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ABSTRACT

Strength and ductility are the two important factors to be considered in the design
of structures subjected to seismic and other dynamic forces. Hence many attempts
have been made in the recent past to develop new materials which exhibit higher
strength and ductility than conventional concrete, so that théy could be used in the
case of structures subjected to seismic loading, impact or blast loading, cyclic loading
etc. It has been understood from the literature that many of the engineering properties
such as tensile strength, compressive strength, flexural strength, fracture toughness,
energy absorption capacity, strain at peak load etc. of the conventional concrete could
be improved by the addition of steel fibres. Similarly incorporation of polymers into
the concrete also have been found to enhance the foresaid properties significantly.
However no attempts have been come across on the combined of effect of steel fibres

and polymers on the strength and behaviour of conventional concrete.

Considering this gap in the existing knowledge, an attempt has been made to
study the combined effect of polymers and steel fibres on the strength and behaviour
of conventional concrete. The polymer considered in this study is natural rubber latex.
The preliminary studies on small size specimens and extension of the same to large-
scale flexural members indicate that several engineering properties of the
conventional concrete could be significantly improved by the latex modification and

incorporation of steel fibres into the same.

Also, in the limit state design of reinforced concrete structures, cracking is one
of the limit states, which the design has to satisfy to ensure serviceability of the
structure. Limiting the width of cracks is important from the aesthetic point of view,
to ensure water tightness and to safeguard the reinforcement against corrosion. For
this purpose, suitable methods for estimating the width of cracks are required. Many
variables influence the width and spacing of cracks in reinforced concrete members.
Due to the complexity of the problem, a number of methods have been developed in
the past to determine the width and spacing of cracks. These methods are generally
based on the theoretical basis and partly on the test results. Some investigators have.

also developed empirical equations from the statistical analysis of the test results.
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Some of these methods for predicting maximum width of crack have been introduced
into the International Codes of practice with or without modification. While several
methods are available for predicting the width and spacing of cracks in reinforced
concrete flexural members, no information is available in literature for predicting the
width and spacing of cracks in steel fibre reinforced concrete flexural members and
polymer modified steel fibre concrete members. Hence an attempt is also made to
propose a method for predicting the maximum width and spacing of cracks in steel
fibre concrete conventional members. The same method has been suitably modified to
account for the presence of polymer in the latex modified steel fibre reinforced

concrete flexural members.

Taking note of the above points, the present investigation has been planned

with an aim towards:

i Obtaining the physical properties such as compressive and flexural strength,
strain at peak load, energy absorption capacity etc. of latex modified concrete

using small specimens like cubes, cylinders and prisms

ii. Studying the effect of latex modification and addition of steel fibres on the

strength and behaviour of conventionally reinforced concrete flexural members

ii. Investigating effect of confined steel fibre reinforced concrete in the

compression zone of latex modified reinforced concrete flexural members and

iv. Developing a method for determining the spacing and maximum width of
cracks in
a. Reinforced concrete flexural members additionally reinforced with steel

fibres

b. Latex modified reinforced concrete flexural members additionally

reinforced with steel fibres.




The studies undertaken are as follows
1. Preliminary Studies on Latex Modified Concrete

An expetimental programme was carried out to study the effect of natural
rubber latex as polymer on the strength and behaviour of conventional concrete under
compression and flexure. Also the effect of confinement on the strength and behaviour
of latex modified concrete under Uni.-axial compression was studied. This
preliminary investigation was restricted to small-scale specimens and the outcome of
this experimental programme was suitably made use of in the later stages, for

prototype flexural members.

The preliminary study revealed that the addition of small quantities of Dry
Rubber Content (DRC) marginally improved the compressive and flexural strength of
conventional concrete. A significant increase in the strain at peak load, energy
absorption capacity was observed with the addition of 0.5% to 1.0% DRC. Further it
was observed that the foresaid properties could be increased appreciably by providing
confinement. Also the s'tudies reveal that the reduction in strength due to the addition
of higher percentage of DRC (more than 1.0%) can be markedly reduced by providing

higher volumetric ratio of confinement.
2. Latex Modified Steel Fibre Reinforced Concrete Flexural Members

An attempt is made to study combined effect of latex and steel fibres on the
strength and behaviour of conventiohally reinforced concrete flexural members.
Totally sixteen beams of 125 x 200 x 2000mm size were cast and tested. Out of these,
twelve beams were latex modified steel fibre concrete beams and four were latex
modified beams. Three different values of percentages of volume fraction of steel
fibres (Vi) i.e.0.5, 1.0 and 1.5% and three different percentages of DRC i.e. 0.5, 1.0
and 1.5% were used as variables. The test results revealed that the addition of latex
(0.5 to 1.0% of DRC) improve the first crack load and ultimate moment of resistance
of the flexural members. The overall improvement in the ductility, toughness index"
and energy absorption capacity achieved due to the addition of latex and steel fibres
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indicate that latex modified steel fibre reinforced concrete appears to be an
appropriate material for structures subjected to cyclic, impact, dynamic loading etc.
Also an attempt is made to predict the first crack load and ultimate moment of
resistance of latex modified steel fibre reinforced concrete flexural members.

3. Latex Modified Reinforced Concrete Beams with Confined Steel Fibre

Reinforced Concrete in the Compression Zone

An attempt is made to study the effect of confined steel fibre concrete in the
compression zone of latex modified reinforced concrete flexural members. The
experimental programme consisted of casting and testing sixteen beams of 125 x 200
x 2000 mm size. The spiral hoops were used to confine the concrete in the
compression zone. The studies reveal that the provision of confined steel fibre
concrete in the compression zone of the latex modified reinforced concrete beams
increases the load carrying capacity, ductility, the energy absorption capacity and
toughness index of the specimens upto certain level and then decreases as the

percentage of DRC increases.

4. Studies on Cracking of Latex Modified Steel Fibre Reinforced Concrete

Flexural Members:
a. Comparison of International Codes

An attempt is made to compare the methods adopted in the International Codes
of practice for predict’ing the maximum width of cracks in reinforced cement flexural
members using the test results available in the literature. A total number of 732 test
results reported by Hognestad, Clark, and Base et al have been used for comparing
their experimental maximum width of cracks with those computed from the
equations of ( i ) British Code (BS 8110 -1985), (ii) Model Code -1990, (iii) Gergely
Lutz equation ( ACI - 318-1995) and (iv) Chinese Code (GBJ10-89, 1989). From the
comparison it was found that Gergely Lutz equation (ACI Code equation) predicts the
width of cracks better when compared to the other equations. As these International
Equations for predicting the maximum width of cracks did not compare satisfactorily
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with the experimental maximum width of cracks in the case of steel fibre concrete

flexural members, the following method has been proposed.

b. Spacing and Width of Cracks in Steel Fibre Reinforced Concrete Flexural

Members

A method has been proposed to determine the spacing and width of cracks in
steel fibre reinforced concrete flexural members. The above method is the extension
of the method proposed for reinforced concrete flexural members with the appropriate
modification introduced to account for the presence of steel fibres in the reinforced
concrete flexural members. The test results available in the literature have been used
for evaluating the empirical constants appearing in the equation proposed in this
study. The computed values of spacing and maximum width of cracks are found to

compare satisfactorily with the test results.

c. Spacing and Width of Cracks in Latex Modified Steel Fibre Reinforced

Concrete Flexural Members

A method is proposed to determine the spacing and maximum width of cracks
in latex modified steel fibre reinforced concrete flexural members. The above method
is an extension of the method proposed earlier for steel fibre reinforced concrete
flexural members. Computation indicated that the presence of latex influences the
strain in steel. A correction factor F to that effect was introduced in the proposed
method. With the corrected values of steel strain, the spacing and maximum width of
cracks were computed and compared with the experimental test results obtained in
this study. The proposed method for computing the spacing and maximum width of

cracks was found to compare satisfactorily with the experimental values.

The above studies are expected to be useful in a better understanding of
strength and behaviour of latex modified steel fibre reinforced concrete flexural

members with and without confinement. Also the methods proposed to predict the
spacing and maximum width of cracks for steel fibre reinforced concrete flexural

members and latex modified steel fibre reinforced concrete flexural members would
be useful in the formulations related to limiting crack width criterion in the design of-

these structural members.




Based on the present studies, the following papers have been published so far

along with the guide:

Journals

1. "Comparison of International Codes for the Prediction of Maximum Width of -
Cracks in Reinforced Concrete Flexural Members", The Indian Concrete
Journal, Vol. 70, No.11, November 1996, pp. 635-641.

2. "Prediction of Spacing and Maximum Widith of Cracks in Steel Fibre
Reinforced Concrete Flexural Members", Journal of Structural Engineering,
Vol. 24, No.3, October 1997, pp. 143-148

3. "Strength and Ductility of Latex Modified Steel Fibre Reinforced Concrete
Flexural members", Paper accepted for publication in the Journal of Structural
Engineering.

Conferences:

4. “Latex Modified Steel Fibre Reinforced Concrete for Seismic Resistant

Structures" Paper presented at the National Seminar on Civil Engineering in
Disaster Management, held at Trivandrum, during 7-8, December 1995. pp. 5-
1-5-10.

5. "Effect of Latex Modification on the Strength and Behaviour of Confined
Concrete under Uni-Axial Compression”, Paper presented at the International
Seminar on Civil Engineering Practices in the Twenty-first Century, held at
Roorkee during 26-28, February - 1996. pp. 757-764.

6.  "Prediction of First Crack l.oad and Ultimate Moment of Resistance of Polymer
Modified Steel Fibre Reinforced Concrete Flexural members". Paper
presented at the National seminar on High Performance Concretes, held at
Chennai during 21-22 May 1998, pp. TS2-33- 41.

7. "Performance of Latex Modified Reinforced Concrete Flexural Members with

Confined Steel Fibre Concrete in the Compression Zone", Paper presented at
the Sixth NCB International Seminar on Cement and Building Materials, held
at New Delhi, during 24-27, November 1998.
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NOTATIONS

- Effective area of concrete in tension

- Aspect ratio of fibre

- Area of main steel reinforcement

- Average crack spacing

- Average spacing of cracks when they have just formed

- Width of the slab or beam

- Distance from the point at which the crack is to be determined to the surface
of the nearest reinforcement

- A Constant

t

Effective depth of slab or beam

- Modulus of Elasticity of concrete

- Modulus of Elasticity of Steel

- Steel stress

- Ultimate bond strength

- Yield strength or 0.2% proof stress of steel binder.

- Ultimate strength of unconfined concrete specimen.
- Ultimate strength of confined concrete specimen.

Ultimate $trength of Latex modified confined concrete

- Tensile strength of concrete

- Characteristic strength of concrete

- Overall depth of cross section

- distance from the centroid of the tension steel to the neutral axis

- distance from the point at which the crack width is to be determined to the neutral
axis

- Moment of inertia of cracked section

- Factor giving average bond stress

- Factor giving average tensile stress

- Bending moment

- modular ratio ( Es/ Ec)

- Ultimate bending moment

- Moment at cracking

- Volume fraction of fibres

- Maximum crack width on the surface of the beam

- Calculated Maximum crack width

- Maximum crack width obtained from experiment

- maximum crack width at the lower extreme fibre

v
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X
Es
Es(cah

Es(cor)

po

Pb

Amin
u

20

N

Neutral axis depth of a cracked section

Strain in steel

Calculated steel strain

Corrected steel strain

A constant.

Diameter of bar

Volumetric ratio of confinement, ie, ratio of volume of binder to volume of core
concrete.

Particular volumetric ratio of confinement when the pitch of binder is equal to the
least lateral dimension of the specimen.

minimum crack spacing

average bond stress

sum of the perimeters of the bar.
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CHAPTER -1

INTRODUCTION

1.1 General

In the construction industry, Concrete Technology is heading towards an entirely
new era by way of using polymers and fibres along with superplasticizers in concrete.
Increasing interest is being shown in the area of new materials in the past two decades.
This is quite understandable because, it is slowly, but increasingly being recognised that
economic progress in construction depends more on an intelligent use of the materials
and constant improvement of available materials than on extreme refinements of

structural analysis.

Reinforced concrete structures, unlike steel structures, tend to fracture or fail in a
relatively brittle fashion, as the du;:tility or deformation capacity of conventional
concrete is limited. In such structures the brittle failure as a result of inelastic
deformation can be avoided only if the concrete is made to behave in a ductile manner

so that the member can absorb and dissipate large amount of energy.

The aforesaid reasons attracted several researchers and their investigations have
resulted in the development of new materials like polymer composites, fibre composites,
ferrocement etc. Also the investigations have revealed that providing suitable
confinement to the concrete in the compression zone could further enhance the peak
strength, strain at peak load and ductility of conventional reinforced concrete members.
While several investigations are available in literature on the strength and behaviour of
steel fibre reinforced concrete (SFRC) and polymer composites, attempts on polymer
modified SFRC, which reflects the combined effect of polymers and steel fibres on the
conventional concrete spccimens are scanty. This gap in the existing knowledge

suggests that a research programme on the strength and behaviour of polymer modified




fibre reinforced concrete would be of much relevance. Hence an attempt has been made
to conduct an experimental investigation to study, first, the effect of addition of
polymers and steel fibres on the strength and behaviour of conventional concrete and
subsequently extend this investigation to study the combined effect of polymer
modification and addition of steel fibres on prototype conventional reinforced concrete

structural members such as flexural members.
1.2 Polymer Concrete Composites

Though concrete is the most widely used construction material, it suffers from
three major weaknesses - low tensile strength, high porosity and susceptibility to
chemical and environmental attack. Most of these disadvantages found in ordinary
structural concrete are removed by using polymer concrete composites. Polymer
concrete composites are relatively a new development and are extensively used in many
structural applications. They possess very high strength (up to 200 N/mm? in
compression) and are more durable and resistant to most of the chemicals and acids

[68].

Various types of polymer concrete composites make use of what are known as
monomers. A monomer is an organic molecule, which is capable of combining
chemically with similér or different molecules to form a higher molecular weight
compound known as a polymer. A polymer consists of several monomers, which are
linked, together in a chain like structure and the chemical process is called

polymerisation.

Polymers are chemically inert materials having higher tensile and compressive
strengths than conventional concrete. However, polymers have a lower modulus of
elasticity and a higher creep, and may be degraded by heat, oxidising agents, ultra violet

light, chemicals and micro-organisms. Also, certain organic solvents may cause stress




cracking. Many of these disadvantages can be overcome by choosing a suitable polymer

and by adding substances to the polymer which suppress the harmful effects.

There are different types of polymer and are being used in cement concrete
construction. They are aqueous polymers, powder emulsions, water soluble polymers,
liquid polymers etc. Rubber latex comes under aqueous polymer category. Recent
studies indicate that both natural and synthetic rubber latex improve the engineering

properties of concrete markedly.

The technology of polymer concrete is still, to a large extent, in the experimental
stage. Extensive wérk is being done presently in different parts of the world to arrive at
practically acceptable technologies and optimum concrete polymer combinations
suitable for convenient commercial applications. More practical applications and their

performance studies instil more confidence for field applications of these materials.

1.3 Fibre Reinforced Concrete

Fibre reinforced concrete is the concrete made of hydraulic cement, containing
fine or fine and coarse aggregates and discontinuous discrete fibres [1]. Mainly three
types of fibres - glass, polypropylene and steel are currently being used as concrete
reinforcement. Due to the low effectiveness, poor alkaline resistance or high cost, the
use of other fibres such as nylon, rayon carbon etc. has been almost ruled out after initial

investigation.

Inclusion of randomly distributed steel fibres has been found to enhance the
tensile strength and fracture toughness of cementitious materials significantly [77].
These improvements can be attributed to the arrest of micro cracks by fibres and also to

the restraint against widening of cracks provided by the fibres bridging these cracks.



Steel fibre reinforced concrete has found many interesting field applications in
the mass concrete work. They include bridge decks and overlays, highways and airfield

pavements, repair work in dam’s etc.

1.4  Polymer Modified Steel Fibre Reinforced Concrete

Polymer modified steel fibre reinforced concrete is made of hydraulic cement,

containing fine or fine and coarse aggregate, discontinuous discrete fibres and polymers.

When fibres and polymers are added to conventional concrete they improve
mechanical properties of conventional concrete significantly. Recent tests on polymer
modified steel fibre concrete indicate that they are more durable. In literature only a few
studies are available on polymer modified steel fibre concrete and these are restricted to
small-scale specimens only. However studies on the effect of latex modified steel fibre
concrete on the flexural behaviour of conventional RCC members have not been

encountered in literature.

