo.‘..oooooooo
[ X X X J

10

b

w

FIG. 5.28 Tension steel in slab width that resists negative bending
moment

Clause 26.5.1.8 of IS 456 code (similar to Clause 10.6.6 of ACI
318) suggests that for control of flexural cracking in the flanges
of T-beams, flexural reinforcement must be distributed over
the flange width not exceeding the effective flange width or a
width equal to one-tenth of the span, whichever is smaller. If
the effective flange width is greater than one-tenth of the span,
additional nominal longitudinal reinforcement as shown in
Fig. 5.29 should be provided in the outer portions of the flange
(Fanella and Rabbat 2002). As per Clause 26.5.2.2, the diameter
of the bar shall not exceed one-eighth of the flange thickness.

bf’f
1/10
® & o ¢ [] [] ® [] [] [] [] [] [] [] o & o o L
W_/ W_/
Additional A, Additional
ASf A AS[
T-beam

FIG.5.29 Placement of beam reinforcement to resist negative moment
for T-beams
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Clause 26.3.3(a) stipulates that near the tension face of a beam,
the spacing should not be greater than that given in Table 15 of
the code, depending on the redistribution of moment carried
out in the analysis. For no redistribution, the maximum spacing
as per the code is 300mm, 180mm, and 150 mm for Fe 250,
Fe 415, and Fe 500 grades of steel, respectively.

5.7.5 Doubly Reinforced Flanged Beams

The analysis and design of doubly reinforced T-sections are
similar to that of doubly reinforced rectangular sections.
In these sections, the tensile force developed in the tension
steel has to balance the compression developed in concrete
in the compression zone as well as the compressive force due
to compression steel. As discussed in the previous sections
on singly reinforced flanged beams, the ultimate moment of
resistance of the section will depend on whether it is balanced,
under-reinforced, or over-reinforced; this may be found by
comparing the value of neutral axis depth x, with the limiting
value x, ;. Again there will be two cases—the neutral axis
lying either in the flange or in the web. This may be found
by comparing the value of x, with D;. Moreover, when the
neutral axis is outside the flange, depending on whether
3x,/7 is greater or less than Dy, the flange will be subjected
to uniform rectangular compressive stress distribution or
non-linear stress distribution.

Case 1: Neutral axis in the flange Consider a balanced or
under-reinforced section with the neutral axis lying in the
flange, as shown in Fig. 5.30(a).

Stress in compression steel = (f,,. — f..)A;,

Equating the compressive and tensile forces, we get

0‘36fckbfxu + (fi'c - fcc )Asc = 087f}Ast

0'87fyAst - (fsc - fcc )Asc
0.36 /1,

Thus, x, = (5.73)

where f;. and f,. are the stresses in compression steel and
concrete, respectively, corresponding to strain &, = 0.0035
(x, — d)/x,, where d’ is the distance between the centroid
of the compression steel and the extreme compression fibre
(effective cover for compression steel) as shown in Fig. 5.30.
The stress in compression steel corresponding to this strain is
given as follows (Eq. 5.43a):

For mild steel: f,. =& E <0.87f,

For HYSD bars: f, = ¢, E for £, <0.696f,/E and is
calculated from Table 5.2 or design stress—strain curve (Fig. 5.5)
for & > 0.696f,/E,.

The value of x, can be determined from the solution of this
equation by iterative procedure as discussed in Section 5.6.2

for doubly reinforced rectangular sections. The moment of

resistance may be found similar to that of rectangular sections,
with the breadth as by.

Mn = CCZC + CSZS
M, =036 b,x,(d —0.416x,)+(f,, = f. )AL (d ~d)

Case 2: Neutral axis lies in the web If x, > Dy, then the
neutral axis lies in the web and the section is to be analysed
as a flanged section. The triangular distribution of strains and
non-linear distribution of stresses in the section are shown in
Fig.5.30(b). The position of the neutral axis may be determined
from the equilibrium of the compressive and tensile forces as

T=C.+C,
Co= Cy+ Cup= 0.36 £, b, x, + 0447, (b, —b,)y,

or

w Tl

+ (fm - fcc )Asc

0.87f,A,, =036, x, +0.447f, (b, —b,)y,
(5.74)

where f;. and f,.. are the stresses in compression steel and
concrete, respectively, corresponding to strain &. = 0.0035
(x,— d")/x, and can be determined, as discussed for the previous
case, with yp= 0.15x, + 0.65Df or Dy, whichever is smaller.

The value of x, shall depend on whether Vp= 0.15x, +
0.65D or yy=Dy.

For y, =0.15x, +0.65D,, substituting the value of y, in
Eq. (5.74) and simplifying,

B 0.87f,Ay =029 =b,,))D; [ = (fyo = foe)Ase

x, (5.75)
0.36,b,, +0.067 £,y (by — b,,)
For yszf
0.87f,A, —0447f, (b, b )D, —(f,, — f..)A,,
x, = Sy Jar(by s U= (5.76)
0.36f b,

The value of x, can be determined from the solution of these
equations by an iterative procedure as follows:

0.0035

Step I Assume x,, =

Xu,lim

Step2 Compute &, =0.0035(x, —d’)/x, and the cor-
responding values of f;. and f.. as discussed in Section 5.6.2.

Step 3 Compute the appropriate value of x, given by
Eq. (5.75) or (5.76) depending on whether Vi =0.15x, +

Repeat Steps 2 and 3 until the value of x, converges. Compar-

ison of x, with x,, ji,, gives rise to either of the following cases.

Case2a: Neutral axis lies in the web—balanced or under-
reinforced If x, < x, 5, then it is a balanced or an under-
reinforced section and the value of x, as determined
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FIG.5.30 Behaviour of doubly reinforced T-beam (a) Neutral axis within flange x, < D; (b) Neutral axis outside flange x, > D; (c) Neutral axis outside

flange x, > Drand D;> 0.2d
is correct. If x, < D, then the neutral axis lies in the flange, and M, =0.36f,b,x, (d—0416x,)
the analysis of the section can be made as that of a rectangular

+d 04471, (b, —b d-0.5
section of width by, as discussed in Section 5.6.2. If x, > Dy S by =b,)y( yr)
then the neutral axis lies in the web. +(fye = LA (d =) (5.77)
The ultimate moment of resistance can be determined by Case2b: Neutral axis lies in the web—over-reinforced If

taking the moment of compressive forces in concrete and steel X, > x,,im, then it is an over-reinforced section and the value
about tensile force as of x, as determined is not correct. It will depend on whether
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the neutral axis lies in the flange or in the web. For the neutral
axis lying in the flange (i.e., x, < Dy), the value of x, can be
determined using

0‘36fckbfxu + (fvc - fcc )Asc = f?tAst

X = fstAst B (f;c _fcc)Asc
“ 0.36£,4b;

Thus, (5.78)
where f;, is the stress in the tension steel corresponding to
strain &; = 0.0035(d — x,)/x, and f;. and f. are the stresses in
compression steel and concrete, respectively, corresponding
to strain &, = 0.0035(x, — d')/x,. The value of x, can be
determined by solving Eq. (5.78) by using the iterative
procedure already described in Section 5.6.2.

If x, < Dy, then the analysis of the section can be done as that
of a rectangular section of width by as discussed in Section 5.6.2.
If x,, > Dy, then the value of x, can be determined from the
equilibrium of internal forces as follows:

0.36 f by, %, + 0447 £ (b = b))y s + (fie = fo ) A = fiA

where y, = 0.15x, +0.65D, or Dy, whichever is smaller, f;, is
the stress in tension steel corresponding to strain &,=0.0035(d—
x,)x, and f;. and f,. are the stresses in the compression steel
and concrete, respectively, corresponding to strain &, =
0.0035(x, — d’)/x,. The value of x, shall depend on whether
Vp= 0.15x, + 0.65Df or y;=Dy.