1.5 Current Research Trends

Strength and ductility are two important factors to be considered in the design of
structures subjected to seismic forces and dynamic forces. Hence many attempts have
been made in the recent past to develop new materials which exhibit higher strength and
ductility, so that they could be used in the disaster resistant structures. Some of the
materials, which have been developed, are Steel Fibre Reinforced Concrete (SFRC);
polymer mgdified concrete etc. Incorporation of either steel fibres or polymers has been
found to improve many df the mechanical properties of conventional concrete. Research
activities are still in progress in this area with different types of fibres and polymers.
However, no attempts have been made so far to study the combined effect of steel fibres

and polymers on the behaviour of conventionally reinforced cement concrete members.




1.6  Concluding Remarks

It has been understood from the literature that many engineering properties like
tensile and flexural strength, fracture toughness, energy absorption capacity, strain at
peak load etc. could be improved by the addition of steel fibres and polymers to
conventional concrete. However, no attempts have been made in the past to study the
combined effect of steel fibres and polymers on the flexural behaviour of conventional
cement concrete. Hence an attempt has been made through the present investigation to
study the effect of latex modification and inclusion of steel fibres on the physical
properties like compressive strength, flexural strength, strain at peak load etc. using
control specimens first and extend the investigation to study the effect of polymer
modified steel fibre reinforced concrete on the behaviour of structural members. The
structural members considered in this study are flexural members subjected to point

loads.

The investigation consists of three major parts: The first part deals with the
studies on the effect of polymer (latex) modification and the inclusion of steel fibres on
the flexural behaviour of conventionally reinforced concrete beams. The second part
deals with the flexural behaviour of polymer modified reinforced concrete beams with
confined SFRC in the compression zone. The third part deals with the studies carried out
on the cracking behaviour of reinforced concrete flexural members with steel fibres. A
method has been proposed for estimating the width and spacing of cracks in these
members. Also the proposed method has been further modified to account for the

addition of polymer (latex) in the case of latex modified steel fibre reinforced concrete

flexural members.

1.7  Structure of the Report

The report consists of Seven Chapters. The first Chapter gives a brief

introduction to the investigation carried out and explains the research significance of the




present investigation. The previous studies in the field of fibre reinforced concrete,
polymer-modified concrete and confined concrete have been critically discussed in
Chapter 2 under the heading "Review of Literature". Towards the end of this Chapter,

scope of the present investigation is discussed in detail.

Chapter 3 deals with the preliminary studies on latex modified concrete. In this
Chapter attempts have been made to study the effect of natural rubber latex as polymer
on the strength and behaviour of conventional concrete in compression and flexural
members. The conclusions arrived at, based on this investigation has been discussed in

this Chapter.

Chapter 4 deals with the studies on latex modified steel fibre reinforced concrete
fexural members. In this Chapter, effect of addition of latex and steel fibres on the
flexural behaviour, ductility, toughness index, energy absorption capacity has been
discussed in detail. A method has been proposed to predict the first crack load and
ultimate moment of resistance of latex modified steel fibre reinforced concrete flexural

members. Conclusions arrived at, based on this study has been discussed in detail.

Chapter 5 deals with the studies on latex modified reinforced concrete flexural
members with confined SFRC in the compression zone. In this Chapter, effect of
addition of latex and confined steel fibre reinforced concrete in the compression zone of

the conventionally reinforced concrete flexural members has been discussed in detail.

Chapter 6 deals with the studies carried out on the cracking behaviour of
reinforced concrete flexural members with steel fibres and latex. To start with, attempts
have been made to comipare the International equations available in the literature for the
prediction of maximum width of cracks with available test results in literature.
Subsequently a method has been proposed for estimating the width and spacing of

cracks in steel fibre reinforced concrete flexural members. Also an attempt has been




made to extend the proposed method for predicting the width of cracks in the case of

latex modified SFRC flexural members.

In Chapter 7, the conclusions arrived at, based on the experimental

investigation have been given.
In Appendix 1, II, IIl, and IV model calculations for

@) Prediction of first ¢rack load and ultimate moment of resistance in the case of
latex modified steel fibre reinforced concrete flexural members.

(i)  Details of test results used for comparing the International Code equations and
prediction of maximum width of crack in the case of reinforced concrete

(ii1) * Prediction of spacing and maximum width in the case of steel fibre reinforced
concrete flexural members and

(iv)  Prediction of spacing and maximum width in the case of latex modified steel

fibre reinforced concrete flexural members




CHAPTER 2

REVIEW OF LITERATURE

2.1 Introduction

The present investigation deals with the studies on polymer modified steel fibre
reinforced concrete. Already polymer composites, steel fibre composites and polymer
modified steel fibre reinforced concrete have been introduced briefly in Chapter 1. As
flexural members play an important role in a structural system, specific attention has
been given to study the effect of polymer modified steel fibre reinforced concrete on the
behaviour of the same. An attempt has been made to review briefly the available

literature on the following topics with special reference to flexural members.

1) Steel fibre reinforced concrete
it) Polymer modified concrete
i) Confined Concrete and

iv) Cracking of reinforced concrete

A large number of investigations are available in literature on the mechanical
properties, durability etc. on the above topics and have been reviewed by other
researchers [4,42,65,77]. As they are not within the purview of the scope of the present
investigation, they are not reviewed in this Chapter. Since the aim of the present
investigation is to study the flexural behaviour of polymer modified steel fibre
reinforced concrete members, only those investigations related to the flexural behaviour
of conventional reinforced concrete members additionally reinforced with steel fibres or
polymers and provided with confinement in the compression zone have been discussed

in detail. The scope of the present investigation is given at the end of this Chapter.



2.2 Steel Fibre Reinforced Concrete

Fibre reinforced concrete is made of hydraulic cement containing fine or fine and

coarse aggregates and discontinuous discrete fibres [1].

It appears that Romualdi and Batson [81] were the first to incorporate aligned
steel fibres to serve as a crack arresting mechanism. The continuous steel wires were
aligned on the tension side of the beams and they found that the fracture arrest could be
achieved by reducing the spacing of reinforcement to a suitable scale. Also from
theoretical studies, they showed that the tensile cracking strength increased

proportionately to the inverse square root of the spacing of reinforcement.

Based on their experimental investigation, Shah and Rangan [89] proposed a
model to explain the reinforcing mechanism of fibre reinforced concrete. Different
volumes, lengths, orientation and types of fibres were used. They compared fibre
reinforced concrete with conventional reinforced concrete in flexure, tension and
compression. They observed a significant increase in reinforcing effect of fibres after the
cracks are initiated in the matrix, just as with conventional tensile and stirrup
reinforcement. The post cracking resistance of fibres was considerably influenced by
their length, orientation and stress-strain relationship. They have analytically predicted
the reinforcing action of fibres by using composite materials approach based on the

properties of individual components.

An experimental and analytical investigation of the mechanical properties of
cement mortar reinforced with randomly oriented short steel fibres was carried out by
Pakotiprapha et al [66]. Analytically, the material was treated as a composite and
explicit expressions were derived for its properties in flexure, torsion, axial compression

and tension by the law of mixtures.



An investigation into the mechanics of steel fibre reinforced concrete and its
behaviour under uniaxial tension was carried out by Rajagopalan et al [76). Equations
were derived to predict. the ultimate strength in flexure of steel fibre reinforced concrete
beams with uniformly dispersed and randomly oriented fibre reinforcement. The effect
of fibre reinforcement on the strength at first crack and also on ductility and ultimate
strength was also studied. From their study, they have observed a significant increase in

flexural strength by the inclusion of steel fibres in the tension zone only.

Ramakrishnan et al [77] carried out an extensive experimental investigation on
the performance characteristics of fibre reinforced concrete which included compressive
strength, static flexural strength including deflection, modulus of rupture, load deflection
curves, determination of first crack load, post cracking strength, flexural fatigue,
ultimate failure, pulse velocity and static and dynamic moduli of elasticity and plastic
mixing. They concluded that there was no "balling" effect of fibres during mixing and
placfng. Fibre reinforced concrete had better finishability and was easy to work with
even at higher fibre concentrations. Due to the addition of steel fibres, the ductility and
the post crack energy absorption capacity were greatly increased. There was a
tremendous increase in static flexural strength and a very significant improvement in the
flexural fatigue strength. They have noticed a considerable improvement in the

endurance limit due to the addition of steel fibres to conventional concrete.

Experiments by Swamy and A4l-Ta'an [96], reported the influence of fibre
reinforcement on the deformation and ultimate strength in flexure of reinforced concrete
beams. The fibre concrete was provided either over the whole depth of the beam or in
the effective tension zone surrounding the steel bars. An ultimate strength theory based
on the British and American Codes was given, taking into account the increased steel
strain at failure. This theory was based on the conventional compatibility and
equilibrium conditions used for normal reinforced concrete, except that the effects of

steel strain hardening and the contribution of steel fibres in the tension zone are

recognised.
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Henager [34] described a method for estimating the ultimate strength of
reinforced concrete beams with randomly oriented steel fibres. Strength of two
conventionally reinforced beams and six full size reinforced fibrous beams were tested
experimentally to verify the method. Both cold drawn steel fibres and newly developed
melt extracted fibres wetre used. About 25% increase in the moment capacity has been
noticed in fibrous concrete beams. The post cracking stiffness of the reinforced fibrous
beams was greater than .conventionally reinforced beams. The crack width and crack
spacing were less in reinforced steel fibre reinforced concrete beams and the first cracks

occurred at loads 1.33 to 1.67 times greater than the conventional beams.

In‘order to find the application of fibre reinforced concrete in the design of blast
resistant structures, Parameswaran et al [69] studied the behaviour of steel fibre
reiﬁforced concrete beams having equal compression and tension steel, adequately
designed to avoid shear failure. SFRC beams were reported to have much better load
dispersion characteristics as compared to normal reinforced concrete beams. Empirical

expressions for the static rigidity of the beams have also been derived.

Paramasivam et al [68] have given idealised stress- strain curves for steel fibre
concrete and reinforcing steel and derived simplified analytical expressions for the
moment curvature and load deflection behaviour of simply supported reinforced steel
fibre concrete beams in flexure. Analytical expressions were verified by testing
experimental beams. Analytically predicted moment curvature and load deflection
curves for test beams were found to agree well with the experimental data. The
reinforced steel fibre concrete beams showed higher flexural strength and curvature and
ductility at ultimate load when compared to similarly reinforced plain concrete beams.
Théir analytical approach seems to be very useful in the study and design of steel fibre

reinforced concrete flexural members.
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Santhakumar et al [85] conducted experimental studies on flexural behaviour of
prestressed fibrous concrete beams. They tested sixteen beams of prestressed fibrous
concrete and conventional prestressed concrete. The beams were tested under monotonic
and reversed cyclic loading. The results of beams tested under monotonic loading
exhibited superior performance with respect to load carrying capacity, stiffness, ductility
and energy absorption capacity for prestressed fibrous concrete members, when

compared to the conventional prestressed concrete members.

Dwarakanath and Nagaraj [22] conducted experimental studies on the flexural
behaviour of large size reinforced concrete beams of 1800mm x 208mm x 100mm size.
The beams reinforced with high strength deformed bars, both under-reinforced and over-
reinforced, with fibres over the entire depth and over half the depth of the beam in
tension side were considered for the investigation. They noticed that partial inclusion of
steel fibres over the half depth, in the case of under reinforced beams, was equally
beneficial on the full depth inclusion in controlling cracking and deflection and in
increasing the stiffness of beam. In the case of over-reinforced beams, fibres used in
small quantities were not found to be effective in any appreciable modification in the

dqformation behaviour of the beams.

Moens and Nemegeer [62] explain the procedure for designing fibre reinforced
concrete based on toughness characteristics of steel fibre reinforced concrete. They
commented that the basic properties of steel fibre are to be well known like for
conventional reinforcement, to aid the design of steel fibre concrete. According to the
type of application, various requirements like minimum flexural strength, compressive
strength, minimum energy absorption capacity of steel fibre concrete etc. must be
established for designing the steel fibre concrete. They specify that, in each of these
cases, the quantity of fibres needed to ensure that a given reference concrete will comply

with the relevant quality requirements can be inferred from the identity charts drawn for

a specific fibre type.
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Experimental results based on the bond behaviour of normal and high strength
conérete with and without fibres have been reported by Samen Ezeldin and Balaguru
[84]. A total of 18 mix proportions were investigated. In their study, they considered
silica fume content, fibre length, and fibre content and bar size as variables. The bond
tests were conducted using a modified pullout test in which concrete surrounding the bar
was in uniform tension. Their experimental investigation revealed that the presence of
silica fume resulted in higher bond strength but caused a brittle bond failure. Fibres
improved the ductility of concrete to a considerable extent. The slip values
corresponding to the maximum pullout load increased with the addition of steel fibres.
The addition of steel fibres contributed very little to the bond strength of specimens with

small bar diameter than the larger bars.

Antonio Nanni [7] has reviewed the existing literature on torsional performance
of steel fibre reinforced concrete with and without conventional reinforcement and
proposed design formulas for torsion following the format adopted by ACI 318-1989
[3]. Based on experimental evidence from the survey of literature he found that steel
fibre inclusion was shown to improve the torsional resistance of rectangular beams up to
approximately 60% compared to beams with or without conventional stirrups plus
longitudinal reinforcement. This effect has been considered in the studies to modify the

existing ACI 318-1989 torsional formulae.

Parviz Soroushian and Ziad Bayasi [73] have reported the results of an
experimental study on the relative effectiveness of different types of steel fibres in
concrete. The fibres considered in their study included straight-round, crimped-round,
crimped-rectangular, hooked-single and hooked collated fibres with an aspect ratio of
75. A constant fibre volume fraction of 2% was used in their investigation. The fresh
- fibrous mixes were characterised by their slump, inverted slump cone time, workability
and their compressive and flexural load deformation relationships. They concluded that
the overall workability of fresh mix was found to be largely independent of the fibre

type, with crimped fibres producing only higher slump. Hooked fibres were found to



enhance slightly the flexural and compressive behaviour of concrete. The crimped fibres
have shown slightly less effectiveness in improving strength and energy absorption

capacity of concrete compared to straight fibres.

Dwarakanath and Nagaraj [23] have studied different methods available for
predicting the flexural strength of steel fibre concrete composites. The existing methods
have been reviewed and a modified empirical approach has been developed to predict
the flexural strength of the composite. The direct tensile strength of the composite has
been used as the basic parameter in their approach. The comparative study of the test
values of the earlier investigation on fibre reinforced concrete and the computed values
from their investigation have given a better correlation and acéuracy. The specific
advantage of their method is that it requires only the determination of direct tensile
strength of the composite, which reﬂepts the combined effect of volume fraction and

aspect ratio of steel fibre reinforced concrete composites.

Kumar et al [53] have conducted a comparative study to determine the rotational
capacity and toughness of reinforced concrete beams with and without fibres. The beams
had equal reinforcement on both the faces and also reinforced in the web. Experimental
investigation on sixteen beams with fibres only in the tension zone and fibres in the
entire shear span have shown better performance than the beams with steel fibres only in
the tension zone. This choice resulted in improved rotational capacity; toughness and
ultimate strength compared to conventionally reinforced concrete beams.

Espion et.al [25] have reported the results of experimental research focusing on
two possible methods to enhance the service load behaviour of ordinary reinforced
concrete structural elements, i.e. the use of steel-fibre concrete and the use of high-
strength concrete. The programme involved the testing of nine reinforced concrete
beams with rectangular cross-section (b=250mm, h=150mm) and span L=1400mun.
The reinforcement ratios considered are p = 0.33, 0.52 and 0.75%. They also tested a

fibre-reinforced concrete beam with no bar reinforcement to determine the material



properties of fibre concrete. Test results show that the use of high-strength concrete

seems to be more effective than the use of fibre concrete to reduce the deflections at
service load level. They conclude from these tests that the tensile properties of cracked
fibre-reinforced concrete are too limited to reach the level of deformation that is
required in safe reinforced concrete design and that the use of steel fibres as

complementary reinforcement of rebars should be avoided.

Trottier et al [99] describes an experimental program in which four deformed
commercial fibres with widely different geometries were investigated in steel-fibre
reinforced concrete. Three matrices with compressive strengths of 42, 52, and 85
MPa were reinforced with fibres at a dosage rate of 40 kg/m’. Compressive and
flexural strengths were measured along with the elastic moduli. The focus of the
study, however, was to measure and characterise the toughness improvements in the
basic matrices due to the addition of various fibres. To this end, flexural load-
deflection curves were analysed in accordance with the ASTM and Japan Society of
Civil Engineers (JSCE) standard methods and also using a proposed-analysis scheme.
Their study points -out the limitations of the current techniques of toughness
characterization and identifies this, as an area with immediate research needs. For the
fibres and the matrices investigated, a strong influence of both fibre geometry and
matrix strength on the toughness characteristics of fibre-reinforced concrete was
observed. End-deformed fibres were, in general, found to perform superior to those

deformed throughout the length.

Gopalaratnam et al. [32] have presented a summary of the available methods
of characterising the flexural toughness of fibre reinforced concrete (FRC), with a
review of most of the toughness standards and guidelines from standards institutions
and other professional agencies in North America, Europe and Japan. Also they have
reviewed other significant proposals available in the published literature. They have
also discussed merits and drawbacks of these measures. Other related issues

discussed include the fundamental significance, problems with regard to experimental



measurements and the potential for practical design implementation of a toughness

measure.

Chenkui et al. [16] conducted experimental investigations to study the
properties, such as tensile, compressive, flexural strength, flexural toughness and
flexural fatigue strength, of steel fibre reinforced concrete containing larger aggregate
with maximum size of 40 mm. More than 400 specimens were tested, the results of
the tests showed that the properties of the fibre concrete might approach those of fibre
concrete containing small aggregate, when the size of steel fibre and the grading of
aggregates were rationally selected for the mixture of fibre concrete. Based on the test
results, some formulae were proposed to predict the properties of steel fibre concrete

with larger crushed stone.

Ezeldin et al [26] conducted the analytical studies on immediate and long-
term deflections of fibre-reinforced concrete beams. They report that the Addition of
discrete steel fibres to concrete enhances its properties, especially in the areas of
serviceability and toughness. With the increasing use of shallow sections made of
high-strength fibre concrete and capable of meeting the strength requirements,
deflection behaviour becomes an important factor that can control the design. They
have presented an analytical method that predicts the moment-curvature and load-
deflection relationships for beams made of fibre concrete and containing conventional
reinforcement. The proposed method evaluates the immediate deformation as well as
the long-term deformation as affected by creep and shrinkage. The tension stiffening
effect is incorporated to obtain a better prediction of the curvature and deflection. The
analytical algorithm proposed to generate the complete moment-curvature and load-

deflection curves provides a good correlation between predicted values and

experimental test data reported in the literature.

Wang et al [100] conducted studies on Fibre reinforced concrete beams under

impact loading. Impact tests were carried out on small concrete beams reinforced
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with different volumes of both polypropylene and steel fibres. The drop height of the
instrumented drop-weight impact machine was so chosen that some specimens failed
completely under a single drop of the hammer, while others required two blows to
bring about complete failure. It was found that, at volume fractions less than 0.5%,
polypropylene fibres gave only a modest increase in fracture energy. Steel fibres
could bring about much greater increases in fracture energy, with a transition in failure
modes occurring between steel fibre volumes of 0.5% and 0.75%. Below 0.5%, fibre
breaking was the primary failure mechanism and the increase in fracture energy was
also modest; above 0.75% fibre pullout was the primary mechanism with a large

increase in fracture energy.

Li et al [55] conducted studies on tensile behaviour of cement-based
composites with random discontinuous steel fibres. The tensile properties of cement-
based composites containing random discontinuous steel fibres are reported. Direct
tensile tests were performed to study the effects of fibre length (hence fibre aspect
ratio), interfacial bonding, and processing conditions on composite properties.

Composite tensile strength and ductility are highlighted and discussed.

Hughes et al [36] studied on the impact energy absorption at contact zone and
supports of reinforced plain and fibrous concrete beams. The total energy absorbed by
a reinforced concrete beam when struck by a hard impactor depends in part on the
local energy absorbed both in the contact zone and by the impactor. Test have been
performed on both beam segments and reinforced concrete beams to ascertain the
extent to which the local effects in nominally hard impacts affect the total energy
absorbed. The beam segments were rigidly supported along their length and were
impacted by the same solid impactor as that used for the flexural beam tests. The
energy absorption on initial indentation of the concrete in the contact area is shown to
be very small for either plain or fibre concrete. A simplified approach for designing
reinforced concrete beams for impact by quantifying the energy absorption from the

moment-rotation characteristics is also outlined.
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Tan et al [97] investigated the behaviour of partially prestressed beams with
steel fibres, alone or in combination with stirrups as shear reinforcement. A test
program was carried out with the partial prestressing and the shear span-to-effective
depth ratio, and the steel fibre content of the beam as major parameters. The influence
of the various parameters on beam behaviour is discussed. Test results indicate that
stirrups may be replaced by an equivalent amount of steel fibres without affecting the
stiffness, shear strength, and cracking behaviour of the beam. The equivalence of
steel fibres to stirrups is determined from the consideration of equilibrium of a
cracked element, and a simple equation is proposed for the prediction of the shear-

carrying capacity of partially prestressed steel fibre concrete (SFC) beams.

Filiatrault et al [28] conducted studies on seismic behaviour of steel-fibre
reinforced concrete interior beam-column joints. The use of steel-fibre reinforced
concrete to improve the behaviour of beam-column joints during earthquake
excitation was investigated. Results of quasi-static tests on three full-scale interior
beam-column joints and part of a prototype building designed according to the
National Building Code of Canada are presented. The first specimen was made of
normal concrete but ignored the special seismic recommendations related to the
spacing of lateral reinforcement in the beams, column, and joint. The second
specimen was also made of normal concrete and included full seismic details. The
third specimen was similar to the first one but incorporated hook-end steel fibres in
the joint region. Experimental results indicated that steel fibres bridging across cracks

in the concrete mix increase the joint shear strength and can diminish requirements for

closely spaced ties.

Spadea and Bencardino [92] studied the behaviour of composite concrete
sections reinforced with conventional steel bars and steel fibres, and subjected to
flexural cyclic loading beyond the yield point of steel bars, and analysed by means of

a mechanical model. The stress-strain relationships for the concrete, for the steel
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fibre, and for the steel bars arc assumed to be piccewise linear. These constitutive
laws are used to obtain the primary moment-curvature relationship of the section for
a monotonically increasing load up to failure. On this basic curve, the successive
stiffness degradation is created as a function of stress and strain levels reached in the
section at each load cycle. Strain hardening of steel and the combined effect of
confinement ensured by the stirrups and metal fibres are also taken into account. The
numerical results, obtained at first for ordinary reinforced concrete sections, are
compared with experimental results available in literature. Subsequemly, the model is
applied to study concrete sections reinforced with steel bars and stecl fibres, subjected
to a flexural cycle, with identical mechanical and geometrical specifications to the
reinforced concrete sections. The equality of the maximum curvature reached to each
load cycle for both kinds of sections is imposed, and comparisons are drawn in terms

of energy dissipation.

Parameswaran [70] has reported the Research and developmental work in
fibre reinforced concrete (FRC) composites. The use of FRC composites started in
India during early 1970s has now reached a stage when fibre concrete technology no
longer remains confined to laboratory experiments alone but has found significant
application in the production of precast concrete components and in in-situ
strengthening and repairs of concrete structures. The current applications include
flooring and roofing components, pipes, manhole covers and frames, precast thin wall
elements, tunnel lining, construction of blast-resistant structures and currency vaults.
He concludes that the large-scale application of this material is however, yet to catch-

up in India.

Toughness characterisation of fibre-reinforced concrete has been studied by
Taylor et al [98]. They have reported the strength and toughness measurements on a
range of normal and high strength concrete mixes, with and without fibre
reinforcement. Cube strength, modulus of rupture, cylinder splitting and torsional-

tension test results are rcported together with toughness measurements for



polypropylene and steel fibre-reinforced concrete. The toughness measurements were
carried out via two fracture-type test specimens rather than the traditional four-point
loading arrangement on un-notched beams. In the toughness tests, crack mouth
opening displacement (CMOD) was measured and used in a closed loop-testing mode
to achieve complete load/displacement curves. Three different concentrations of
polypropylene and steel fibres were investigated for each nominal grade of concrete
(40, 60, 80, 100 and 120 N/mm?), making 40 mixes in total. The results show that the
load/CMOD curves are a good basis for defining toughness since CMOD is measured |
easily and with less errors than that observed with the more traditional toughness
measurements based on load/displacement relationships obtained in deflection-
controlled testing machines. Good correlation was observed in the strength tests and
the two toughness tests showed similar load/CMOD curves and toughness indices.
The effect of fibre reinforcement on high strength and normal strength concretes were

found to be similar.

Khaloo and Kim [51] conducted studies on the mechanical properties of
normal to high-strength stecl fibre-reinforced concrete. A total of 84 specimens were
tested to study the eflect of concrete strength on the mechanical properties of concrete
reinforced with randomly distributed steel fibres. The concrete strengths investigated
include 25 MPa for normal-strength (NSC), 50 MPa for medium-strength (MSC), and
69 MPa represent_ing high-strength concrete (HSC). Fibre content ranges from 0 to
1.5% by volume of the concrete matrix. The influence of concrete strength on the
compressive strength, splitting tensile strength and modulus of rupture of steel fibre-
reinforced concrete (FRC) was presented. Based on the limited number of specimens
tested, it was concluded that HSC provides considerable improvement in compressive
strength for fibre content of up to 1% compared to that of NSC and MSC. Also,
modulus of rupture of NSFRC considerably improves due to fibre compared to those
of MSFRC and HSFRC. Splitting tensile strength results do not indicate a clear

dependency to concrele compressive strength.
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2.2.1 Comments on earlier works on steel fibre reinforced concrete

The review of literature on earlier works on steel fibre reinforced concrete and
the flexural behaviour of conventional reinforced concrete additionally reinforced with

steel fibres reveal the following:

i) The inclusion of steel fibres to cementitious materials improves many of the
engineering properties such as first crack strength, tensile strength, fracture toughness,
energy absorption capacity etc. and appears to be a useful material and could be applied

to typical situations which require high ductility and toughness of the composite.

it) In the case of conventional reinforced concrete, when steel fibres are added
either over the full depth or half depth of the beam, the moment rotation / load-
deflection behaviour of the flexural members is significantly improved because of the

increase in stiffness of the concrete matrix when reinforced with fibres.

)

iif) Reviews indicate that there exists an optimum value of fibre content. When

fibres are added beyond this value, the overall improvement is not appreciable.

iv) Since the steel fibres intercept the cracks, which propagate from the soffit of
the flexural members, the spacing and width of cracks have been found to be influenced
by the presence of fibres. This in turn results in the higher fracture toughness of the
material, which is one of the basic properties of the material like Poisson’s ratio and
modulus of elasticity. Also no attempts on studies which represent the physical
behaviour of cracking in the conventional reinforced cement concrete members with

steel fibres and for determining the spacing and maximum width of cracks in such

members are available in literature.

v) In all the previous studies, attempts have been made by different authors to

improve the behaviour of the conventional reinforced cement concrete members by
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suitably adding steel fibres and no attempts to study the combined effect of steel fibres

and other additives like polymers are available in literature. Since the addition of
polymers also improve many engineering properties of cementitious materials, there is
lot of scope for studying the combined effect of steel fibres and polymers on the strength

and behaviour of conventional reinforced concrete flexural members.
23 Polymers in Concrete

Polymers, a relatively new breed of materials, like in other fields, have found
their way into civil Engineering with irresistible benefits. Today they are making a rapid
headway in to the arena of concrete. This is happening because, in-spite of their
newness, théy are vast in numbers, and possess the quick and better flexibility to be
introduced to meet practically any requirement in the field of concrete construction. In
recent years, the use of polymers in concrete is expanding due to the increasing demands
from construction industry. They are today used as substitutes or as partial substitutes

for cement and as effective materials both individually and in combination with cement.

Polymer is a natural or synthetic chemical compound or mixture of compounds
formed by polymerisation and consisting essentially of repeating structural units. In
simple words, they are molecules of a particular organic chemical, linked together to
form a macromolecule. Polymers are either of biological origin like wood, rubber etc. or

non-biological in origin like plastic, nylon, polyester etc.

Broadly there are three types of polymer-concrete composites. They are: -
* Polymer cement concrete ( PCC) or
Polymer modified cement concrete.
* Polymer impregnated concrete (PIC) and

* Polymer concrete (PC)
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~In polymer cement concrete (PCC), monomers are introduced right at the mixing

stage of concrete and they turn into polymers parallely as the hydration of cement
proceeds. In polymer impregnated concrete (PIC), the monomers are introduced into the
concrete after it is hardened and they polymerize subsequently. Polymer concrete (PC) is
a different class of material, in which aggregates are bonded together in a dense matrix

of thermosetting polymer binder. Hence it is cementless concrete.

Though there are several investigations available in literature on the
modification of cement mortar/ concrete by synthetic rubber latexes, there are only a few

investigations on modification of concrete by natural rubber latex.

Joseph A. Lavelle [47] studied the various properties of acrylic latex modified
Portland cement. He conducted experiments on the effect of mortar density and curing
conditions on the strength of acrylic latex modified Portland cement. The maximum
strength properties from a cement mortar were obtained from a highly dense and well-
cured mortar. The use of acrylic latex (or any other latex in general) caused a certain
amount of air entrainment and lowered the density of the resulting cement mortar. Thus,
when modifying a cement mortar with acrylic latex, especially during mechanical
mixing, an appropriate amount of defoamer was used to minimize air entraininent and to
maximize mortar density. His studies indicate that, to obtain the maximum physical
properties, acrylic latex modified cement mortar should be air-dry cured, i.e., they
should be cured at ambient room temperature and humidity. One of the reasons is that
for the latex to beneficially modify the cement, it must be allowed to coalesce and form
a thin film. The loss of water is a key step in this thin film formation process. Once the
latex has been allowed to under go film formation, the basic strength properties of the

mortar will be achieved.
Reports on the study of feasibility and techniques of impregnating and in-place

polymerising of liquid monomers in pre- formed concrete and the use of monomers in a

fresh concrete mix, followed by polymerisation are discussed by Dikeou et al [21]. Their
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studies include development of impregnation techniques and determination of the effect
of various polymer loadings on resultant properties. The radiation techniques have
shown greater improvements in properties than the thermal-catalytic method. Dramatic
improvement in concrete properties resulting from the impregnation with methyl

methacrylate is discussed.

Gerry Walter [30], in his study, compared the properties of latex modified
Portland cement mortars made using five different types of latex. The latexes used were
(1) plastisized polyvinyl acetate homopolymer (PVA), (2) co-polymer of vinyl acetate
and ethylene (VAE), (3) carboxylated styrene-butyl acetate co-polymer (SA) and (4)
carboxylated butyl acrylate - methyl methacrylate co polymer (SB). These latex
modified mortars were compared with w/c ratio, permeability, adhesion, compressive

strength and flexural strength, weathering resistance etc.

Sridharan et al [93] conducted investigation on the use of polymer latex for
foundation blocks subjected to dynamic loads. Experiments were conducted using
ordinary concrete and latex modified concrete footings of three different thicknesses, for
three static loads at four excitation levels. The polymer used was natural rubber latex.
Experimental results have revealed that the amplitude of resonance is reduced
considerably in the latex modified concrete footings. It was also observed that the
damping factor of the latex footing soil system is considerably larger than that of the
ordinary concrete footings. Hence the use of latex in concrete foundations for machines

may lead to more economical designs.

Five different types of polymer dispersiohs have been studied by Mangar and
Swamy [60]. The strength, stiffness and shrinkage characteristics of polymer modified
plain and fibre reinforced concretes have been evaluated. The effect of dry, wet and dry-
wet curing on these properties have also been studied. It was also shown that, with
proper selection of the type of polymer, modification of the water content and possible

use of defoaming agents, polymer dispersion could be used advantageously to improve
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the properties of fibre- cement composites. The polymers used were DOW Latex 460,

DOW Latex 464 (Saran), Corda, Revinex, and Revertex.

Ohama et al [61] carried out extensive experimental investigations on the effect
of the monomer ratio on the typical properties of the polymer modified mortars with
styrene butyl acrylate latexes. The polymer modified mortars using the styrene butyl
acrylate latexes (polymerised with various styrene/ butyl acrylate monomer ratios) were
prepared with different pelymer cement ratios and tested for pore size distribution,
flexural and compressive strength, water absorption and drying shrinkage. The results
indicated that superior flexural and compressive strength of polymer modified mortars
using styrene butyl acrylate latexes can be obtained. The water absorption
characteristics were greatly affected by the polymer-cement ratio rather than the styrene
content. By using about 35% styrene butyl acrylate, the drying shrinkage of polymer

modified mortars can be reduced to an appreciable extent.