For y, =0.15x, +0.65D,,

 fuly —029(b, —b,)D; ~(f,. — f.)A,

X, (5.79)
0361 4b,, +0.067f(b; —b,)
For )’f: Df?
?Av_0'447c b _bwD “\se T cc)Avc
LA OISy hOD A
0.36/..b,

The value of x, can be determined by solving these two
equations, using an iterative procedure as follows:

0.0035
0.0055+0.87f,/E

xu,lim -

Step 1 Assume x, =

Step 2 Compute &;,=0.0035(d — x,)x, and the corresponding
value of f;; as described in Section 5.6.2.

Step3 Compute &,.=0.0035(x, —d’)/x, and the corresponding
values of f;. and f,. as described in Section 5.6.2.

Step 4 Compute x, from either Eq. (5.79) or (5.80) as
appropriate depending on whether y, =0.15x, +0.65D, or
Repeat Steps 2 to 4 until the value of x, converges. Then, the

ultimate moment of resistance of the section with respect to
compressive force can be determined from Eq. (5.77).

5.7.6 Design of Flanged Beams

The design of a flanged section for a given applied external
moment requires the determination of its cross-sectional
dimensions and the area of the steel. As discussed, a part of
the slab that deflects monolithically with the web of the beam
forms the flange of the beam and can be determined as per the
codal rules (see Table 5.9). The thickness of the slab is fixed by
the design of the slab. The width of the web is mainly fixed by
architectural considerations (such as to be flush with the wall),
requirement for resisting shear at supports, and minimum
width requirement for placing reinforcing steel. Thus, the
design of a T-beam or an L-beam requires the determination
of the depth and area of the steel.

The depth is initially fixed based on deflection con-
siderations. As per Clause 23.2.1 of IS 456, the deflection of
the beam will be within limits if the span to depth ratio is not
greater than the following:

1. For spans up to 10 m, the following L/d ratios are suggested:

(a) Cantilever 7
(b) Simply supported beam 20
(c) Continuous beam 26

2. If the span of the beam is above 10 m, the values given
in point 1 are multiplied by 10/span in metres, except for
cantilevers, which require deflection calculations.

The following steps are necessary for the design of a flanged
beam:

Step I Determine the factored ultimate moment to be carried
by the beam for the given span and loading conditions.

Step 2 Initially assume the beam depth to be in the range of
one-twelfth to one-fifteenth of the span depending on whether
it carries heavy or light loads.

However, in many cases, the depth of the beam is decided by
the architect or fixed such that the beam section throughout a
structure is standardized; in such cases, only the area of steel
needs to be determined. Once the overall depth is fixed, the
effective depth of the beam can be determined by subtracting
the effective cover based on environmental conditions.

Flanged Beam under Negative Moment

In designing for a factored negative moment, M, (i.e.,
designing top reinforcement), the reinforcement area is
calculated in exactly the same way as described previously
for singly or doubly reinforced rectangular beams.

Flanged Beam under Positive Moment

With the flange in compression, initially the neutral axis is
assumed to be located within the flange. On the basis of this
assumption, the depth of the neutral axis is calculated. If the
stress block does not extend beyond the flange thickness, the



section is designed as a rectangular beam of width by. If the
stress block extends beyond the flange depth, the contribution
of the web to the flexural strength of the beam is taken into
account. See Fig. 5.30.

Assuming the neutral axis lies in the flange, the depth of
the neutral axis is calculated as

x, 1-J1-4x0.416m

d 2x0.416
where the normalized design moment, m, is given by
M

u

m=————
0.36/,b,d

D,
1. If %’ij the neutral axis lies within the flange and

the subsequent calculations for Ay, are exactly the same
as previously defined for the rectangular beam design.
However, in this case, the width of the beam is taken as by.
Compression reinforcement is required when M,, > M, i,
(see Eq. 5.50).

D
2. If %‘>7f, the neutral axis lies below the flange and

the calculation for Ay, has two parts. The first part is for
balancing the compressive force from the flange, Cf, and
the second one is for balancing the compressive force from
the web, C,,, as shown in Fig. 5.30.

Calculate the ultimate resistance moment of the flange as

y .
M, = 04471, (b, —b,)y,(d - 7’ (5.81a)
where yfis taken as
D, if D, <0.2d
Yi=1n ' ) (5.81b)
0.15x, + 0‘65Df if D, >0.2d

Calculate the moment taken by the web as
M,=M,— My

Calculate the limiting ultimate moment of resistance of the
web for the tension reinforcement as

M, i = O.36fckbwd2 whim |} _(.416-im (5.82a)
’ d d
where
xu lim
’T =0.531 for f, <250MPa
fy -250
=0.531-0.052 T for 250 <f,<415MPa
(5.82b)
fy —-415
=0.479 -0.023 T for 415 < f, <500MPa
=0.456 for f,>500MPa
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3. If M\, <M,, }inm, the beam is designed as a singly reinforced
concrete beam. The area of reinforcement is calculated as
the sum of two parts, one to balance the compression in the
flange and the other to balance the compression in the web.

M, M,

A, = : + (5.83a)
" 087f,(d-05y ) 087fz
where
z=d(1—0.416%“] (5.83b)
- - .
%, 1-T-4x0416xm 5.530)
d 2%0416
M
v (5.83¢)

L
b,d"0.36f,
4. If M,,> M, jim, the area of compression reinforcement, A,
is given by
_ Mw - Mw,lim
(fye 0447 fy)(d - d')
where d’ is the depth of the centroid of compression

reinforcement from the concrete compression face. The
stress in compression steel corresponding to the strain

(5.84)

sc

4

£, =0.0035[1— :l is found from Table 5.2. The

Xy lim
required tension reinforcement is calculated as follows:

M, M M

Ay = ' pwlim v wlim_ (5 85q)
0.87f,(d~0.5y,) 087f,z 0.87f,(d-d’)
where
X, lim
z=d 1—0.416—’d (5.85b)

5.7.7 Design of Flanged Beams Using Charts and
Design Aids

As mentioned, in practice, spreadsheets or computer programs
are used to design flanged T- or L-beams. Most of the T-beams
encountered in practice have their neutral axis within the
flange and hence the area of steel can be calculated by using
Tables 1-4 of SP 16:1980, considering them as rectangular
beams having width by and effective depth d. However, when
the neutral axis falls below the bottom of the flange, these
tables cannot be used. Tables 57-59 of SP 16 also give the
limiting moment of resistance factor M, ji/(fub,,d*) for three
grades of steel for different values of D;/d and b;/b,,. The
amount of steel necessary for the moment is not indicated in
these tables. As such, these tables are of limited practical use,
as the steel area required for the actual beams will be much
less than that required for full capacity. Hence, they may be
used perhaps to check the capacity of the designed concrete
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section. The special publication SP 24:1983, published by
the BIS, contains three tables (E-9-E-11) providing the
reinforcement percentage factor for Mu,lim/(fckbwdz) for three
grades of steel for different values of &/D and b;/b,,, which are
also of limited use because they are again based on the limiting
moment of resistance. Desai (2006) developed equations and
design aids for doubly reinforced T-beams (see Tables C.17-
C20 of Appendix C). The design charts for singly reinforced
T-beams are also available in Iyengar and Viswanatha (1990),
Sinha (1996), and Varyani and Radhaji (2005).

5.7.8 Design of L-beams

An L-beam is similar to a T-beam, except that the slab is
connected to one side of the web. The same formulae derived
for T-beams can also be used for the analysis and design of
L-beams. However, it has to be noted that since the area and
the loading on an L-beam are not symmetrical about the centre
of the beam, L-beams are subjected to torsion. This torsion
is assumed to be resisted by the rectangular portion of the
L-beam. To resist torsion, extra longitudinal top reinforcement
and special stirrups are to be provided. The design for torsion
is covered in Chapter 8. In practice, such L-beams (also called
spandrel beams), occurring at the edge of buildings, are not
designed for torsion; when the distance between the L-beam
and the next T-beam is excessive, shear stirrups are provided
liberally to take into account the torsion.