Soroushian et al. [73] conducted experiments on the effect of latex modification
on the performance characteristics of carbon fibre reinforced mortars incorporating silica
fume. Two styrene butadiene latexes were considered in their investigation. The effects
of latex modification on the following properties of CFRC were investigated: Fibre to
matrix interfacial bond, flexural and compressive performance, impact resistance,
specific gravity, drying shrinkage, freeze-thaw durability and acid resistance. The results
indicated that major gain in the bond strength between carbon fibres and cementitious
materials were achieved from latex modification. Flexural toughness was also increased
through latex modification, but the effect of latex modification on the flexural stréngth
was relatively small. Latex modification was observed to cause reduction in the
compressive strength of CFRC composites. The impact strength of unmodified and latex
modified composites was comparable. Latex modification resulted in reductions in

water absorption, drying shrinkage and specific gravity of CFRC.
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Ravindra Rajah [78] investigated the effect of natural rubber latex on the
properties of Portland cement paste, mortar and concrete. The results indicated that the
latex modification causes retardation of setting: the intensity of the effect depends on the
volume concentration of latex in the system. Change in the mix stability improved to a
great extent. There was a reduction in the compressive, flexural and tensile strength,
increase in air content and decrease in density being the main contributing factors. A
reduction in the compressive to tensile strength ratio and an improvement in the

extensibility and relatively larger strain at failure were also observed.

Nagaragj et al. [63] conducted an extensive investigation on the development of a
method of incorporating natural rubber latex into concrete. Earlier studies had revealed
that inevitable drastic reduction in the compressive strength takes place upon the
incorporation of natural rubber latex, in relation to plain concrete strength. Hence an
attempt was made to increase the strength level of plain concrete mix to offset the
strength reduction upon incorporation of latexes. For this, the water-cement ratio was
reduced without sacrificing the workability and compactability of concrete by adding
high range water reducing admixture (Superplasticizer). The quantity of natural rubber
latex was expressed as the dry rubber content (DRC) by percentage of volume of
concrete. Their investigation indicated that, with natural rubber latex as an admixture,
the ductility of concrete is enhanced with the retention of strength level of plain
concrete. The use of Superplasticizer helped to increase the strength of natural rubber
latex concrete and the delay in the coagulation of the latex, until the concrete was
properly mixed and placed in moulds. It was found that 2.0% dry rubber content induced
optimal levels of improvement in ductile behaviour without any reduction in

compressive and tensile strengths over those of plain concrete.

Limaye & Kamat [57] conducted some experimental studies by incorporating six
types of epoxy polymer combinations in two dosages (10% and 20%) with cement
mortar. Five systems were based on epoxy resins and the sixth one was SBR latex

modified with surfactants, stabilisers and anti-foaming agents. The experimental setup
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was planned to study the properties like flexural strength, split tensile strength, stress-
strain behaviour. The test results revealed that the addition of latex and epoxy to
cement mortar makes it more workable and thus facilitates preparation of low water-
cement ratio. Modification with latex has high workability than epoxy. Strength
increase was quite significant in epoxy and latex modification system over control
specimens. Polymer modification improved the flexural and tensile strength of cement

mortar considerably, whereas increase in compressive strength was marginal.

Daniel Bordeleau et al [19] conducted comparative studies of latex modified
concrete and normal concrete subjected to freezing and thawing in the presence of deicer
salt solution. Latex modified concrete was prepared with 7.5 and 15% of solid polymer
to cement ratio. Deterioration of the concrete surfaces was evaluated by measuring mass
of the scéled-off particles and by visual rating. Their results indicated that SBR in
concrete improves very significantly the resistance of the concrete surface to freezing
and thawing in the presence of dicer salts. This improvement depends on the quantity of
SBR, the air void spacing factor and the water cement ratio used in the mix. Results also
revealed that conventional concrete with a good air void spacing factor and low water-

cement ratio can be almost as resistant to salt scaling as latex modified concrete.

Karim et al [48] studied the shear behaviour of steel reinforced polymer concrete
using a resin based on recycled poly (ethylene terephthalate) (PET) plastic waste. Tests
were conducted on 25 beams that were reinforced in tension zone with longitudinal bars.
Steel fibres were also used in some of the beams. The parameters considered in their
investigation include modes of failure and the effect of shear span to depth ratio,
reinforcement ratio, compressive and flexural strength and steel fibres on the shear
strength of the beams. The results indicate good shear strength in reinforced polymer
concrete beams using unsaturated polymer resins based on re-cycled PET. The shear
span to depth ratio had the greatest effect on the shear behaviour of reinforced concrete

beams. The addition of steel fibres to reinforced polymer concrete beams resulted in a
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ductile failure with no shattering or spalling of concrete. The mr.mber of cracks also

decreased as the fibre content increased.

2.3.1 Comments on earlier works on polymer modified concr#te

points are noted:

iii)

vi)

Based on the review of literature on polymer modified concretes, the following

N S

Review of literature indicates that several researchers have tried different

polymers ranging from natural to synthetic for improving the properties of

cementitious materials.

Most of the studics have been directed towards the understanding of the basic

properties of the composites when polymers are used. Same researchers have

done extensive durability studies on polymer modified concpete.

These earlier works indicate that the strength and durability of concrete could be

enhanced appreciably by adding polymers.

The survey of literature indicates that most of the studies are limited to short

term behaviour of polymer composites with polymers alone as additives.

Studies on natural polymers like latex modified concrete indicate that the
ductility of the composite could be increased by adding natural rubber latex and

hence could be used in situations, which require adequate strength and high

ductility.

In the case of latex modified concrete, the review indicates that addition of

polymers beyond 2% DRC (Dry Rubber Content), does not improve the strength
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vii)

viii)
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of the composite and infect leads to a reduction in strength at higher values of

DRC.

As stated in an earlier section (Section 2.2.1) most of the studies deal with only
one additive and only in a few investigations, the combined effect of polymers

and fibres on the behaviour of concrete have been tried.

In the case of steel {ibre-natural polymer concrete, till date only one investigation
on the strength and behaviour of steel fibre-latex modified concrete is available
[63] and it is limited to smaller size plain concrete specimens only. No attempts
have been made to study the combined effect of steel fibres and polymers on the

flexural behaviour of conventional reinforced cement concrete beams.

Confined Concrete

Confined concrete is that concrete, which is confined by transverse

reinforcement in the form of closely spaced steel spirals of square or circular hoops. The

concrete gets confined when at stresses approaching the Uni.-axial strength; the

transverse strain becomes very high because of the progressive internal cracking and the

concrete bears out against the transverse reinforcement, which then applies a confining

reaction to the concrete. Thus transverse reinforcement provide passive confinement to

concrete [71].

From the experimental investigations on confined concrete prisms and columns,

Chan [15] proposed an equation for the strength of confined concrete in terms of

strength gain factor (k) and another one for strain at peak/ultimate load (g,) in the

columns when concrete carries the maximum load. These parameters were suggested as

functions of the volumetric ratio of the steel to concrete core.
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Roy and Sozen [82] carried out tests on concrete prisms confined with
rectangular ties and concluded that the confinement by rectangular ties doesn't enhance
the strength of concrete. Only two variables viz. volumetric ratio of confining steel to
concrete core and the ratio of the shorter side dimension of the compressed concrete

section to the spacing were considered by them.

Soliman and Yu [91] conducted studies on confined concrete prisms under
eccentric loading. They concluded that the effect of confinement couldn’t be solely
expressed as a function of the volumetric ratio of confinement. Based on their studies,
they proposed the stress strain relationship of the confined concrete. It consisted of a
parabola and two straight lines with stresses and strains at the critical points related to

transverse steel content, spacing and the confined area.

Sargin et al [86] investigated the effect of confinement of concrete by
rectangular lateral reinforcement on the strength of concrete. The main variables
considered were strength of concrete, size, spacing and grade of lateral reinforcement,
strain gradient and thickness of cover. They concluded that the effect of confinement
becomes negligible when the spacing of lateral reinforcement is larger than the
dimension of the concrete core. Also they have proposed a general equation that gives a
continuous stress-strain curve related to the spacing of ties, content and yield strength of

transverse steel, the strain gradient across the section and concrete strength.

The experimental studies by Scort et al [87] revealed that substantial
enhancement of peak strength of concrete was obtained as a result of confinement of
concrete. At low strain rate, the strength enhancement was about 70% related to the
unconfined cylindrical compressive strength. They modified the stress strain model

proposed by Kent and Park [50] for high strain rate, in order to account for the increase

in strength and ductility.

30



Shah and Ahmed (88] conducted experimental studies on concrete confined by
spiral reinforcement and developed a mathematical model for the stress strain
relationship based on the properties of hoop reinforcement and constitutive relationship

of the plain concrete.

Mander et al [59] has developed a theoretical stress strain model for confined
concrete, applicable for members with either circular or rectangular cross section and
with static or dynamic axial compressive loading either monotonically or cyclically

applied.

Base and Read [8] conducted tests on reinforced and prestressed concrete beams
by mid span loading to investigate the efficiency of helical reinforcement in the

compression zone as a means of improving the moment rotation characteristics of the

resulting plastic hinges.

lyengar et al. [42,43,44,45] developed a stress block for confined concrete in
compression from the test results of confined concrete cylinders and prisms, subjected to

uniaxial compression and flexure respectively. They concluded that:

1. The confinement offered by steel binders can be quantitatively expressed by

factor termed the confinement Index (C;) which is defined by

Ci=(py-P4) j;yc -(2.1)

2. For specimens with circular spiral confinement, the ultimate strength of

confined concrete f is given by

= 1+ 230(p, - ﬁh);j'; ..(22)

At
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These results and the data of strain at 90% of the maximum stress were used in

developing a stress block.

Ziaria et al [104] conducted extensive studies on flexural members with
confinement in the compression zone. A method for the design of over reinforced beams
utilising the ductility resulting from the confinement has also been outlined and
investigated experimentally using four types of over-reinforced beams. The resuits
obtained have shown that, although the beams with confinement were able to achieve a
flexural capacity of up to 246% of the value corresponding to the maximum longitudinal

reinforcement ratio (rmax) allowed by ACI code, they stfl'l failed in a ductile manner.

Irawan et al [39] conducted studies on the three-dimensional finite element
analysis of concrete columns laterally confined by steel ties and hoops. The strength
gain is numerically investigated in using the elasto-plastic and fracture model for
concrete. The uniformity of the confinement stress and the damage induced are
enlightened in consideration of the confinement efficiency by the discretely
distributed lateral steel ties and hoops. The sectional averaged lateral stress in
concrete, the minimum c;f which along the axis of columns governs the capacity of the
entire confined columns, is found to be affected by the volumetric averaged lateral
stress of concrete as well as the spacing of the tie associated with the uniformity of
stress states. The authors demonstrate that the spacing of lateral ties also influences
the volumetric averaged confinement of concrete, which mathematically corresponds

to the axial mean value of the sectional averaged confinement stress.

Watson et al [101] conducted studies on confining reinforcement for concrete
columns. Previously derived stress-strain relationships for compressed concrete
confined by vario'US quantities and arrangements of transverse reinforcement are used
in cyclic moment-curvature analysis of a range of reinforced concrete columns to
derive design charts. The design charts permit the enhanced flexural strength of

confined columns to be obtained. They also permit the quantities of transverse

32



reinforcement required to achieve particular curvature-ductility factors in the potential

plastic-hinge regions of reinforced concrete columns to be determined. The column
section is considered to have reached its available ultimate curvature when either the
moment resisted has reduced to 80% of the ideal flexural strength, or the strain energy
absorbed in the transverse reinforcement has reached its strain energy absorption
capacity, or when the longitudinal steel has reached its limiting tensile or compressive
strain, whichever occurs first. Refined design equations to determine the quantities of
transverse reinforcement required for specified ductility levels were derived on the
basis of design charts. The equations are an improvement on the current provisions of

concrete design codes.

An analytical model was developed to predict the complete stress-strain
relationship of normal and high-strength concrete subject to uniaxial compressive
loading and confined by transverse reinforcement by El-dash, and Ahmad, [24]. The
confinement pressure is assumed to be uniform within the core of the column. The
internal force equilibrium, the properties of the materials, and the geometry of the
section were used to evaluate the pressure. The model utilises a single fractional
equation, which satisﬁés realistic behaviour of the ascending portion, the peak point,
and the post-peak descending portion of the stress-strain relationship. The predictions
of the model and the available experimental results are compared over a range of
concrete strengths. The model shows good predictive capability and is applicable for
a wide range of variables such as the diameter of the circular section, the pitch,

diameter and yield stress of the spiral, and the volumetric ratio of lateral

reinforcement.

Fang et al [27] conducted studies on the strength and ductility of high strength
tied columns subjected to uniaxial compressive load. 40 numbers of 250 x 250 x
1000mm HSC columns, in which 24 were laterally reinforced, and 16 were without
reinforcement, were tested. Five additional normal strength concrete columns of the

same size were tested as reference specimens. The compressive strengths of HSC
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varied from 48.3 MPa to 82.7 MPa (7,000 psi to 12,000 psi). The main variables were
concrete strength (fo), type of lateral reinforcement, and spacing of ties. The
behaviour of tie and cross tie as well as the effectiveness of confinement is discussed.
Test results revealed that the beneficial effect of lateral reinforcement on strength
increase and ductility improvement was not so pronounced in the HSC specimens as
in the normal strength concrete specimens The strains of tie and cross tie increased as
the spacing of ties decreased and could be stretched to yield value if smaller spacing
was adopted. An empirical equation is proposed to predict the peak stress and the
stress-strain curve of confined HSC tied columns. Reasonable correlation between the

predicted and tested results is obtained.

Hirasawa et al [33] conducted tests and analysis on the ultimate strength of
short columns with confining reinforcement under biaxial bending. Main object of
this study is to estimate the shape effects of internal hoops on ultimate capacity of the
R/C column under biaxial bending. Nine specimens, each 300 mm square by 1,000
mm high, containing either 8 or 12 longitudinal steel bars and different arrangements
of square or octagonal steel hoops, were tested under uniaxial or biaxial eccentric
loads. From the results of the test and analysis, it is found that the analytical values

calculated by element division method agree well with that of experiments.

Cusson et al [18] developed a stress-strain model for confined high-strength
concrete and calibrated against the test results from 50 large-scale high-strength
concrete tied columns tested under concentric loading. The effects of the concrete
compressive strength, tie yield strength, tie configuration, transverse reinforcement
ratio, tie spacing and longitudinal reinforcement ratio are accounted for in the
proposed stress-strain model. The determination of the strength and ductility of
confined concrete is based on the computation of the effective confinement pressure,
which depends on the stress in the transverse reinforcement at maximum strength of

confined concrete, and on the effectively confined concrete area. A method is
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proposed to compute the stress in the transverse reinforcement at maximum strength

of confined concrete.

Papadopoulos  [67] studied truss model for the confinement of concrete
columns. In order to investigate the dependence of the ductility of a concrete column
on its confinement by transverse reinforcement, a part of a column, subjected to axial
compression, between two successive confined sections, is simulated by a plane truss,
with bars obeying non-linear sigma - epsilon laws of concrete or steel. The
equilibrium conditions are written with respect to the deformed structure, so that
instability phenomenon is taken into account. The proposed model was applied on a
column with square section, first unconfined and then with increasing confinement,
for various values of spacing of transverse reinforcement. Finally, a method of
preliminary design, based on the truss model, was proposed, for the pre-estimation of

minimum required section of transverse reinforcement assuring ductility.
24.1 Comments on the earlier work on confined concrete
The review of literature on confined concrete reveals the following:

i) In general, confining the concrete in the compression zone with either square or
spiral hoops can increase the strength and ductility of conventional reinforced cement

concrete beams.

1) Addition of steel fibres to the concrete in the confined compression zone
significantly increases the strength and energy absorption capacity. The addition of steel
fibres does not seem to increase the strength of the specimen significantly. However,

ductility was found to increase considerably with the increase in volume fraction of steel

fibres.
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iii) The inclusion of steel fibres in the compression zone has significant influence on
the ductility only at higher values of confinement. Whereas this influence is very little

at low confinement.

v) The effect of combination of several material properties like volume fraction of
fibres, volumetric ratio of confinement, yield strength of confining steel and strength of

concrete can be represented by a single parameter called "Confinement Fibre Index".