Isolated L-beams are allowed to deflect both horizontally
and vertically. Hence, their neutral axis will be inclined as
shown in Fig. 5.31, which also shows the forces and strains
occurring in such a beam. It is easier to arrive at the moment
of resistance, if a rectangular stress block, as in ACI code, is

X,=15b,

213X,

Gravity load
1/3X,=0b,,/2

~ ~.
. ~

A 3 1/3Y,
>3 €. 23y,

~| Neutral axis
(axis of bending)

—/

Centroid of
tensile force

FIG. 5.31 Stresses and strains in an isolated L-beam

adopted. The force in the compression zone equals the area
of the compressive zone multiplied by the concrete stress.
Thus,

C,o = 0.447£.1(X,Y,12) (5.86a)

T,=0.87A,f, (5.86b)

The distance X; may be assumed as 1.5b,,. Equating C,,, and
T,, the value of Y; can be obtained.

Because the moment due to gravity load is about a
horizontal axis, the lever arm must be vertical and equals (d —
Y1/3). Thus, the moment of resistance is given by

M, =0.87A,f, (d - %J (5.87)
It should be noted that these equations apply only to the
triangular compression zone, as shown in Fig. 5.31. Trial-
and-error solutions are generally used for other shapes. Riisch
(1960) has shown that the triangular stress block is applicable
to a wide variety of shapes of compression zones.

5.8 MINIMUM FLEXURAL DUCTILITY

In the flexural design of RC beams, in addition to providing
adequate strength, it is often necessary to provide a certain
minimum level of ductility. For structures subjected to seis-
mic loads, the design philosophy called strong column—weak
beam is adopted, which is supposed to guarantee the following
behaviour: The beams yield before the columns and have suf-
ficient flexural ductility such that the potential plastic hinges
in the beam maintain their moment resistant capacities until
the columns fail. To ensure the duc-
tile mode of failure, all beams should
be designed as under-reinforced.
More stringent reinforcing detailing
like provision of confining reinforce-
ment in the plastic hinge zones is also
generally imposed. In addition, tradi-
tionally limits were also imposed on
either the tension steel ratio (should
not be more than 0.75 of the balanced
steel ratio or the strain in steel should
be greater than 0.005) or the neutral
axis depth. This kind of limitation
may result in a variable level of cur-
vature ductility depending on the con-
crete grade and yield strength of steel.

Studies conducted by Ho, et al.
(2004) revealed that the flexural duc-
tility of an RC beam is dependent not
only on the tension and compression
steel ratios but also on the concrete



grade and the steel yield strength. They also observed that
the current practices of providing minimum flexural ductil-
ity in the existing design codes would not really provide a
consistent level of minimum flexural ductility. Moreover, they
observed that when HSC and/or HSS are used, the flexural
ductility so provided would be lower than that provided in the
past to beams made of conventional materials.

In order to provide a consistent level of minimum curvature
ductility, Ho, et al. (2004) proposed to set a fixed minimum
value for the curvature ductility factor. By studying the
curvature ductility factors provided in the various existing
design codes, they recommended a minimum curvature
ductility factor of 3.32 and suggested the following guidelines
to attain this minimum curvature ductility factor:

1. When the yield strength of the compression and tension
steel is less than or equal to 460 MPa, the value of x,, should
not exceed 0.50d when f,; < 30MPa, should not exceed
0.40d when 30 MPa < f,;, < 50MPa, and should not exceed
0.33d when 5S0MPa < f,; < 80 MPa.

2. When the yield strength of the compression and tension
steel is between 460 MPa and 600 MPa, the value of x,
should not exceed 0.45d when f, < 30MPa, should not
exceed 0.35d when 30 MPa < f;, < 50 MPa, and should not
exceed 0.28d when 50 MPa < f,;, < 80 MPa.

3. Similarly, when the yield strength of the compression and
tension steel is less than or equal to 600 MPa, the value
of (p; — p.) should not exceed 0.70p;, when f,; < 30 MPa,
should not exceed 0.60p;, when 30 MPa < f; <50MPa, and
should not exceed 0.50p, when 50MPa < f,;, < 80MPa,
where p,, is the balanced steel ratio, p. = A,/bd, and p, =
Ag/bd. These guidelines are applicable to both singly and
doubly reinforced sections.

5.9 DEEP BEAMS

A deep beam is a structural member whose span to depth
ratio is relatively small so that shear deformation dominates
the behaviour. According to Clause 29.1 of IS 456, a beam
is considered a deep beam when the effective span to overall
depth ratio (L/D ratio) is less than (a) 2.0 for simply supported
beams and (b) 2.5 for continuous beams. According to ACI
318 Clause 10.7.1, the beam is considered deep in either of
the following cases:

1. The clear span to overall depth ratio (I/D) is less than or
equal to 4.0.

2. There are concentrated loads in a beam within twice the
member depth from the face of the support.

The assumptions of linear—elastic flexural theory and plane
sections remaining plane even after bending are not valid for
deep beams. Hence, these beams have to be designed taking
into account non-linear stress distribution along the depth
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and lateral buckling. Arch action is more predominant than
bending in deep beams. Hence, these beams require special
considerations for their design and detailing. RC deep beams
are often found as single-span or continuous transfer girders,
pile-supported foundations, foundation walls supporting strip
footings or raft slabs, walls of silos and bunkers, bridge bents,
or shear wall structures, and in offshore structures. One such
example of a deep beam is shown in Fig. 5.32.

Retaining wall below

Column load from
building above

S

Deep beam \

Basement slab
and foundation

FIG.5.32 Example of deep beam

During the 1970s, Kong and his associates at the University
of Newcastle upon Tyne tested over 200 beams with many
different configurations and studied the effect of variables such
as shear span to depth ratio, reinforcement configurations,
weight of concrete, and position of any web openings (Kong
1990). This work, together with the earlier research by
Leonhardt and Walther (1966), formed the basis of the CIRIA
Guide 2 published by Ove Arup and Partners (1977). The
Indian code provisions are based on this guide. More reliable
assessment of the behaviour of deep beams may be obtained
by using the strut-and-tie model (Wight and Parra-Montesinos
2003). The strut-and tie model provisions may be found in
Appendix A of ACI 318 (see Appendix B of this book).

A brief introduction to the IS code provisions are provided
here and strut-and-tie modelling is discussed in Appendix B.
It should be noted that deep beams are sensitive to loading at
the boundaries, and the length of bearing may affect the stress
distribution in the vicinity of the supports. Similarly, stiffening
ribs, cross walls, or extended columns at supports will also
influence the stress distribution (Park and Paulay 1975). The
concrete compression stresses are seldom critical. However,
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the considerable increase of diagonal compression stresses
near the support after the onset of cracking and anchorage of
tensile steel are important considerations in the design and
detailing (Park and Paulay 1975).

The ‘Simple Rules’ provided in IS 456, based on the CIRIA
Guide 2, are intended primarily for uniformly loaded (from the
top) deep beams and are intended to control the crack width
rather than the ultimate strength. In addition, the active height
of a deep beam is limited to a depth equal to the span; the part
of the beam above this height is merely taken as a load-bearing
wall between the supports. These rules are provided for single-
span and continuous beams. The steps required for the flexural
design of deep beams as per IS 456 are as follows (Kong 1990):

Step 1 Calculate the bending moment as in ordinary beams:
1. Simply supported beam with uniformly distributed load, w,

2
+ _wL

= (5.88a)
Max g

2. Continuous beams with uniformly distributed load, w,, as
per ACI 318-89

2
+ _wL

(a) Mid-span: M, = 54 (1-¢°) (5.88b)
- w, [* 5
(b) Face of support: M}, = 54 (2-3e+e) (5.88¢)

where e is the ratio of the width of the support to the
effective span of the beam.

Step 2 Calculate the capacity of the concrete section.

M, =0.12f, bD* (5.89)

where f,, is the characteristic compressive strength of concrete
and b and D are the thickness and overall depth of the beam,
respectively. It has to be noted that D of a deep beam is limited
to a depth equal to the span.

Step3 1fL/D<1.5, gotostep 4. If L/D > 1.5, check whether
the applied moment M, does not exceed M, of Eq. (5.89),

VIV vy

where L is the effective span taken as the c/c between the
supports or 1.15 times the clear span, whichever is lesser (see
Clause 29.2 of IS 456), and D is the overall depth.

Step 4 Calculate the area Ay of the main longitudinal
reinforcement:
M

A, >t 5.90
Y087,z 520

where M, is the factored applied moment, f; the characteristic
yield strength of steel, and z the lever arm, which is to be taken
as follows (Clause 29.2 of IS 456):

z=02L+04D if (1 £ L/D £ 2) and 0.6L if (L/D < 1) for
single-span beams (5.91a)

z=02L+03D if (1 £ L/D £2.5) and 0.5L if (L/D < 1) for
continuous beams (5.91b)

It should be noted that in deep beams the requirement of
flexural reinforcement is not large, and hence the approximate
lever arms, as determined from experiments and given here,
are sufficient to arrive at them. It is also important to detail the
reinforcement properly as the deep beam behaviour is different
from that of normally sized beams. The recommendations
given in IS 456 are as follows:

Reinforcement for positive moment In a simply supported
beam, due to the arching action, the tension steel serves as a
tie connecting the concrete compression struts (see Figs 5.33a
and b). The cracking will occur at one-third to one-half of
the ultimate load (Wight and MacGregor 2009). The flexural
stress at the bottom is constant over much of the span. The non-
uniform stress distribution due to uniformly distributed load
is also shown in Fig. 5.33(c). The tests on deep beams have
shown that the tension zone in the bottom is relatively small
(Leonhardt and Walther 1966). Accordingly, Clause 29.3.1 of
IS 456 suggests that the tensile reinforcement for a positive
moment should be placed within a tension zone of depth equal
to 0.25D — 0.05L from the extreme tension fibre at the mid-
span as shown in Fig. 5.34(a). The suggested distribution, as

vy vy
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strut )
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FIG. 5.33 Typical inclined compression failure of deep beams under various stress distributions (a) Uniform (b) Two-point loading (c) Non-linear



per Leonhardt and Monnig (1977), for downward loading
from the soffit is shown in Fig. 5.34(b).
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2. Distribution of reinforcement. When the I/D ratio is less than
1.0, the negative reinforcement should be evenly distributed
over a depth of 0.8D measured from

Load S4S - FOTE 45 the top tension fibre at the support,
YV ¥V V¥V ¥V ¥V V¥ as shown in Fig. 5.35 (Leonhardt
[ <] i 100‘1_5}):““1 and Monnig 1977). However, when
T . e T = the /D ratio is in the range 1.0-2.5,
D = Q E-V’- 24 g the negative reinforcement should
J . g E TS s é be provided in two zones as shown
] di a7 ] g Q3 in Fig. 5.36 and described as follows

] 04 FI5T b+ 2 <% |Z  (Leonhardt and Monnig 1977):
— L = §<2b -+ Ll (a) A zone of depth 0.2D from the
— ®\‘ ) <300mm I Load . I tension fibre should be provided

(a)

FIG. 5.34 Detailing of reinforcement in simply supported deep beams (a) Loaded from top (b) Loaded

from soffit

The force in the longitudinal tension ties will be constant along
the length of the deep beam. This implies that the force must
be well anchored at the supports; else, it will result in major
cause of distress. Hence, Clause 29.3.1(b) of IS 456 suggests
that the bottom reinforcement o

should be extended into the supports Connnjf‘mg bars
without curtailment and embedded

s

) with (% - 0.25) times the rein-

forcement calculated for negative

moment, where [ is clear span of

beam.

(b) A zone of 0.6D from this zone should contain the
remaining reinforcement for negative moment and

shall be evenly distributed.

02D

beyond the face of each support to

Actual

a length of 0.8L, where L, is the

development length for the design

stress in the reinforcement (see /

Assumed

Chapter 7 for the calculation of

Ly). If sufficient embedment length

is not available, the longitudinal

\

\
\

\
|

reinforcement may be adequately

0.1D y+ 05D —+

anchored by hooks or welding l
to special mechanical anchorage %
devices (Seo, et al. 2004). Bent-
up bars are not recommended. The
beam should be proportioned in such
a way that the strength of the steel tension ties governs the
design.

Reinforcement for negative moment In the case of con-
tinuous deep beams, the tensile reinforcement for nega-
tive moment should satisfy the following requirements
(Clause 29.3.2 of IS 456):

1. Termination of reinforcement: Negative reinforcement can
be curtailed only in deep beams with //D > 1.0. Not more
than 50 per cent of the reinforcement may be terminated
at a distance of 0.5D from the face of the support and the
remaining should be extended over the full span (it has to
be noted that / denotes the clear span and not the effective
span of deep beam).

When I/D < 1.0 all the bars should be continuous
FIG. 5.35 Detailing of negative reinforcement in continuous deep beams (/D < 1.0)

1 i

Stress distribution

\\\\

/

When the depth of the beam is much larger than the span,
the portion above a depth equal to 0.8 times the span can be
merely considered a load-bearing wall. Beam action should
be considered only in the lower portion. Continuous deep
beams are very sensitive to differential settlement of their
supports.

Vertical reinforcement The loads applied at the bottom of
the beam, as shown in Fig. 5.34(b), induce hanging action (for
example, as in the face of bunker walls). Hence, Clause 29.3.3
of IS 456 suggests that suspension stirrups should be provided
to carry the concerned loads (see also SP 24:1983 for detailing
of suspended stirrups). Tests have shown that vertical shear
reinforcement (perpendicular to the longitudinal axis of
the member) is more effective for member strength than



184 Design of Reinforced Concrete Structures

0.5D

!
—L A, = 0.5<— - 0.5>A5
D

0.2D

As2 = (Av - Asl)
A,= MIO87,2)

=

f—p—

0.2D

~100-150 mm
Ytk
|\
N

]

Yoo 4+

2D}— 060 —}02D}—

_T___

Suggested distribution of negative steel

¥ <t —

FIG.5.36 Detailing of negative reinforcement in continuous deep beams (1.0 < //D < 2.5)

horizontal shear reinforcement (parallel to the longitudinal
axis of the member) in deep beams (Rogowsky and MacGregor
1986). However, equal minimum reinforcement in both
directions is specified in the ACI code to control the growth
and width of diagonal cracks, as shown in Table 5.10. The
maximum spacing of bars has also been reduced in the ACI
code from 450 mm to 300 mm. Hence, there is an urgent need
to revise the IS code clauses. IS 456 stipulates that the spacing
of vertical reinforcement should not exceed three times the
thickness of the beam or 450 mm (see Table 5.10). Suspender
stirrups should completely surround the bottom reinforcement
and extend into the compression zone of the beam (see SP 24).

Side face or web reinforcement IS 456 suggests that the side
face reinforcements should be provided as per the minimum
requirements of walls. The requirement of minimum vertical
and horizontal side face reinforcements, as per the code, is given
in Table 5.10. For deep beams of thickness more than 200 mm,
the vertical and horizontal reinforcements should be provided
in two grids, one near each face of the beam (Clause 32.5.1).
The horizontal and vertical steel placed on both the faces of
the deep beam serve not only as shrinkage and temperature
reinforcement but also as shear reinforcement.