V) The experimental investigations have revealed that the brittle behaviour of over-
reinforced flexural members can be converted to ductile by confining the compression

zone along with the addition of steel fibres.

vi) Both synthetic and natural rubber latex can be used to improve the various

properties of concrete like strength, ductility, energy absorption capacity etc.

vil)  Modification by natural rubber latex causes retardation of the setting of concrete
and the intensity of this effect depends on the volume concentration of latex in the

system.

viii)  The earlier studies have indicated that, the addition of natural rubber latex
resulted in enhancement of ductility of concrete with the retention of strength level of
plain concrete. It was found that. 2.0% dry rubber content induced optimal levels of
improvement in ductile behaviour without any reduction in compressive and tensile

strengths over those of plain concrete.

2.5 Cracking of Reinforced Concrete
An attempt is made to review the literature available on the studies of cracking

of reinforced concrete. A brief review of specifications given in certain International

Codes of practice related to cracking is also made. Even though a large number of
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investigations available on cracking of two way slabs, tension members etc., they have
not been reviewed in this Chapter, as they are not within the purview of the scope of the
present investigation. Hence only the cracking behaviour of reinforced concrete flexural

members such as beams and one way slabs are considered in this study.
2.5.1 Studies on cracking of reinforced concrete flexural members

Development of cracks in the tension zone of members subjected to flexure or
axial tension has 'cilways been viewed with concern. The occurrence of cracks in
reinforced concrete structures is inevitable because of the low tensile strength of
concrete. With the advent of high strength steel, tensile strain in the concrete
surrounding such reinforcement will be of the order of 0.001 even under service loads.
Also, reinforcement becomes effective only when the surrounding concrete cracks.
However, large scale cracking is not acceptable in view of aesthetic considerations, to
ensure water tightness or gas tightness and to safe guard the reinforcement against
corrosion. For efficient control of cracking, accurate prediction of crack width under
different stages of loading is essential. Hence studies on cracking have attracted many
investigators and different theories have been proposed for explaining the mechanism of
cracking. Since many variables influence the width and spacing of crack in reinforced
concrete members, the theories proposed are of approximate, semi-empirical and

empirical nature and some are reviewed below.

2.5.2 Classical theory or bond - slip hypothesis

This is the earliest theory proposed for the mechanism of cracking developed
from the observation of surface cracks. It is based on the assumption that the bond stress
on the concrete reinforcement interface leads to the development of tensile stress in the
concrete. Tensile stresses are uniformly distributed over the concrete section and a

critical section fails when the average tensile stress exceeds the tensile strength of
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concrete. The bond between steel and concrete principally controls the width and

spacing of cracks.
2.5.3 No slip theory - Studies from UK

BASE et al [8] proposed a fundamentally different approach from the classical
theory of bond slip hypothesis. This theory assumes that there is no slip of the steel
relative to concrete, for the range of crack width normally permitted in the reinforced
concrete. The crack is assumed to have zero width at the surface of the reinforcing bar
and an increase in the width as the surface of the member is approached. Crack width is
dependent on the deformation of the surrounding concrete. Theory of elasticity can be

used to determine the stress and strain in the concrete between the cracks.

Based on the test results of 105 beams, BASE et al proposed the following
formula for predicting the maximum crack width on the surface of the beam. Their
studies also revealed that the type of reinforcing steel had a much smaller influence on

the crack width.

fy h
o = 33 (=2 .23
W ' C(Es hl) ( )

2.5.4 General theory of cracking

The studies of BEEBY [10] have resulted in a clear understanding of the
mechanism of cracking. Beeby measured crack widths and spacing at various points
across the bottom of one-way slabs. He found that the crack spacing and crack width
increased with the distance from the bar and at some distance from the bar approached

constant values, which were dependent on the crack height rather than the distance from

the bar.
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Based on this hypothesis, BEEBY [10] proposed equations for spacing and
maximum width of cracks. Since the theory has been developed for cracks that cross the
reinforcing bars at right angles, it is not directly applicable to a situation when the cracks

cross the reinforcing bars at an angle.

2.5.5 Studies of Broms

Broms [11] proposed a cracking mechanism based on the elastic analysis of
concrete structures. The effect of concrete cover on the spacing and width of cracks was
investigated. He showed the presence of high tensile stresses within an area located
inside a circle that is inscribed between two adjacent pre-existing cracks. Propagation of
cracks was related to the sequence of cracking and spacing between cracks. Based on his
studies, Broms proposed equations for the average crack spacing and average crack

width, which consider the depth of concrete cover as an important variable.
2.5.6 Statistical approach - Studies from USA

The maximum crack width measurements made by n‘umber of investigators were
examined using statistical methods. The equations proposed earlier were compared and
new equations were proposed with the result of this analysis. Due to the relatively large
scatter in the width of largest cracks and due to the large number of variables present,
agreement was lacking among the investigators as to the most important variables

influencing the size of the crack.

Gergely and Lutz [31] made extensive statistical analyéis of crack width
observed in the experimental investigations and proposed equations for predicting the
maximum crack widths on the surface of the members reinforced with deformed bars.

These equations are explained in Section 2.6.4.
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2.5.7 Other studies:

Desayi and Ganesan [20] proposed a method to determine the crack spacing
and maximum crack width in reinforced concrete flexural members and the constants
appearing in the equations were determined from the statistical analysis of test results

[ ]
available in literature.

Zonjian and Dajun [105] developed new formulae for predicting crack width on
the basis of test data obtained from 205 reinforced concrete members. Based on their

investigation, they concluded that

1) For section having same concrete cover and other variables such as concrete
strength and steel strength being same, the average crack spacing increases
approximately linearly with increasing d/ p, where d is the diameter of the reinforcing
bar and p is the percentage of reinforcement in relation to the effective of tensile

concrete

i1) If d/ pi and other variables remain the same, the average spacing of cracks

increases approximately linearly with increase in thickness of concrete cover.

The average crack spacing and maximum width of cracks calculated using the
equations proposed by them have been compared with the test results and found to
compare satisfactorily. These equations have been incorporated in the Chinese Code for

congcrete structures.

Hwan - Oh and Young - Jin Kang [37] proposed formulae for predicting the
maximum crack width and average crack spacing in flexural members based on the
recently developed cracking theory by non-linear Finile Element analysis. A series of
tests on R.C beams were conducted. The test results were compared with the proposed

equations and a good correlation was observed.
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Ishibashi et al [41] conducted studies on estimation of bending crack width
on the surfaces of concrete girders. Crack width on the surfaces of concrete girders is
increased by partial drying shrinkage near the surfaces after initial cracking. And,
reinforcement stress, that is the main factor of bending crack width, is varied by the
influence of drying shrinkage and creep. A practical method of calculation of the

bending crack width on the surfaces of concrete girders has been reported.

Zhao et al [102] have re-evaluated the present equations for flexural crack
width of RC beams. Several equations have been developed for estimating the
flexural crack widths of RC beams. Since most of them are semi-empirical, their
applicability should be examined whenever new types of structure come into
consideration. In their study they have discussed firstly the applicability of present
equations for flexural crack widths to the beams with multi-layers of longitudinal
bars. The examination of applicability is extended using test results of 86 beam
specimens, which are deliberately selected so as to represent wide variety of
arrangement of reinforcing bars. Based on the discussion the authors proposed the

equations for crack spacing and crack width

Zhao et al [103] conducted experimental study of flexural cracking of RC
beams with multi-layers of longitudinal bars. With request for larger RC structures
and structural members in these days, longitudinal reinforcing bars are required to be
large in size and to be placed in multi-layers in the cross section of members. This
trend makes it necessary to examine the applicability of present code equations for
flexural crack widths of RC beam. Based on the experimental test results, it was
discussed in their study, how the multi layers of longitudinal bars influence the
flexural cracking of RC beams. Special attention has been given to how the location
and the size of bars as well as the bounded bars influence the cracking behaviour. The

test results show that the crack spacing and the crack widths of beams depend upon
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how the longitudinal bars are placed although the bars nearest to the concrete surface

have dominant effects on cracking.
2.6  International Code Specifications Related to Cracking
2.6.1 LS Code- 456 - 1978 [40]

Clause 34.2.2 of 1.S 456 - 1978 Code deals with cracking. It suggests that
cracking should not adversely affect the appearance or durability of the structure.
Acceptable limit of cracking would vary with the type of the structure and the
environment and the Code suggest that the surface crack width should not in general,
exceed 0.3 mm. For structures lying in aggressive environment, the surface crack width
at points nearest to the main reinforcement should not exceed 0.004 times the nominal

cover to the reinforcement as per the Code.

LS 456- 1978 Code does not suggest any method for computing the crack width.
Clause 42.1 suggests that the flexural members compliance with spacing requirements
of the reinforcement as per the clause 25.3.2 should be sufficient to control flexural

cracking.
2.6.2 BS 8110 - 1985 Equation {12] .

The British Code sﬁggests an expression for calculating the design surface crack
width, provided the strain in the tension reinforcement is limited to 0.8f,/E; and the
design surface crack width, which should not exceed the appropriate values given for the

appearance and corrosion (0.3 mm) as-

3a., ¢
T = Lo .24
W ] + 2 (_ai_-_.cﬂ““«_) 24)
(h-x)

)



where a, = distance from the point considered to the nearest longitudinal

bar
€m = average strain at the level where cracking is being considered
Cmin = minimum cover to tension steel
h = overall depth of member
X = depth of neutral axis.

Average steel strain €, is calculated from the equation:

3 b(h-x)(a'-x)
Em = & - 3E A (d- ¥ ...(2.5)

where g = strain in steel at the level considered ignoring the stiffening effect
of concrete in the tension zone
by = width of the section at the centroid of tension steel
a’ = distance from the compression face to the point at which the

crack width is being measured.

2.6.3 Model Code 1990 equation [13]

As per the Model Code 1990, for all stages of cracking, the design crack width may

be calculated according to the following expression:

We = Lo (&= &m - &) .. (26)
where lgmax = length over which slip between steel and concrete occurs
Esm = average strain in steel within ks max
€m = éverage strain in concrete within s max
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Es = strain of concrete due to shrinkage which has to be introduced

algebraically

ls max 1s calculated from the following conditions:
If pser 052 > fem()( 1 + oe pser), it may be assumed that the stabilised cracking

condition has been reached, otherwise the formation of single crack should be

considered.

Where fun(t) = mean value of the tensile strength of concrete at the

time 't when the crack appeared

o = ratio E¢/E.
psef =  effective reinforcement ratio (= Ay/Ac.r)
Aces =  effective area of concrete in tension (area of concrete

surrounding the tension reinforcement)
Os» =  steel stress at crack

Is max 1s calculated from the following equations:

lx,max = _¢—— (fOr stabilized cracking)
3.6 p, o

(2.70)

T2 1 . .
Lom = 9 (for single crack formation)

2 T bk 1 + (o p_‘..cf

(2.7B)

where ¢ = diameter of bar

According to the Code, in the absence of a more refined model the effective area of

concrete in tension A e IS to be taken as

Acer = 2.5(h-d)b subjected to a maximum of ((h-x)/3)b
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In equation (2.6), Esm - €m = € - P &n
Where € = steel strain at the crack
B = 0.6 for short term / instantaneous loading.

and & ts given by the equation

Sem
S A ..(2.8
Esr2 p".' of EX ( a p L ef ) ( )

2.64 ACI Code 318 - 1995 equation [3]

The specification given in ACI 318-1989 for control of cracking is based on the
equation proposed by Gergely and Lutz [28] and hence this equation is considered for
comparison. Gergely and Lutz made an extensive statistical analysis of crack width and

developed equations which are as follows:

The side and bottom crack width are given by:

W, = 0091 ————=—(f, - 5x 10’ ..(2.9)

h -
Wu = 0.0913C, A ((d_ (f,-910° .. (2.10)

X)
X

)

where Cs = side cover measured from the centre of outer bar
C, = bottom cover measured from the centre of lower bar
A = area of concrete surrounding one bar
d = effective depth of tension reinforcement
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h = overall depth of cross section
X = neutral axis of cracked section

f; = steel stress in kips per square inch and all other units are in inches.

2.6.5 Chinese Code equation (GBJ 10-1989) [105]

Chinese code for concrete structures (GBJ 10-89) proposes the following

equation for the maximum width of cracks in flexural members under short-term load:

Wiae = 1.41 1//%— (27¢ + 0.11%)7 211
where Os = tensile steel stress at the crack
E; = modulus of elasticity of steel
Yy o= non uniformity coefficient of tensile steel
c = thickness of concrete cover
d = diameter of steel bar
Pe = Ag/ Ay
A= area of steel
A = effective area of tensile steel
Y = Coefficient related to the bond properties of steel bar

(y = 1.0 for plain bars and 0.7 for deformed bars)

The non-uniformity coefficient of tensile steel is calculated from the following relation

and 1s,
S
VY = 11-065——"— ..(2.12)
(P, oOs)
where f, = tensile strength of concrete

If y <04, take v = 04
v =04, take y = 1.0
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2.6.6 Comments on the earlier work on cracking of reinforced concrete

The following observations have been made during the review of literature:
i) The review of literature indicates that there arc a number of equations for
predicting the spacing and maximum width of cracks in reinforced cement concrete
flexural members. These equations may be theoretical, semi theoretical or empirical in
nature. However an extensive comparison of these methods for a given test data is not
available in literature. Such a comparison will be very much useful in understanding the

reliability of these equations.

ii) Though a large number of equations are available for predicting the spacing and
maximum width of cracks in conventional reinforced cement concrete flexural
members, only a very few attempts on estimation of crack width in fibre reinforced

concrete flexural members are reported in literature.

1ii) Besides the above, it may be noted that the equations proposed for the estimation
of crack width in fibre reinforced concrete members are either theoretical or empirical in
nature. An equation which represents the physical behaviour of cracking and at the same

time takes care of its random behaviour, is still not available.

2.7  Scope of the Present Investigation

The review of literature indicate that the combined effect of polymers and steel
fibres on the strength and behaviour of conventional concrete have not been studied in
detail. In addition to this literature survey indicate that the strength and strain at peak
load of conventionally reinforced concrete beams could be enhanced by the addition of
steel fibres and also by confining the compression zone of the flexural members. Also,
the addition of polymers like natural rubber latex to concrete improve the ductility,

energy absorption capacity and other durability parameters of concrete. While a large
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number of investigations are available in literature on the individual effect of either
polymers or steel fibres on the flexural behaviour of conventionally reinforced
concrete beams, the combined effect of polymers and steel fibres on the flexural

behaviour of RCC beams has not been come across.

Taking note of the above gap in the existing knowledge, an attempt is made to
study first the individual and combined effect of polymers and steel fibres on the
strength and behaviour conventional concrete and subsequently extend the investigation
to study the strength and behaviour of conventionally reinforced concrete flexural

members with and without confinement.
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CHAPTER 3
PRELIMINARY STUDIES ON LATEX MODIFIED CONCRETE

3.1 Introduction

!

The efficient use of any material for construction depends on its mechanical
properties. These properties have to be studied in depth for assessing the structural
behaviour and durability characteristics of the same. Incorporation of steel fibres into the
cementitious materials like mortar and concrete, has been found to improve the
mechanical properties of the composite such as first crack strength, ductility, energy
absorption capacity, fracture toughness, dimensional homogeneity etc. [68,77]. Also
recent studies on polymer modified concrete indicate that addition of synthetic polymers
up to a certain percentage enhances the density, strength, toughness, post peak load
deflection characteristics (strain softening zone) and durability of the concrete [65,74].
However, only very few attempts have been made so far to study the effect of natural
polymers like rubber latex on the engineering properties of concrete. Also it is possible
to improve the strain at peak load and ductility of concrete by providing suitable
confinement to the concrete under compression. Considering this, an experimental
programme was carried out to study the effect of natural rubber latex as polymer on the
strength and behaviour of conventional concrete under compression and flexure. This
preliminary investigation was restricted to small specimens like cubes, cylinders and
prisms, in order to investigate the behaviour of cement concrete when polymers like
natural rubber latex was added to it. The findings of the preliminary investigation will be
useful in interpreting the behaviour of prototype structural elements like beams when

latex modified concrete is used in it.