TABLE 5.10 Side face reinforcement (Clause 32.5 of IS 456:2000)

Side Face Reinforcement of Gross
Area of Concrete (Percentage)

Type of Reinforcement

Vertical Horizontal
Bars of diameter < 16mm and f, > 0.12* 0.20
415MPa
Bars of Fe 250 grade steel 0.15 0.25
Welded wire fabric made with bars | 0.12 0.20
of diameter < 16 mm

It should be noted that as per the 2011 version of the ACI code, both vertical
and horizontal reinforcement should not be less than 0.00255,,s and the spacing
s should not exceed the smaller of d/5 and 300 mm. As per Clause 32.5(b) and
(d) of IS 456, both vertical and horizontal spacing of reinforcement should not
exceed three times the thickness of the beam or 450 mm.

Shear reinforcement A deep beam provided with the
reinforcements is deemed to satisfy the provision for shear,
that is, the main tension and the web steels together with
concrete will carry the applied shear, and hence, a separate
check for shear is not required. However, Clause 11.7.3 of
ACI 318:2011 code stipulates that the shear in deep beams
should not exceed O.74¢\/E b,d (where ¢ is the strength
reduction factor = 0.75). More discussions on shear strength
of deep beams may be found in Aguilar, et al. (2002) and
Russo, et al. (2005).

Bearing strength In addition, the local failure of deep
beams due to bearing stresses at the supports as well as loading
points should be checked. To estimate the bearing stress at the
support, the reaction may be considered uniformly distributed
over the area equal to the beam width b,, x effective support
length. The permissible ultimate stress is limited to 0.45f,
as per Clause 34.4 of IS 456. The support areas may be
strengthened by vertical steel and spiral reinforcement to
prevent brittle failure at support.

Lateral buckling check To prevent the lateral buckling of
simply supported deep beams, the breadth, b, should be such that
the following conditions are satisfied (Clause 23.3 of IS 456):

! <60 and d <250 (5.92)
b b?

where L is the clear distance between the lateral restraints
and d is the effective depth of the beam. A more accurate
slenderness limit formula for rectangular beams is provided
by Revathi and Menon (2007).

Brown and Bayrak (2008) critically evaluated the US
provisions related to strut-and-tie models for deep beams and
concluded that these provisions may lead to an unconservative
calculation of nominal capacities in some cases. They also
developed new lower bound provisions based on 596 published
test results that incorporate parameters such as effect of strut
inclination, concrete strength, geometry of bottle shaped strut,
and shear reinforcement.
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FIG. 5.37 'WSB and column joint (ACI 318 ) (a) Plan (b) Section X—X (Reprinted with permission from AClI)

5.10 WIDE SHALLOW BEAMS

Wide shallow beams (WSB) are often found in one-way concrete
joist systems and in other concrete buildings where floor-
to-ceiling heights are restricted and congestion of column core
is expected. WSB systems differ from normal beam systems
discussed until now (normal beams are also designated as floor
drop beams (FDBs) to distinguish them from WSBs) in the sense
that they have beams of substantial width and usually have the
same depth as that of the interconnected joists. Moreover, column
widths are usually much narrower than the WSBs (see Fig. 5.37).

Studies on these types of floors are limited. Recently, Shuraim
and Al-Negheimish (2011) studied the behaviour of joist floors
with WSBs using finite element method (FEM) and found that
the distribution of moments in WSB floor is complex and differs
from what is normally assumed in practice. They developed
an analytical procedure using equivalent frames with modified
stiffness properties. They also proposed a scheme to laterally
distribute the moments, obtained from a two-dimensional
frame, such that the final distributions match with experimental
as well as FEM results. In general, the design of wide beams
may be carried out similar to the normally sized beams. Since
they have limited depth, they require more longitudinal steel
than normally sized beams. Shear and deflection may also
be critical in such shallow beams; usually multi-legged shear
stirrups are provided (see also Chapter 6).

According to the ACI 318 code, the width of the beam, b,,,
should not exceed 3¢, or ¢, + 1.5¢; as shown in Fig. 5.37,
where ¢; and ¢, are the sizes of column as shown in this figure.
At least a few transverse reinforcements should pass through
the column core to tie the beam effectively with the column,
as shown in Fig. 5.37. Additional transverse reinforcements

outside the column core may be required to resist torsional
moments. Chow and Selna (1994) found that this type of WSB
and floor system is likely to have good ductile behaviour as
the beams deform inelastically. Wide beam—Narrow column
systems are currently prohibited in high seismic zones by
ACI-ASCE Committee 352.

5.11 HIDDEN BEAMS

In many situations, the architect may want to have a flat soffit
of slab, without beams projecting out of the slab. In such
situations, the structural engineer has to resort to hidden beams
(also known as concealed or flush beams), which are beams
having depth exactly equal to the thickness of the slab, as
shown in Fig. 5.38. The span of such hidden beams should not
exceed about 1.8-2m. They are used to support 115 mm thick
brick (partition) walls and may have a width equal to the wall
thickness plus two times the slab thickness. The normal method
of design, as explained in Section 5.4, can be used for the design
of such beams. Since the depth is limited, the required area of
reinforcement will be higher than for normal beams.0

Hidden beam \
m Slab
e o o o o o o o o o e ®oo o o o o o o o oy thickness
-

FIG. 5.38 Hidden beam

Deodhar and Dubey (2004) conducted experimental
investigations on hidden beams in slabs of size 1.2 X 1.5m
and thickness 50 mm. Based on their behaviour, they found



186  Design of Reinforced Concrete Structures

that the provision of hidden beams improves the stiffness and
stability of the slabs. They also found that the provision of
hidden beams is more effective along the longer span than
along the shorter span and that the negative reinforcement,
provided in the location of the hidden beam, improves the
load-carrying capacity of the slabs. It has to be noted that they
studied only the stiffening effect of such beams and did not
apply any partition load on the hidden beam.

5.12 LINTEL AND PLINTH BEAMS

Lintels are beams that support masonry above openings in
walls. Typically, lintels for concrete or masonry walls are
constructed as in situ or precast concrete beams. Vertical
loads carried by lintels typically include the following:
(a) distributed loads from the dead weight of the lintel
and the masonry wall above the lintel and any floor and/or
roof, (b) dead and live loads supported by the masonry, and
(c) concentrated loads from floor beams, roof joists, and
other members that frame directly into the wall. When there
is sufficient height of brick wall over the lintel and sufficient
bearing is provided, arching action in masonry is possible, and
hence the entire wall load above the lintel is not transferred to
it. The length of bearing of the lintel at each end shall not be
less than 100 mm or one-tenth of the span, whichever is higher,
and the area of the bearing shall be sufficient to ensure that
stresses in the masonry do not exceed the permissible stresses.
For well-bonded brickwork, a 45° triangular load dispersion
is often assumed, as shown in Fig. 5.39(a). In practice, when
the length of the walls on both sides of an opening is at least
half the effective span of the opening, arch action is assumed.
Concentrated loads transferred from beams on the wall above

Super-imposed wall load

the lintel may be considered to have a dispersion angle of 30°
to the vertical on either side (see Fig. 5.39b).

When the loads are applied below the apex of the triangle,
arch action is not possible, and in such a case, all the loads
from the wall above the lintel must be carried by the lintel.
Assuming a triangular load on the lintel, the bending moment
at mid-span due to the weight of the brick wall above the
lintel is

Y.
6
where W is the total weight of the triangular brickwork and
L is the effective span of the lintel. After calculating the
bending moment, the lintel beam may be designed as a normal
rectangular beam. More details on the design of lintel beams
may be found in Rai (2008) and Dayaratnam (1987).

Plinth beams are provided at plinth level in load-bearing
masonry walls to resist uneven settlements. In buildings
situated in seismic zones, they are provided as a continuous
band at plinth level, in addition to similar beams at lintel and
roof levels. The depth of these beams ranges between 100 mm
and 150mm and the beams are normally provided with a
minimum of two 8 mm bars at the top and bottom and 6 mm
stirrups at 230 mm spacing.

Grade beams are provided to connect the column
foundations together, whether the columns are supported on
individual spread footings, individual piles, or pile groups.
These beams are not required to support significant structural
loads directly. They also support walls and are often stronger
than plinth beams. Normally, they are 150 mm deep with three
8 mm diameter bars at the top and bottom and 6 mm stirrups at
150-200 mm spacing.

(5.93)
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Research conducted at the Indian Institute of Technology,
Chennai, as well as other research organizations has
established that there is an arching effect of masonry similar
to that observed in lintel beams (Jagadish 1988; Govindan
and Santhakumar 1985). In addition, the beam acts as a deep
composite beam along with the brickwork. Recognizing these
effects, Clause 5.3.1 of IS 2911 states that the grade beams
supporting brick walls should be designed considering the
arching effect of masonry above the beam. It suggests that the
maximum bending moment may be taken as wL?/50 (instead of
the usual wL?/8), where w is the uniformly distributed load per
metre run worked out by assuming a maximum height of two
storeys in a structure with load-bearing walls and one storey
in framed structures and L is the effective span in metres. The
value of the bending moment should be increased to (wL%/30)
if the beams are not supported during construction until the
masonry above it gains strength. Moreover, for considering
composite action, the minimum height of the wall should be
0.6 times the beam span. For concentrated loads and other
loads that come directly over the beam, full bending moment
should be considered. The design of plinth and grade beams
may be made considering them as rectangular beams.

5.13 HIGH-STRENGTH STEEL AND HIGH-
STRENGTH CONCRETE

Strictly speaking, the provisions of IS 456 are applicable only
up to a concrete strength of 40MPa; this is because these
provisions are based on the results of experiments conducted
on specimens having strength up to only 40 MPa. However,
due to the continued use of HSC, especially in tall buildings
and bridges, in August 2007 the BIS amended that these design
provisions are applicable up to a concrete strength of M60. It
should also be noted that the latest version of the ACI code
(ACI 318-11) does not impose any restriction on the maximum
strength of concrete for seismic design, though Canadian and
New Zealand codes limit concrete strength to 80 MPa and
70 MPa, respectively, for ductile elements. As stated in Section
5.4.1, the stress distribution in HSC will be triangular instead
of rectangular—parabolic, as assumed by IS 456. The American
code provisions, as discussed in Section 5.4.1, which consider
this stress distribution, should be followed for HSC.

The advantages and disadvantages of using higher strength
materials are now clear. The use of a higher strength concrete
would allow a higher flexural strength to be achieved while
maintaining the same minimum level of flexural ductility,
even though a higher strength concrete by itself is generally
less ductile. On the other hand, the use of a higher strength
steel would not allow a higher flexural strength to be achieved
while maintaining the same minimum level of flexural
ductility; it only allows the use of a smaller steel area for a
given flexural strength requirement to save the amount of steel
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needed. The other advantages of HSS are reduction of steel
congestion in highly reinforced members, improved concrete
placement, saving in cost of labour, reduction in construction
time, and in some cases resistance to corrosion. However, the
IS code provisions are applicable up to Fe 500 grade of steel.

Based on a series of investigations, the researchers at North
Carolina State University suggested a design methodology in
a format similar to that of ACI 318 provisions for the flexural
design of concrete beams reinforced with ASTM A1035-
07 grade 100 (690MPa) steel bars, commercially known
as MMFX; it should be noted that this methodology is not
suitable for structures in high seismic zones (Mast, et al.
2008). The stress—strain behaviour of this MMFX steel bar
may be represented as follows:

2.379

fi=172-—22—
‘ £, +0.00104

MPa for 0.00241 < &, < 0.060
(5.94)

=200,000g,MPa for &<0.00241

where f; is the stress in steel and & is the corresponding strain.
They also suggested a tension-controlled strain limit of 0.009
(instead of the strain limit of 0.005, used up to 520 MPa steel
in ACI 318-11) and a compression-controlled strain limit of
0.004 (The New Zealand code has specified 0.004 as the limiting
compression strain in concrete and 0.018 as the limiting tensile
strain in reinforcement for nominally ductile plastic regions in
beams and walls, which have been found to be overly conservative
(Walker and Dhakal 2009)). Based on this, they also developed
the following simple equation for strength reduction factor ¢
in the transition zone between the tension- and compression-
controlled sections (see also Section 5.5.5 and Fig. 5.9):

¢ =0.45+ 50¢, for 0.004 < £, <0.009

= 0.9 for & > 0.009
=0.65 for & > 0.004

They cautioned that for compression steel the present ACI yield
strength limit of 550MPa should be maintained. An example
based on this philosophy of design is presented in Example 5.30.

The seismic behaviour of ultra-high-strength concrete
(UHSC) beams, that is, beams with strength greater than 100MPa,
has been studied by Elmenshawi and Brown (2010). They
found that UHSC can improve the energy dissipation capacity
provided that the beams have symmetric reinforcement and
less shear demand and the plastic hinge zone (may be taken
as about 0.8—1.0 depth of the beam) is well confined. More
details on UHSC elements may be found in Fehling, et al.
(2008) and Schmidt and Fehling (2007).

The flexural performance of recycled concrete beams was
studied by Fathifazl, et al. 2009, who observed a performance
of these beams comparable with those of conventional natural
aggregates and suggested the same general flexural theory for
these beams too.

(5.95)
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5.14 FATIGUE BEHAVIOUR OF BEAMS

The RC beams subjected to moving loads are prone to fatigue.
Concrete bridge decks, elements of offshore structures, and
concrete pavements are subjected to a large number of loading
cycles. Fatigue strength is influenced by the range of loading,
rate of loading, eccentricity of loading, load history, material
properties, and environmental conditions. The effect of the
range of stress will usually be represented in the form of stress—
fatigue life curves, commonly referred to as S—N curves. The
reinforcement of these concrete elements may fail by fatigue
if there are more than one million load cycles and the tensile
stress range (the maximum tensile stress in a cycle minus the
algebraic minimum stress) is above a threshold or endurance
limit of about 165 MPa. It has to be noted that fatigue strength
is independent of the yield strength.

Fatigue strength is greatly reduced in the vicinity of tack
welds or bends in the region of maximum stress; fatigue
failure is possible in such locations if the stress range exceeds
about 70 MPa. Fatigue will not be a problem if the number
of cycles is less than 20,000. Due to the significant dead
load of RC structures, compared to steel structures, a stress
range exceeding 165 MPa is rare in most concrete structures.
An overview of the fatigue strength of RC structures is
provided by ACI 215 and the fatigue strength of bridges by
ACI 343.

Fatigue failure of the concrete occurs through progressive
growth of micro-cracking. Since the tests conducted by
Feret in 1906, many researchers have carried out laboratory
experiments to investigate the fatigue behaviour of plain as
well as steel fibre RC. Lee and Barr (2004) provide a general
overview of recent developments in the study of the fatigue
behaviour of plain and fibre RC. The fatigue strength of plain
concrete in compression or tension in 10 million cycles is
about 55 per cent of the static strength and is not sensitive
to stress concentration (Wight and MacGregor 2009). It has
to be noted that the cumulative damage theory based on
Palmgren-Miner’s hypothesis is not applicable for the fatigue
behaviour of concrete beams (Sain and Kishen 2007). Sain
and Kishen (2007) also found that the rate of fatigue crack
propagation decreases along with an increase in percentage
reinforcement. Structural size effect on fatigue in bending
of concrete was studied by Zhang, et al. (2001). ACI 215
recommends that the compressive stress range f;, should not
exceed

fsr = O32fck + 0-47fmin (596)

where fi,i, 1S the minimum compressive stress in the cycle
(compression is taken as positive). It is better to limit the
compressive stress at service load to 0.4 f,. The fatigue
strength of stirrups may be less than that of longitudinal bars
due to the kinking, and hence, it may be reasonable to limit the
stirrup stress range to 0.75 times f;,.