* Bascd on the study prescuted in this Chapter, a technical paper entitled " Effect of Latex Modification
on the Strength and Behaviour of Confined Concrete Under Uni-axial Compression”, has bcen
presented at the International Seminar on Construction Practices in Twenty first Century, held at Roorkee during

26-28, Feb. 1996, pp.757-764.
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3.2 Natural Rubber Latex

Hevia Brasiliensis, commonly known as rubber tree, is the most important
source of natural rubber and more than 97% of the natural rubber produced is from this
tree. Rubber is extracted from a milky white liquid known as latex, which is obtained
form the bark of rubber tréq by a process called "tapping”. 1t is a process of controlled
wounding of the plant in which a thin layer of bark is removed. The latex vessels in the
region of the wound are opened by tapping and latex flows out from the tree, which is

channelled into a container, attached to it.
3.2.1 Composition of latex [58]

Latex is a white or slightly yellowish opaque liquid with a specific gravity in the
range of 0.96 to 0.98 and having a variable viscosity. Latex in the latex vessels of rubber
tree is sterile, but as it comes out of the tree is slightly alkaline or neutral and it gets
contaminated by bacteria. These micro-organisms grow in the latex as it contains
proteins and carbohydrates. As a result, volatile organic acids are produced and the latex
gets coagulated on keeping. Field latex is a negatively charged colloidal dispersion of
rubber particles suspended in an aqueous serum. The size of the rubber particles range
from 0.025 to 0.3 microns. These rubber particles are surrounded by a layer of proteins
and phospholipids. Latex contains a variety of other non-rubber constituents also. The
proportion of these constituents varies according to season, soil, atmospheric conditions,

clone, stimulation particles, tapping system etc.

In general the composition of latex is as follows:

Rubber 30 -40 %
Protein 20-25%
Resin 1.0-2.0%
Sugar 1.0-1.5%
Ash 0.7-0.9%
Water 55 -60 %
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Fig. 3.1 shows composition of typical latex

Dry Rubber
Content
41%

Water
52.5%

Protins 2.5%

Resin 2%
Sugar 1.25 %
Ash 0.75%

Fig. 3.1 Composition of Latex




3.2.2 Molecular structure of latex

The molecular structure of latex is shown in Fig. 3.2.

CH, CH;

C—_—.__—_’

CH; H

Fig. 3.2 Molecular Structure of Natural Rubber Latex

The rubber latex when extracted from the tree will contain isoprene molecules
dispersed in water. In Fig. 3.2 , the molecular arrangement of isoprene molecules are
shown in between two dotted lines. These isoprene molecules when come in contact

with acidic environment they start coagulating and the chain reaction of coagulation is as

shown in the figure 3.2.
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3.2.3 Workability of latex modified concrete

When natural rubber latex is added to concrete, the mix becomes stiff and sticky
which in turn reduces the workability of concrete mix. Also, the direct addition of
rubber latex into the concrete mix leads to the sudden coagulation of latex and the
concrete mix becomes harsh and less workable. To overcome this premature
coagulation, latex is mixed first with a water reducing Superplasticizer and then water is

added to the dry cement concrete mix as suggested by Nagaraj et al [63].

To fix the quantity of Superplasticizer to be added for different percentages of
Dry Rubber Content DRC (i.e., 0.0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0%), flow table test was
conducted for a fixed water cement ratio of 0.45. For the required workability of 40 cm
flow, the quantity of Superplasticizer required was obtained and the same is given in

Table 3.1.

Table 3.1

Superplasticizer Requirement for Different Percentages of DRC

0.00 300
0.50 520
1.00 740
1.50 900
2.00 1165
2.50 1350
3.00 1580
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3.3  Effect of Latex Modification on the Strength of Concrete

3.3.1 Experimental programme

The experimental programme consists of casting and testing of latex modified

concrete cubes, cylinders and prisms for obtaining the basic properties of the composite.

Cement:  The cement used throughout the study is Ordinary Portland Cement of 43

grade. Table 3.2 gives the properties of cement used.

Sand :  River sand passing through 4.75mm IS sieve and confirming to zone

Il of the IS 383-1970 is used. Table 3.3 gives the details of the sieve analysis.

Coarse Aggregate : The maximum size of coarse aggregate used in this study is
20mm and fineness modulus of coarse aggregate is 6.80. Table 3.3 gives the

details of the sieve analysis.
Water : Water-cement ratio is kept constant and is 0.45 by weight.
Mix : The ratio of cement, sand and coarse aggregate used is 1:2:4 by weight.

Polymer :  The polymer used in this investigation is natural rubber latex, which was
procured from a nearby place, Mukkam. To prevent coagulation of natural rubber latex,
adequate ammonia (0.2% by weight) was added immediately after tapping of natural
rubber latex. As the water content of natural rubber latex varies from season to season
and place to place, the Dry Rubber Content (DRC) of the latex was found out from the
liquid latex and the amount of DRC was used as one of the variables in this study. Table

3.4 gives the properties of the natural rubber latex.

54



Table 3.2 Details of Cement Used

Trade Name

Normal Consistency
Initial Setting time
Final Setting time

Fineness (specific surface by
Blaine's Air Permeability test)

Malabar Super
43 Grade
29%

200 minutes

415 minutes

240 M%/kg
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Table 3.3 Sieve Analysis of Aggregates used

1 40.00 mm -- - -- - 0.00
2 20.00 mm -- - -- -- 0.00 0.00 0.00 100.00
3 10.00 mm -- - - - 3984.00 79.68 79.68 2.32
4 4.75 mm 0.00 0.00 0.00 100.0 1016.00 20.32 100.00 0.00
5 2.36 mm 21.90 438 4.38 95.62 0.00 0.00 100.00 0.00
6 1.18 mm 44.80 8.96 13.34 86.66 0.00 0.00 100.00 0.00
7 0.60 mm 128.20 25.64 38.98 61.02 0.00 0.00 100.00 0.00
8 0.30 mm 240.90 48.18 87.16 12.84 0.00 0.00 100.00 0.00
9 0.15 mm 62.90 12.58 99.74 0.26 0.00 0.00 100.00 0.00
10 residue 1.30

Total 500.00 5000.0

Fineness Modulus = Fine aggregates : 2.43
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Table 3.4

Properties of Natural Rubber latex

o ”Ty:pe

Natural rubber

Latex

Superplasticizer: The Superplasticizer used in this expefimental study is CONPLAST
P211 and the dosage used for different percentages of DRC is given in Table 3.1. The

mixing procedure is as follows:

* Cement and sand were first mixed thoroughly for two minutes.

* 70% of water by weight (corresponding to a W-C ratio of 0.45)
was then added to this and again mixed thoroughly.

*  Coarse aggfegate was then added to the mixer gradually and mixing was
continued.

* The remaining 30% of the water, mixed with latex and Superplasticizer
was poured into the mixer and mixing was done till a uniform mix was

obtained.

3.3.2 Variables considered

The variables considered in this study include different percentages of DRC viz.,
0.0%, 0.5%, 1%, 1.5%, 2%, 2.5% and 3%. For each values of DRC, 3 cubes, 3
cylinders, and 3 prisms were cast and tested and the average value has been used for the

discussion. Table 3.5 gives the overall dimensions of specimens. For casting cubes,

cylinders and prisms, cast iron moulds were used. After 24 hours of casting, the
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specimens were demoulded and cured for 28 days. At the end of the curing period, they

were white washed and kept ready for testing.
3.3.3 Testing of specimens

Cubes : The cubes were tested in a compression testing machine of 3000kN capacity
as per IS 516-1959. The load was gradually applied at a rate of 145 kg/cm?*/min. till the

failure of the specimen and the ultimate load was recorded.

Cylinders : The cylinders were tested in a compression testing machine of 3000 kN
capacity as per IS 516-1959. The strains were computed for each loading stage using a
compressometer of 200mm-gauge length fitted with a dial gauge of 0.01mm least count
and 10mm travel. The load was gradually applied at a rate of 145 kg/cm? /min. till the
failure of the specimen. The compressometer readings were recorded at an interval of
5kN load. These readings were made use of in calculating and plotting the stress versus

strain plots for all the specimens.

Prisms : The prisms were tested under third point loading (four point bending) in a
flexure-testing machine of 100 kN capacity as per IS 516-1959. The load was gradually
increased till the failure of the specimen and the ultimate load was recorded and the

failure location was recorded to determine the modulus of rupture of the specimen.
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Table 3.5
Overall Dimensions of Specimens

:4,}5373;}3 ISIEINLITET

1 Cubes 150 x 150 x 150 21

2 Cylinders 150 x 300 o2

3 Prisms 150 x 150 x 700 21
with 500mm major span

The test results thus obtained were used for preparing the following plots:
i) Fig. 3.3 Compressive strength variation for different values of percentage DRC

i) Fig. 3.4 Stress strain curve in compression for different values of percentage DRC

i) Fig. 3.5 Flexural strength variation for different values of percentage DRC
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Flexural Strength (N/sq.mm)
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Fig. 3.5 Flexural Strength variation for different percentages of DRC
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3.3.4 Discussion of test results

Referring to Fig. 3.3 it may be noted that, addition of smaller percentages of
DRC (0.5%) improves the cube éornpressive strength of plain concrete marginally. The
improvement was found to be about 3%. At 1% DRC, the strength was reduced by
about 25%. At higher values of DRC ie., at 1.5%, 2.0%, 2.5% and 3.0% drastic
reduction in values namely: 46%, 82% and 91% have been obtained. The reasons for
increase in strength at lower values of DRC and reduction in strength at higher values of

DRC are discussed in detail in the subsequent sections.

Referring to the stress versus strain plots of Fig. 3.4 which are obtained from

the tests on cylindrical specimens, the following observations could be made.

1. The initial slope of the stress versus strain curve of plain concrete specimen is
steeper than those with latex modification. As the DRC content increases the initial
slope becomes more and more mild and practically the curve becomes flat at higher
values of DRC. This softening behaviour of the material at higher values of DRC
could be due to the effect of DRC, which transforms the material to behave in a
ductile manner, and also introduces a higher degree of compressibility. However, for
engineering purposes, both strength and ductility are essential properties of a
material. From the Figure it appears that when DRC ranges from 0.5% to 1.0% both
strength and ductilitylare higher than that of conventional plain concrete. Hence the

optimum or useful values of DRC seems to be from 0.5% to 1.0%.

2. Secondly the strain at peak load (g,) of the specimen was found to be higher when
DRC increases and the values of ¢, for useful values of DRC namely 0.5%, 1.0%
are 0.0046 and 0.0038 which are significantly higher than that given by the
conventional plain concrete specimen (g, = 0.0022). In the case of seismic resistant/
blast resistant/ cyclically loaded structures, the strain at peak load is an important

parameter because the plain concrete starts crushing as and when the axial strain
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exceeds 0.002, which is a well accepted value [71]. Hence it appears from the test
results that latex modification of concrete could improve the axial strain by about two

folds even without any confinement.

3. Also the Fig. 3.4reveals that the energy absorption capacity, as given by the area of
the stress strain curve, improves significantly with the addition of DRC within the
range of 0.5% to 1.0%. This further reinforces the earlier statements that the material

becomes ductile with the addition of DRC.

It may be noted from Fig. 3.3and Fig. 3.4that the strength of plain concrete
improves at lower values of DRC (0.5%) and the strength was found to be decreasing at

higher values of DRC. The reasons for the above behaviour is due to the following:

When lower percentage of DRC is added to plain concrete, the polymer fills all
the voids existing in concrete and make the same dense which in turn improves both the
compressive and flexural strength of concrete. At higher percentages of DRC, the excess
quantity of latex other than }those required for filling the voids of concrete form weak
spots or interfaces which in turn causes reduction in density and strength. This
phenomenon can be explained using the photographs taken on the.latex modified
concrete specimens using Scanning Electron Microscope (SEM). Fig. 3.6(a,b & c¢)
show the photographs taken on the latex modified concrete specimens using Scanning
Electron Microscope (SEM) with different percentages of DRC, viz., 0.0%, 0.5% and
1.0% at 1000 times mégniﬁcation. These photographs were taken at the Regional

Research Laboratory (RRL) Trivandrum.
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Fig. 3.6 Scanning Electron Microscopic studies
‘ ( 1000 times magnified)
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From Fig. 3.6 a it may be seen that, in the case of plain concrete specimen, lot
of micro voids exist. When 0.5% latex was added to the concrete, the latex fills most of
the voids existing in the cement concrete as shown in Fig.3.6b . This in turn improves
the density of the specimen. Fig. 3.6c shows the specimen with 1.0% DRC. It can be
seen from the figure that the excess latex other than that required to fill the voids covers
the aggregates and cemc:nt mortar forming weak spots which in turn reduces the density

and causes a reduction in strength.

The flexural strength of plain concrete and latex modified concrete with different
values of DRC is obtained using the test results on prisms. These values are compared
and are shown in Fig. 3.5 As in the case of cubes and cylindrical specimens, an increase
in strength could be observed at lower values of DRC (0.5%) and further increase in
DRC causes reduction in strength. The reasons for this behaviour may be the same as

the one explained in the previous sections.

34 Effect of Confinement on Latex Modified Concrete
3.4.1 Introduction

When concrete structures are subjected to earthquake forces and blast loads the
critical sections of the structural members must be able to absorb strain energy, if
sudden failures are to be avoided. This is possible only if the material is capable of

withstanding considerable deformations without a reduction in its load carrying capacity.

It is possible to improve the ductile property of the concrete if the material is
prevented from disruption and crushing into pieces when compressed to its ultimate

capacity. This can be done by providing suitable confinement to the concrete under

compression.
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A more practicable method of confining concrete in structural members appears

to be the use of steel spirals around the periphery of the core concrete in compression.

Considering the above, a preliminary experiméntal programime is carried out to
study the effect of confinement on the strength and behaviour of latex modified concrete
under uni-axial compression. The outcome of this preliminary expeqlimental programme
has been suitably made use of in the studies on the effect of conﬁnexJnent in compression

zone of reinforced concrete flexural members discussed in the subsequent sections.
3.4.2 Experimental Programme

The experimental work include casting and testing of 16 ;series of cylindrical
specimens with different amount of confinement and latex. For each series, two
specimens have been cast and tested and the average value of two test results has been
used for the analysis. Thus a total of 32 cylindrical specimens have been tested. Out of
these 16 series, 12 series of cylinders were confined by circular spirals having three
different values of pitch viz., 30mm, 40mm and 50mm. Three percentage of DRC of
latex viz. 1.0, 2.0 and 3.0% were used in this study. Plain bars of 6mm diameter with
yield strength of 275 N/mm? have been used for fabricating the spiral, which is used as
confinement. The overall dimensions of the cylindrical specimens are 150mm diameter
and 300mm height. The volumetric ratio of confinement p; which is the ratio of volume
of binder to the volume of core concrete for 30mm 40mm and 50mm pitch are 4.83%,
3.62% and 2.90% respectively. Table 3.6 shows the details of confinement and latex

used in the cylindrical specimens.

67



Table 3.6

Details of Confinement and Latex used in the specimens

1 CoLo 0.00 0.00 ucC .
2 Ci Lo 0.00 4.83 C
3 Cy Ly 0.00 3.62 C
4 Ci Lo 0.00 2.90 c
5 Co L 1.00 0.00 UC-L
6 Co L2 2.00 0.00 UC-L
7 CoLs 3.00 0.00 UC-L‘
8 Ci L 1.00 4.83 C-L
9 Ci L 2.00 4.83 C-L
10 CiL; 3.00 4.83 C-L .
11 C,Lj 1.00 3.62 CL
12 G L 2.00 3.62 C-L
13 C L 3.00 3.62 C-L
14 G Ly 1.00 2.90 C-L
15 G la 2.00 2.90 C-L-
16 G L 3.00 2.90 C-L-
Note: C - Confined and without latex
UC - Un-confined without latex

C-L. - Confined with latex
UC-L - Un-Confined with Latex
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3.4.3 Casting of specimens

The natural rubber latex used in this study was brought from a near by place
called Mukkam. Immediately after tapping the latex, adequate quantity of ammonia was
added (0.2% by weight) to prevent premature coagulation and to preserve the latex in
liquid state for long time, to use in the laboratory. For casting specimens, cast iron
moulds of 150mm diameter and 300mm height was used. Circular spirals of internal
diameter 100mm were fabricated and placed inside the mould. The concrete mix used
was 1:2:4 (Cement : Sand : Coarse aggregate) by weight. The water cement ratio used

throughout the investigation was 0.45 by weight.