EXAMPLES

The following are a few examples of analysis of singly
reinforced rectangular beams.

ExampLE 5.1 (Calculation of cracking moment of section):
Assuming that the concrete is uncracked, compute the
bending stresses in the extreme fibres of the beam having
a size of 600mm x 300mm, as shown in Fig. 5.40, for a
bending moment of 60 kNm. Assume the concrete is of grade
25MPa. In addition, determine the cracking moment of the
section.

[« 300mm —|

A

st

|<— 545 mm —>|

W
O
=
8

f,=415MPa
FIG.5.40 Beam of Example 5.1
SOLUTION:
Bending stress:

I, = bd>/12 =300 x 600312 = 5.4 x 10°mm*
Bending stress in extreme fibre,

_ My _ 60x10° x300

f =3.33MPa
I, 5.4x10°
fcrIg .
M, = =f.,Zwithf,,=0.7.[f, =0.7425 =3.5MPa
1
9
Hence, M, = 3204 X107 _ 65 106 MPa > 60 x 106MPa

300

ExampLE 5.2 (Determination of under- or over-reinforced
section):

Determine whether the section shown in Fig. 5.40 is under
or over-reinforced with f; = 27.5N/mm?, f, = 415N/mm?,
and the following values of A: (a) 1610mm? (b) 2100 mm?
(c) 2960 mm? (d) 4190 mm?.

SOLUTION:

To determine whether the section is over or under-reinforced,

the maximum permitted area of steel has to be calculated.
From Table 5.5, we get

_19.82f, 19.82x27.5
pt,hm fy 415

Agim = 1.313 X 545 x 300/100 = 2147 mm?

=1.313

(a) A,;=1610mm?< Ay 1ims hence it is an under-reinforced
section.



(b) Ay, =2100mm?< Ay, ji; hence it is an under-reinforced
section.

(c) Ay, =2960mm? > Ay 1ims hence it is an over-reinforced
section.

(d) Ay =4190mm? > A, ji,; hence it is an over-reinforced
section.

Let us investigate case (c) further, by assuming that the steel
has yielded.

As per Eq. (5.18a)
X, 0.87f, Ay 0.87x415x2960

d  036fbd 0.36x27.5%545x300

Hence x, = 0.6602 x 545 = 359.8 mm
Hence, stress in steel,

d=x _ 5003457398 _sc0a [ _3608
X 359.8 1.15

=0.6602

£, =700

Hence, it shows that the reinforcement represents the balanced
condition, that is, the concrete and steel will fail at the same
load. As discussed earlier, there is no balanced strain condition
specified in IS 456. Due to the extra strain of 0.002 considered
in the IS code equation for Ay, i, this section is considered
as over-reinforced. This shows the extra cushion (27.5% less
reinforcement in this case) provided in the code to make the
section ductile.

ExampLE 5.3 (Analysis of singly reinforced rectangular
section—IS and ACI methods):

Determine the nominal ultimate moment strength of the
beam section shown in Fig. 5.40, with A;; = 3 bars of 25mm
diameter = 1473 mm?, Sy =415MPa, and f; = 20 MPa using
the following methods:

(a) Parabolic-rectangular stress block as per IS 456

(b) Equivalent rectangular stress block as in ACI 318.

SoLuTION:
(a) Using the parabolic—rectangular stress block as per IS 456:
19.821,
Priim =~
Sy
_ 19.82 %20 —0.955,
415

Ay tim = 0.955 x 545 300/100

=1561mm” > A,

Hence, the beam is under-reinforced.
Assuming the tension steel yields, the tensile and
compressive forces are computed as follows:

T=Ayfy=0.87A,f,= (0.87)(1473) 415 = 531,827N

C = 0.36f.4bx, = (0.36)(20)(300)x, = 2160x, N
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Equating 7 and C and solving for x,,,
x, =531,827/2160 = 246.2 mm

Leverarm z=d—0.416x,=545—-0.416(246.2)=442.6 mm
Hence, M,, = (531,827)(442.6) 107% = 235.4kNm

(b) Using the equivalent rectangular stress block as in ACI
318, the tensile and compressive forces are calculated as
follows:

T=Aufy=0.87A,f,=0.87(1473)415 = 531,827 N

C =0.45f1ba = (0.45)(20)(300)a = 2700a N
Equating 7" and C and solving for a,

a=531,827/2700 =197 mm

Lever arm z =d — a/2 =545 — 197/2 = 446.5 mm

M, = Tz = 0.87,A, (d — 0.5a) = (531,827)(446.5)107° =
237.46kNm

It should be noted that this value of M, = 237.46kNm
compares well with the value of 235.4kNm calculated
using the parabolic-rectangular stress block of IS 456.

ExampLE 5.4 (Capacity of singly reinforced rectangular
section):

Determine whether the section shown in Fig. 5.41 can
withstand a factored applied bending moment of 100kNm,
with A, = 2 numbers 20 diameter = 628 mm?, Jy =415 MPa,
and f; = 30 MPa.

200
E =450
o
b
A, =628 mm?
—_ [ ) [ ]
FIG.541 Beam of Example 5.4

SOLUTION:
Assume a concrete cover of SO0mm. Then d =500 — 50 =450mm

19.82f,  19.82x30
pt,hm fy 415

A, i =1.432 %450 % 200/100 = 1289 mm?> > A,

=1.432,

st,lim

Hence, the beam is under-reinforced.

A,
M, =087 fyAS,d[l - ';’—bl’i)
ck

415%x628

=0.87x415%x628x450[ 1 - ———="=°__|107®
30 x 450 % 200

=92.18 kNm
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Let us check the capacity of the beam for concrete failure: xs +626.5x, —2,19,275=0
M, i = 0.138fckbd2 This is a quadratic equation in x,. Solving, we get
=0.138 x 30 x 200 x 4507 x 107 X X
~167.67 KNm x,=250.13 mm, (E”J =0.7146 > (j‘)hm =0.479
This confirms that the failure by steel yielding governs. 350 — x 350 —250.13
Since M,, (92.18kNm) is less than the applied moment M, f, =700 . L =170 25013

(100kNm), the cross section is not adequate and is unsafe. u

2 2
ExampLE 5.5 (Analysis of over-reinforced rectangular beam): =279.5 N/mm* <415/1.15 = 360.9 N/mm

C.alculate the max.imum moment that the beam shown in Step 4 Calculate the moment capacity.
Fig. 5.42 can sustain. Assume f; = 25MPa and f, = 415 MPa.
) M, = fA,,(d—-0416x,)

200 -6
I — =279.5x1611(350 - 0.416x250.13) x 10
=110.74 kNm
g ExAMPLE 5.6 (Analysis of rectangular beam with a steel plate):
=
§ Find the ultimate moment capacity of a rectangular beam
[ shown in Fig. 5.43, which has been found to be inadequate
= 5 to carry the external loading and hence repaired by gluing
e AS‘ - 16.11m:n a steel plate of thickness 3mm (yield strength 250 N/mm?)
at the bottom of the beam. Assume f; = 20MPa and f, =
FIG.5.42 Beam of Example 5.5 250 MPa.
250
SOLUTION: _T_
- 19.82fy _1982x25 . o x, ¢
t,lim — - - >
| 415 E - JL )
Ay jim = 1.194 X350 % 200/100 sl 7
) [
=835.8 mm” < A, 3| ~
Hence, the section is over-reinforced. 4#16
Step 1 Assume tension reinforcement has yielded and —|® e 00 h
calculate x,,. - I N
. ™ Steel plate :
T P— p
As per Eq. (5.18a) 200mm  =3mm
x, 087/ A,  087x415x1611 FIG.5.43 Beam of Example 5.6
d 036f,bd 0.36x25x350x200
SoLUTION:
=0923> (x_uj =0.479 Area of the plate A, = 3 x 200 = 600 mm?
d Jiim Area of steel bars =4 x 201 = 808 mm?

NOW, C= Tl + T2

Assume that both the steel bars and the plate yield.

' ' 0.36fubx, =Ag f,/1.15 + A, f,,/1.15

Step 2 Determine the stress in steel. 0.36 x 20 x 250 x, = 808 X 250/1.15 + 600 x 250/1.15
350 - x, _ 2,45,000 - 700x, x, = 170.05mm

which shows that the tension reinforcement has not yielded.
Trial value of x,, = 0.923 x 350 = 323.1 mm

Stress in steel, f, =700

x x
Step 3 Recalculate x,,. ! ! Check for steel yielding
0.36f,.bx, = A f, As per Table 5.5, (%J for f, = 250 N/mm? = 0.531
lim
2,45,000 - 700, Hence x,ji, = 0.531 X 550 = 292.05 mm < 170.05 mm

ie, 036%x25x200xx,=1611x R
X, Hence, steel yielding governs.



The stress in the plate

dp - Xy
£, =700~

xu

(601.5-170.05)
170.05
=1776 N/mm® > 250/1.15

=700

Hence, the steel plate also yields.

Calculation of ultimate moment capacity
Taking moment about the concrete force C, we get

M, =T,(d-0.416x,)+T,(d, —0.416x,)

M, =0.87x250 x808(550 — 0.416 x 170.05)
+0.87 x 250 x 600 % (601.5—-0.416 x170.05)

M, = (84.22 + 69.26) x 10°Nmm = 153.48 kNm

ExampLE 5.7 (Analysis of trapezoidal section):

Find the ultimate moment capacity of an RC trapezoidal
section as shown in Fig. 5.44. The beam has a top width of
400 mm, depth of 550 mm, and width at the level of centroid
of reinforcement as 250 mm. Assume A, = 1473 mm?, £, =
25MPa, and ]3 =415Pa.

|<$,| 0.0035
(]
S
w
1]
=
X O —T
A, =1473mm?

FIG. 5.44 Trapezoidal beam of Example 5.7
SoLUTION:
Step 1 Compute x,,.
Assume tension steel has yielded. Then
0.36f4A. = 0.87f,A
(0.36 x25)A.=0.87 x 415 x 1473

_0.87x415x1473
¢ 0.36 X 25
A. = Average width X x, mm

150 x (500 —-x,)
500

=59,091.85 mm?

2

Average width = %|:4()() + (250 +

= %[650 +0.3(500 — x,,)]

= (-0.15x, + 400)
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Hence, A, = (-0.15x,+ 400)x, = 59,091.85
Expanding we get
0.15x,%— 400x, + 59,091.85=0
x> —2666.7x, + 3,93,945 =0
2
o= 26667126667 ~4x393.945 _ o7
2
Step 2 Check for &,
d—x,=500- 157 =343 mm
e = 0.0035(d - x,,) _ 0.0035 x 343 — 0.0076 > 0.0038

' X 157

u

Hence, the tension steel yields.

%: %: 0.314<x“’%= 0.479

Hence, it is acceptable.

Step 3 Check T=C.

T=0387f,A; =0.87x415x 1473 x 1073 =531.8kN
C=0.36f4A.=0.36 X 25 % 59,091.85 x 1073 = 531.8 kN
Hence, it is acceptable.

Step 4 Find the centre of compres-

T sion and lever arm.
=157 Width b of beam at neutral axis =
¢ ! b =250 + (150/500) (500 — 157) =
v 352.9mm
dex Let CG be y from the top fibre.
! Then
h (a + 2b)
y==
3\ a+b
_ 1571 400 +2x352.9
3 400+ 352.9
=76.86 mm
Step 5 Calculate M,,.
z=500—-76.86 =423.14mm
M,=Tz=531.8x0.423 =225kNm
Check using SP 16
400+ 250
Average breadth = ——— =325mm
A %100
With d = 500, 22190 1473 X100 _, 60,

bd  500%325

From Table 3 of SP 16, M, /bd? = 2.755
Hence, M, = 2.755 x 325 x 500% x 10~ = 223.8 kNm
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ExampLE 5.8 (Analysis of cross-shaped section):
Find the ultimate moment capacity of the cross section shown
in Fig. 5.45. Assume f,; = 25N/mm? and f, = 415 N/mm?.

150 l C

150 B g : T 15.58
400
[ X N J —>T
T T
150 200 150
A, =942 mm?

FIG. 5.45 +-shaped beam of Example 5.8

SoLuTION:
Step 1 Compute x,,.
Assuming tension steel has yielded,

0.36f,4A. = 0.87f,A,
0.36 X 25 x A, = 0.87 x 415 x 942

Hence, A, = 37,789.9 mm?

Since A, is greater than 200 mm X 150mm = 30,000 mm?
(top portion of the beam shown in Fig. 5.45), let us assume
that the neutral axis distance is below the top portion, at a
distance equal to x,.

X, X 500 + 150 x 200 = 37,789.9
X, =15.58 mm
Therefore, x, = 150 + 15.58 = 165.58 mm

Step 2 Check the yielding of steel. Assuming a cover of
50 mm,

d =150+ 150 + 400 — 50 = 650mm

165.
Yu 10998 _ 55 < (x d), = 0479
d 650
Hence, tension steel will yield.

Step 3 Compute M,,.
Taking moment about tension force, T’

M, =Cy; + Coys

C;=0.36 x25 %200 x 150/1000 = 270kN
y; =650 —150/2 = 575 mm

C,=0.36 x 25 x 500 x 15.58/1000 = 70.11 kN
v, =650 — 150 — 15.58/2 =492.21 mm

M, =270 x575/1000 + 70.11 x 492.21/1000

=189.75kNm
The following are a few examples for the design of singly
reinforced rectangular beams.

ExampLE 5.9 (Design of singly reinforced rectangular
concrete):

Design a singly reinforced concrete beam of width 250 mm,
subjected to an ultimate moment of 130kNm. Assume f; =
20MPa and f, = 415 MPa.

SoLuTION:
Step 1 Determine the depth of the beam.
From Eq. (5.28)

[12M, _ [1.2x130x10°

N fub 20 % 250
Provide d = 460 mm with cover as 40 mm. Thus D =460 + 40
=500 mm.

Step 2 Check for x,/d (Eq. 5.29a).
(x—] =12- |[1.44- 6‘68Mz“
d fuibd

6
12— 1.44—M =0.407
20 x 250 X 460

The value of (x,/d) is less than that of (x,/d)};, = 0.479 for Fe
415 steel. Thus, the section is under-reinforced and also the
depth provided is more than the balanced section.

d =433mm

Step 3 Determine the area of reinforcement.
z= d(l - 0.416%”) = 460(1 -0.416 % 0.407) =382.12 mm

M 130x10°

u

Avt = = = 9422 mm2
’ 0.87fyz 0.87x415%x382.12

Provide three 20mm diameter bars with Ay, = 942mm? In
addition, provide two 8mm diameter hanger rods. The
designed beam is shown in Fig. 5.46.

b =250

2#8

460

d

3#20