During the trial mixes, it was noticed that, as and when the latex was added to
the green concrete, the ammonia present in the Jatex evaporates, causing instantaneous
coagulation of the latex, which results in a harsh mix. To overcome this problem and to
improve the workability of latex modified concrete mix, a Superplasticizer,

CONPLAST P211 was added to the concrete latex mix.

The mixing procedure adopted is similar to the one explained in Chapter 3 under
article number 3.3. Before casting, machine oil was smeared on the inner side of the
mould and spiral reinforcement cage was placed inside the mould. The concrete mix
was placed into the mould in two layers and the mould was vibrated on a vibrating table
for thorough compaction. After 24 hours of casting, the specimens were demoulded and
air dried for 24 hours and then moist cured for 27 days in a curing tank. The air drying
of the specimens for 24 hours was done to allow for the coalescence and film

formation, which is very essential in the polymer modification process.
Some of the specimens ( those with higher latex content) took more time even

up to 48 hours for setting. This may be due to the fact that the addition of higher

percentage of latex affects the hydration of cement.
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3.4.4 ‘Testing of Specimens

All the specimens were tested in a universal testing machine of 300 ton
capacity. The specimens were subjected to a monotonic axial compression until failure.
The rate of loading was kept constant for all the specimens. The ultimate load taken by
the specimens were recorded. In all the cases the tests were terminated when the load
was suddenly dropped to the fraction of the maximum and resulted in a complete

destruction of the specimen.
3.4.5 Bcehaviour of specimen under load

In the case of unconfined specimens without latex, just before the ultimate load,
cracks appeared in the vertical direction. As the load increased, the cracks widened and

resulted in complete destruction of the specimen.

In the case of unconfined latex modified concrete specimens, irregular fine
cracks appeared on the surface as the load increésed. At higher stages of loading, cracks
widened, cover concrete did not spall-off in the case of specimens with 1% DRC. This is
due to the increased post-cracking tensile resistance and improvement in the
dimensional stability of the specimen due to the addition of DRC. However with 2% and

3% DRC, the specimens crumbled all of a sudden without forming any cracks.

The specimens with latex modification and confinement have shown a better
performance. In this case as the load increased, fine vertical cracks appeared on the
surface. Further increase of loading widened the cracks. The cover concrete was found
to be sticking to the core concrete and did not spall off at loads prior to the ultimate load.
The cover and core concrete was found to be intact even at fhe ultimate load stage. The
specimens with 1% DRC were found to give higher values of peak load and strain at
peak load when compared to other specimens with 2% and 3% DRC for a given

confinement.
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3.4.6 Results and discussion

From the Table 3.7, it may be noted that
1. In general, addition of latex to unconfined concrete did not improve the strength
of concrete. However with lower quantity of DRC (1%), the strength was found to
improve marginally. Higher percentages of DRC ( Viz. 2% and 3%), infact, have

resulted in reduction in strength.

Table 3.7

Test Results

1 CoLo 19.25
2 Ci Lo 24.75
3 C Lo 21.36
4 - G Lo 2047 .
5 Co Ly 21.08
6 Co L 8.87
7 CoLs 3.05
8 Ci Ly 37.18
9 Ci Ly 2225
10 CiL 16.75
11 C Ly 2497
12 GL 19.72
13 CLs 14.60
14 G Ly 19.49
15 G L 10.88
16 Ci L3 8.82
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2. For a given quantity of DRC, as volumetric ratio of confinement increases, the

strength increases. This effect is significant at lower values of DRC i.e, at 1%.

3. The test results reveal the fact that addition of 1% DRC to either confined or un-
confined concrete improves the strength. Further addition of latex results in the
reduction of strength. From this behaviour addition of DRC up to 1.0 % DRC appears

to be in the useful range.

Figure 3.7shows the plots of ultimate load of latex mod.i'ﬁed specimens versus
volumetric ratio of confinement (ps). It can be seen from ﬁgl;re that, at 1% DRC, a
noticeable increase in the strength could be seen as the value of py increases. At 2%
DRC and 3% DRC, infact, a reduction in strength is noticed. This is higher at lower
values of ps. At higher values of p;, a steep increase in strength can be seen in the case of
specimens with 2% and 3% DRC. This indicates that by increasing ps, strength could be
increased even with higher percentage of DRC (2% ahd 3%). On the other hand, in the
case of un-confined latex modified concrete, as the latex content increases beyond 1.0%

of DRC, the strength decreases rapidly.
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An attempt is made to study the combined effect of latex modification and
confinement on the strength of concrete. Several combinations of DRC and
Confinement have been tried to relate them with the strength of concrete. An index

(1+L)(1+C;) known as Latex Confinement Index (L-C Index) was found to fit the data

satisfactorily
where
[ = DRC 11
i [1+(DRC)2] ... (30
0.5
, N A
and ] C = (ps - Ps )(7—) (32)
where  DRC = Dry Rubber Content in percentage
Ps = Volumetric ratio of confinement, i.e. the ratio of the
volume of the binder to the volume of confined
concrete
ps = Particular volumetric ratio of confinement when the pitch

of binder is equal to the least lateral dimension of the
specimen
fy = Yield strength or 0.2% proof stress of steel binder

Ultimate strength of unconfined concrete specimen.

&h
{

Figure 3.8 shows the plot of Ultimate strength of confined latex modified
specimens versus L-C Index. A best-fit curve was drawn for the plots. It can be seen

from Fig.3.8 that, as the L-C Index increases, strength also increases. The equation for

the best-fit curve, thus obtained is,

Ultimate Strength (f,..) = 6.1 * (L-C Index)” ..(3.3)

with a correlation coefficient of 0.8
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This empirical equation could be used for predicting the ultimate strength of
confined latex modified concrete specimens for the range of values of latex and

confinement considered in this study.

3.5 CONCLUSIONS

From the preliminary experimental investigation, following conclusions are

arrived at:

1. The addition of small quantities of DRC (0.5%) marginally improves the
compressive and flexural strength of plain concrete (about 7.0%). Higher

values of DRC causes drastic reduction in the strength of concrete.

2. The strain at peak load which is one of the important properties to be
considered in the design of seismic resistant/ blast resistant/ cyclically or
repeatedly loaded structures improves significantly (by two folds), with the
addition of DRC.

3. The energy absorption capacity of the material enhances markedly (2- 2.5
times), with the addition of DRC within the range of 0.5% to 1.0%.

4. The foresaid properties of plain coricrete namely strength, strain at peak load
and energy absorption capacity have been found to improve with the addition
of DRC within the range of 0.5% to 1.0%. This indicates that this range

seems to be an optimum value of DRC.

5. The scanning electron microscopic studies reinforce the above findings and
indicate that, at smaller percentages of DRC, density and hence the

compressive strength and flexural strength of composite increases.

6. This preliminary investigation was restricted to small specimens like cubes,
cylinders and prisms in order to investigate the behaviour of cement concrete
when polymers like natural rubber latex was added to it. The findings of the

preliminary investigation will be useful later in interpreting the behaviour of
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prototype structural elements like beams when latex modified concrete is

used in it.

7. The strength of concrete increases as the volumetric ratio of confinement
increases. This increase is further improved by the addition of lower values of
DRC (1%).

8. At higher values of DRC, infact, a reduction in strength is noticed for a given

confinement.

9. The reduction in strength due to higher percentages of DRC can be

appreciably reduced by providing higher volumetric ratio of confinement p;.

10. From the study, DRC up to a value of 1.0 % appears to be a useful value in

the case of latex modified confined concrete.
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CHAPTER 4

LATEX MODIFIED STEEL FIBRE REINFORCED CONCRETE
FLEXURAL MEMBERS

4.1 Introduction

*

Strength and ductility are the two important factors to be considered in the
design of structures subjected to seismic and dynamic forces. Hence many attempts have
been made in the recent past to develop new materials which exhibit higher strength and
ductility, so that they could be used in the structures subjected to dynamic forces.
Incorporaiion of steel fibres into the cementitious materials like mortar and concrete has
been found to improve the structural properties like ductility, energy absorption
capacity/toughness, post crack resistance, dimensional stability etc. of the composite
[1,2,3]. Also the recent studies on polymer modified concrete indicate that the addition
of natural or synthetic polymers up to a certain percentage enhances the strength,
toughness, post peak load deflection characteristics (strain softening zone), and

durability of concrete [4,5 ]

However, large scale investigations are not reported in literature so far on the
combined effect of latex and randomly oriented steel fibres on the strength and

behaviour of conventionally reinforced concrete beams. and no attempts have been

¢ Based on the studies presented in this Chapter, the following technical papers have been published:

1 . “Latex Modificd Steel Fibre Reinforced Concrete for Seismic Resistant Structures.”
Paper presented at the National Conference on Civil Engineering Disaster Management, held
at College of Engineering, Trivandrum during Dec. 7-8, 1995,pp.5-1 to 5-10.

2 “Strength and Ductility of Latex Modified Steel Fibre Reinforced Concrete Flexural
Members”, Paper accepted for publication in the Journal of Structural Engineering, SERC
Madras.

3 Prediction of First Crack Load and Ultimate Moment ol Resistance of Polymer Modified Steel

Fibre Reinforced Concrete Flexural Members”, Paper presented at the National Seminar
on High Performance Concretes, held at Chennai during 21-22 May 1998, ppTS2-33-41
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made in the recent past to study the combined cffect of steel fibres and polymers on the
first éracking load and ultimate moment of resistance of conventional reinforced cement
concrete flexural members. Therefore an experimental programme was carried out to
study the effect of latex modification and inclusion of steel fibres on the first crack load,
ultimate moment of resistance, ductility and toughness characteristics of conventionally

reinforced concrete flexural members.

4.2 Experimental Programme

The experimental prbgramme consisted of casting and testing of 16 latex
modified reinforced concrete beams of 125 x 200 x 2000 mm size (Fig. 4.1). To start
with trial specimens having a span of 1800mm were tested under third point loading
(four point bending). The tests indicated that higher shear span to depth to depth ratio
(a,/d) are required in order to ensure flexural failure. Hence the point loads were applied
at 750mm from the end supports so that a minor span (flexural span) 0f 300mm and
major span of 1800mm could be obtained. This testing arrangement is similar to the one
adopted by the other researchers [46,52]. Out of these sixteen beams, 12 beams were

additionally reinforced with steel fibres. The main variables considered in this study are.

) Three different values of percentage of volume fraction (Vy) of steel fibres. (0.5,
1.0 & 1.5%)
(ii)  Three different values of percentage volume fraction of dry rubber content

(DRC) of latex (0.5, 1.0 and 1.5%)

The aspect ratio (A,) of steel fibres used in this investigation was kept constant
for all the specimens and is 50. Table 4.1 show the details of variables used in this
study. The reinforcement used were high yield strength deformed (HYSD) bars of
12mm diameter in the tension side and 8mm diameter in the compression zone. The
shear reinforcement was designed so that the shear capacity of the specimen is higher

than the flexural strength.
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Table 4.1
Details of variables used

1 BLy Fo 0.0 0.0
2 BLo F, 0.0 0.5
3 BL, F2 0.0 » 1.0
4 BLo F3 0.0 1.5
5 BL; [y 0.5 0.0
6 BL, Fy 1.0 0.0
7 BL; Fo 1.5 0.0
8 BL, F; 0.5 0.5
9 BL, F, 1.0 0.5
10 BL; Fy 1.5 0.5
11 BL, F, 0.5 1.0
12 BL, F; 1.0 1.0
13 BL3 F; 1.5 1.0
14 BL{ F3 0.5 L.5
15 BL, F3 ‘ 1.0 1.5
16 BL3 F3 1.5 1.5

Note: Ly  represents beams without DRC
L= 0.5%DRC,L; = 1.0%DRC, L; = 1.5% DRC,
Fo  represents beams without steel fibres
Fi= 0.5% Vi, F;=> 1.0% V¢, F3= 1.5% Vg,

81



This is done in order to ensure flexural failure. In the shear span 2 legged 6mm dia.
stirrups were given at 75mm centres. At the middle the spacing was at 150mm centre to
centre. The steet fibres had a diameter of 0.88mm and were obtained by chopping GI
wire to the required length. The mechanical properties of the reinforcement and steel
fibres used in this investigation are given in Table 4.2. Ordinary Portland cement of 43
grade conforming to IS 8112-1989 was used. River sand passing through 4.75mm IS
sieves confirming to grading zone III and crushed stone with a nominal maximum size
of 20mm and having a fineness modulus of 6.8 were used as aggregates. It may be
noted that as per the ACI 544[2] guideiines the maximumn size of coarse aggregate to be
used in steel fibre reinforced concrete is limited to 19mm. However in this experimental
programme the maximum size of coarse aggregate used is 20 mm. This is due to the
following reasons. The main objective of this study is to investigate the strength and
behaviour of conventional reinforced concrete flexural members and how to improve the
fore-said properties by the addition of steel fibres and polymers. It may be noted that in
practice, in all these conventional structural elements, the maximum size of the coarse
aggregates used will be normally 20mm. In view of the above, the maximum size of
aggregate is retained as 20mm. A concrete mix proportion of 1:2:4 (cement: sand:
coarse aggregate) by weight with a water cement ratio of 0.45 by weight was used. The
polymer used in this investigation was natural rubber latex having a dry rubber content
of 41% by weight. To prevent the early coagulation of latex and to disperse the latex
molecules uniformly in concrete, a water reducing superplasticizer (CONPLAST P211)

was used while mixing the natural rubber latex with concrete.

All the ingredients were first mixed in dry condition in a concrete mixer. 70% of
the calculated amount of water was added to the dry mix and mixed thoroughly to get a
uniform mix. Later required quantities of steel fibres were sprinkled over the concrete
mix and mixing was continued. At the end, the remaining 30% of water, mixed with
latex and superplasticizer was poured into the mixer and mixed well to get a uniform

concrete mix.
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Before casting, machine oil was smeared on the inner surfaces of the mould and
the concrete was poured into the mould in layers, and each layer was compacted using a
needle vibrator. Along with each specimen, 150mm cubes, 150 x 300mm cylinders and
150 x 150 x 700 mm prisms were also cast. After 24 hours of casting, the specimens
were de-moulded and air dried for 24 hours and then moist cured for 27 days using wet
gunny bags. The air drying was done to allow for the coalescence and film formation
which is essential in the polymer modification process. After the curing period was over,

the specimens were white washed and kept ready for testing.

Table 4.2
Mechanical Properties of Steel Reinforcement and Fibres Used

(mm) (Nmpr) ) (N/mn (N/mm-

12.24 470.00 480.0 2.127E5

8 mm 831 330.00 340.0 1.923E5

6 mm 6.58 275.00 320.1 1.093E5
0.88mm fibres 0.88 86.00 330.0 0.330E5

43  Testing of Specimens

4.3.1 Test Set-up

All the specimens were tested in a compression and bending testing machine of
capacity 300Ton (2942kN). In order to note the applied load precisely, a load cell of 25
Ton (245 kN) was used. A special steel frame arrangement called rotation meter was
fabricated to measure the longitudinal strains. Three linear variable differential

transducers (LVDT) were used for measuring the longitudinal strains (at top, bottom,
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and middle). The longitudinal deformations at the top were measured using an LVDT
with a range of + 0.5mm and a resolution of 0.01mm. This LVDT was placed at 25mm
from the extreme compression fibre. The deformations at the middle was measured
using an LVDT of #* 1.0 mm range and a resolution of 0.001mm and was positioned at
75mm from the extreme compression fibre. The bottom measurements were made
using an LVDT of range + 10 mm range and a resolution of 0.01mm and was placed at
25mm from the extreme tension fibre. The vertical deflections were measured using a

dial gauge of 50mm and a least count of 0.01mm.

The beams were supported on two rollers (30mm dia.) of which one was fixed
and the other was capable of rotation. The effectivé span was kept as 1800mm. The
specimens were tested under two point loading. Two rollers, each 30mm diameter
served as load points and were kept on the beam at a distance of 300mm, kept in
position by plaster- of- paris. Fig. 4.2 shows schematic diagram of the the test setup and

Fig. 4.3 shows the photograph of the test setup.
4.3.2 Testing procedure

The load was applied in stages. For every stage of loading, the following

readings have been noted.

i) deflection at the mid span
it) LVDT readings at 25mm, 75mm and 175mm from the extreme

compression fibre of the specimen.

All the control specimens viz. Cubes, cylinders and prism were tested. The
compressive strength, stress-strain behaviour of concrete and flexural strength have been

obtained from the testing of control specimens.
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Fig. 4.3 Photograph of the test setup
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44  Behaviour of the Specimen Under Load

In the case of reinforced concrete specimens without latex and steel fibres,
cracks appeared as the loading reached the [irst crack load of the specimen. Further
increase of load resulted in the formation of additional cracks and widening of some of
the earlier cracks. At ultimate stage, most of the cracks traversed up the top face of the
beam and the steel bar in the compression zone in between the loading points appeared
to be buckled and spalling of compression concrete took place. In the case of specimens
additionally reinforced with steel fibres, a larger number of finer cracks developed. At
ultimate stage, all the cracks traversed up the top face of the beams and some portion of
compression concrete was found to have crushed. However, spalling of side and cover
concrete did not occur and were found to be intact with the core concrete. In the case of
latex modified concrete specimen and latex modified steel fibre concrete specimen

similar behaviour was noticed.

One major observation noticed is that addition of fibres and latex improved the
first crack and ultimate load in most of the specimens. Also deflection at ultimate load
was found to be higher. Only when the latex content is increased to higher percentages, a
reduction in load carrying capacity was noticed. Figs 4.4 (a,b,c,d and e) show the crack

pattern of the tested beams.
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(b)

Fig. 4.4 Photograph of tested beams
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(d)

Fig. 4.4 Photograph of tested beams
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(e)

Fig. 4.4 Photograph of tested beams
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4.5 Discussion of Test Results

The test results such as first crack load and ultimate load are given in Table 4.3

And the strength of control specimens are given in Table 4.4.

Table - 4.3
Results of beam test

1 BLo Fo

2 BLo Fi 15.68 75.46 1.16
3 BLo Fx 15.68 73.50 1.14
4 BLo Fs 17.64 77.42 1.19
5 BL: Fo 16.00 86.24 1.33
6 BL: Fo 14.70 67.62 1.04
7 BL: Fo 9.80 62.72 0.96
8 BL: Fi 11.76 67.62 1.04
9 BL: Fi 9.80 73.50 1.14
10 BL: Fi 9.80 67.62 1.04
1 BL: F; 13.72 66.64 1.03
12 BL: F> 11.76 64.68 1.00
13 BL: F: 14.70 67.62 1.04
14 BL: Fs 14.70 69.58. 1.07
15 BL: Fs 15.68 70.56 1.09
16 BL: Fs 14.70 67.62 1.04

Note : Strength gain factor

= Ultimate load of the specimens

Ultimate load of the specimen BLo Fo
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Table - 4.4

Test results of control specimen

4.97

444
4.44
497
417
4.08
435
471
4.08
3.73
471
3.70
3.55
4.88
5.51
4.08
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Referring to Table 4.3, the following points may be noted.

i As the fibre content increases, the first crack load and ultimate load increases by

about 15% on an average.

i. In the case of specimens with latex alone, the addition of small percentages of
latex viz.,0.5%, improved the first crack load and ultimate load significantly. The
ultimate load was found to be about 33% higher than that of the plain specimen.
However at higher percentages of latex, viz., 1.0%, the improvement was found to be
only marginal (4%). When the percentage of DRC was further increased i.e. at 1.5%
infact a reduction in ultimate load occurred. This may be due to the following reasons.
When latex is added to the fresh concrete, the polymer particles get dispersed in the
cement paste. As the hydration of cement proceeds and the water in the pores drain out,
the polymer particles fill the micro pores. Ultimately, the removal of water by cement
hydration, the closely packed polymer and cement particles coalesce into continuous
films. Thus a monolithic network is formed in which the polymer and cement hydrate
phases inter-penetraten throughout. This will increase the density, which in turn increased
the strength of concrete. However, as the latex content increased, the excess latex will
lead to the formation of weak spots in the specimen due to air entrainment and resulting
in the reduction in density. At higher values of latex content this reduction is

significantly high.

iii. In the case of specimens with steel fibres and latex, the first crack and ultimate
load of the specimen have been found to improve marginally and no definite trend has
been observed as the quantity of latex and fibre content increases. However these
specimens have shown better post- peak load deflection performance. The energy
absorption capacity and the ductility factor given by these specimens were significantly
higher than conventional specimens. The details of computations of energy absorption

capacity and ductility factor are given in subsequent sections.
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iv. The improvement in the behaviour of specimens as the fibre content increases
may be due to the following reasons. When fibres are added to concrete, they intercept
the cracks, and will not allow them to propagate in the same direction. Hence the cracks
intercepted by the fibres have to take a meandering path which requires more energy for

further propagation resulting in higher load carrying capacity.

V. In the case of latex modified concrete specimens, the addition of smaller
percentages of DRC fill all the voids present the concrete and there by improves the
density of concrete. Hence an improvement in the first crack load and ultimate load was
noticed. The addition of higher percentages of DRC (above 1.0%) than those required
for filling the voids leads to zones of weak spots which in turn reduces the ultimate load

carrying capacity of the members.
4.5.1 Load deflection behaviour

The recorded values of load and deflection have been used to obtain the P-8 plots. Fig.

4.5 10 4.9 show the load deflection plots for :

1. Plain beam and SFRC beams (Fig. 4.5)

it. Plain beam and latex modified beams (Fig. 4.6)

iil. Latex modified SFRC beams with V=0.5% (Fig. 4.7)
iv. Latex modified SFRC beams with Vi=1.0% (Fig. 4.8)
V. Latex modified SFRC beams with V&=1.5% (Fig. 4.9)

Referring to Figs. 4.5 to 4.9, it may be noted that :

i. All the curves are linear up to the formation of first crack and then they
become non linear due to the formation of multiple cracks and propagation of the same
up to ultimate load. In the case of conventionally reinforced concrete specimen a sudden

drop in the load was noticed beyond the peak load and then the load drops at a reduced

rate.
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On the other hand, the latex modified and steel fibre concrete specimens exhibit
more or less a flat descending portion of the curve beyond peak load. This indicate the
improvement in the dimensional stability and structural integrity of the specimen even

beyond the peak load when steel fibres are added and modified by latex polymers.

ii. In general, the energy absorption capacity or toughness as indicated by
the area under the load deflection plot is higher for the latex modified specimens and

steel fibre reinforced concrete specimens.

jii. Referring to Fig. 4.5, it may be noted that the peak load, deflection at
peak load, the area under the P-8 curve are found to be higher than that of the
conventionally reinforced concrete specimen. The specimens with V=1.5% fibres

exhibit better behaviour than other specimens.

iv. Fig. 4.6 indicate that specimens with 0.5% DRC improve the peak load
and deflection at peak load significantly. On the other hand those with 1.0% and 1.5%

marginally improve the above behaviour.

V. Figs. 4.7, 4.8 and 4.9 show the load deflection plots of latex modified
steel fibre concrete conventionally reinforced concrete specimens with different
combinations of volume fractions of steel] fibres and DRC. It may be noted from these
figures that the plots are close to each other and not differing appreciably. However, the

specimen with V=0.5% and DRC=1.0% has shown better performance in terms of peak

load, deflection at peak load and energy absorption capacity (area under the p-6 curve).

4.6  Analysis of Test Results
4.6.1 Variation of ultimate load with latex fibre index

The values of ultimate load of the beams are influenced by several parameters

such as volume fraction of steel fibres, amount of DRC and compressive strength of
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concrete. Hence an attempt is made to obtain a relationship between the ultimate load
given by the specimens and these parameters. After the trial of several combinations of

V¢ and DRC, a parameter called Latex Fibre Index was developed and is given by
LFi = (14DRC) + (1+V¢) ..(4.0)

Since the amount of compaction, type of mixing, small variation in the water-
cement ratio affect the ultimate load, it is normalised by dividing it by a factor bdfc.

Then the normalised ultimate load is given by

Pll

o . (42)

Normalised P, =

where b and d are the breadth and effective depth of beams and fi is the cube

"

were plotted against the values of LF; as

compressive strength. The values of
ck

- . Pu
shown in Fig.4.10. From the figure it may be noted that, —— increases as the value of
ck

LF; increases in a non linear form up to LF; = 2.9. Beyond this value, normalised Pu
decreases because of the presence of high values of DRC which reduces the load
carrying capacity as explained in section 3.3.4. A best fit equation is obtained for the

plot and is given by

Pu

bdfex

=0.033 LF; - 0.0055 (LF;)* +0.144 .(43)

From the above equation for a give value of LF; , P, can be determined.
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4.6.2 Energy absorption capacity and toughness index.
Energy absorption capacity

An attempt was made to obtain the energy absorption capacity of the specimens.
In general, the term "Energy absorption capacity" of a given material could be obtained
only from the full Load versus Deflection (P-8) curve of the specimen. But due to the
inherent limitations of the testing machine, the load (P) and the deflection (8) readings
beyond the peak load could not be noted for all stages of post peak loading. However,
the post peak readings were recorded till the load reduced to 80% of the peak load (P,).
Hence the area under the P- & curve considered in this study consists of the area under
the ascending portion up to the peak load and under descending portion up to 0.80 P,.
The values of energy absorption capacity were computed from the area of (P-3) curve

for each specimen and are given in Table 4.5

From Table 4.3, it can be seen that the values of energy absorption capacity (U)
computed from the P- & curve using 80% of the post peak load as cut-off point, for all
the specimens indicate that, as the values of V¢ and DRC increases, energy absorption

capacity increases significantly and this increase does not follow any particular trend.

Toughness index

It is well known that concrete will be effective in resisting the load until the
formation of first crack. At this stage concrete is relieved of its tensile stress and steel
takes the entire load at the cracked section. Hence an attempt is made to obtain the area
under the P-d curve up to {irst crack load. Then the area obtained from the P- 6 curve
with 80% of post peak load as cut off point was divided by the area computed up to the

first crack load, and this is termed as Toughness Index i.e.,
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Area under the post peak P- & curve up to 0.8 P,

Toughness Index = ------mmmememmemm e (4.4)
Area under the P - & curve up to P,

This is similar to the procedure adopted by Japanese concrete Institute (JCI) for
obtaining toughness index for steel fibre concrete [95] Table 4.5 gives the values of
Toughness Index. From Table 4.5 it can be seen that the addition of latex improve the
toughness index of conventionally reinforced concrete beams. The beam with 0.5%
DRC has shown higher toughness index compared to 1.0% and 1.5% DRC. This is due
to the reason that addition of higher quantities of latex, other than that required for
filling the voids in the concrete, form weak spots/interfaces and crack originate from
these locations and propagation of the same cause immediate failure leading to reduction
in ultimate load, toughness etc. A similar trend has been noticed in the case of
conventionally reinforced concrete beams additionally reinforced with steel fibres. The
combined effect of latex and steel fibres indicate that the beams with DRC ranging
from 0.5 to 1.0% and volume fraction of steel fibres ranging from 0.5 to 1.0% have
given higher values of toughness index when compared to other combination of latex

and steel fibres.
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Energy Absorption Capacity (U) and Toughnes: Index (T-I) of Beams

Table - 4.5

O 0NN W B W

et pd et et e e —
[« NNV, B - S I =]

BLy Fy
BLo Iy
BLo I
BLo F3
BL Fo
BL; Fy
BL3 Fo
BL; Fi
BL, F,
BL; F,
BL; F»
BL; F»
BL; F,
BL F3
BL; F3
BL3 F3

941.92
4188.02
2549.43
5055.86
4601.72
2379.10
2466.32
3810.80
4374.26
275532

27040.31
2568.58
4028.61
5524.18
2614.26
3842.75

1.00
4.45
2.70
5.37
4.88
2.52
o 262
4.04
4.64
2.92
2.87
2.73
427
5.86
2.77
4.07

92.80 .
30937
229.92

336.69

389.93

333.21

319.90,
292.20
607.50
306.10

380.92
294.92
424.02
424.90
244.90
269.28

1.00
3.33
248
3.63
4.20
3.59
3.45
3.15
6.54
3.30
4.09
3.18
4.56
4.58
2.64
2.90

Note : Values of relative =

Energy absorption / Toughness of Specimen

Energy absorption / Toughness of Specimen BLg Fq
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4.6.3 Ductility factor :

Ductility may be defined, in general, as the ability of a structure to undergo

inelastic deformations beyond the initial yield deformation with no decrease in the load

resistance as shown in Fig. (4.11).

The ductility of a member can be measured using load — deformation response.
The deformation may be strain / rotation / curvature / deflection etc.. The ratio of

ultimate deformation to the deformation at the first yield is defined as ductility factor.

—

e P oo

>

dy Sy
Deflection

Fig. 4.11 Typical load versus deflection plot for determination
of ductility factor
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Ductility factor is an important parameter considered in the design of structures subjected

to large deformation. Generally it is defined in the case of members subjected to flexure as:

Ultimate deformation Sy
Ductility factor = = - ... (4.5)
Deformation at first yield dy

Since the addition of steel fibres and latex impart high ductility to concrete, an
attempt was made to obtain the ductility factor for the specimens tested in this study.
The value of &, were obtained for each specimen from the test results. For obtaining 6,
the load at which the steel yields (Py) has to be calculated and then from (P-6) curve, 6,

is obtained.

For obtaining the load at which the steel yields (Py), the following procedure was

adopted.

From the elastic cracked section theory [20, 71], assuming that the steel was not

stressed beyond its yield strength, the strain in steel can be obtained as follows:

g = fLo_M(d-x) ...(4.6)
E. I E.
. M Ls
. fSZW(d“")fg (4.7

Atyielding f; = f; and the above equation becomes

f = ﬂy_(d - x)E 4.8
y = Icr EC ...( .)
: = f[Ee) _fe ..(49
- M= f(t‘)(at?j *9)
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From the geometry of the loading scheme (Fig. 4.2)

M, =0375 P, ...(4.10)
M,
Py oL .. (411
where I, = Cracked moment of Inertia of the transformed section

m = modular ratio

M, = moment at which yielding starts
Py = load at which yielding starts

x = depth of neutral axis

d = effective depth of beam

The values of load Py at which steel starts yielding were computed using
equation (4.11). Then the deflection corresponding to this load at which steel starts
yielding (8y) was obtained from the load deflection curve of the specimen. Using
equation (4.5) the values of ductility factor for the specimens tested were obtained. A
relative comparison of ductility factor is given in Table 4.6. It can be seen that latex
modification up to certain percentages improve the ductility of the conventionally
reinforced concrete beams. This is very significant in beams with 0.5% DRC. In fact a
marginal improvement in ductility factor has been noticed in the case of beams with 1.0
and 1.5% DRC. Beams with 0.5% volume fraction of fibres have shown higher ductility
compared to that of beams with 1.0 and 1.5% fibres. The combined effect of latex and
steel fibres on the conventionally reinforced concrete beams indicate that, the beams
with 0.5% DRC and 0.5 to 1.0% volume fraction of steel fibres have given higher values
of ductility factors. This may be due to the following reasons. When small percentage
of latex is added to concrete, it fills the voids in the concrete and enhances the density
and strength of concrete. Similarly when steel fibres of 0.5 to 1.0% are added, the fibres
arrest the crack propagation by bridging across the cracks. Due to this, the cracks could
not propagate in the same plane and have to take a deviated path resulting in higher
energy demand for further propagation. This in turn increases the load carrying capacity

and deflection at ultimate load.
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BLo Fo
BLs Fi
BLo F2
BLo Fs
BL: Fo
BL: Fo
BLs Fo
BL: Fi
BL: Fi
BLs Fi
BL: F2
BL: F2
BL: Fz
BL: Fs
BL: Fs
BL3 Is

64.68
75.46
73.50
77.42
86.24
67.62
62.72
67.62
73.50
67.62
66.64
64.68
67.62
69.58
70.56
67.62

Table - 4.6
Ductility Factors

19.20
19.80
11.57
11.52
18.52
13.70
22.00
33.00
14.00
10.50
12.00
14.50
18.00
17.00
22.00
14.90

54.12
53.66
53.49
50.16
57.47
59.88
61.02
52.76
55.90
63.02
55.33
63.78
66.29
49.08
52.76
56.91

6.05
5.50
5.20
4.80
5.20
7.70
9.90
6.90
7.50
7.80
6.80
13.00
11.70
5.60
6.70
8.30

1.00
2.37
1.46
1.58
2.34
1.17
1.46
3.15
1.23
0.88
1.16
0.73
1.01
1.99
2.16
1.18
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When higher percentages of latex i.e., 1.0 and 1.5% are added, the excess
quantity other than that required for filling the inherent voids in the concrete mass form
weak spots in concrete. Cracks originate from these weak spots and cause immediate
failure. Also higher percentage of volume fraction of steel fibres (i.e., Vi=1.5%), cause
balling effect in the fibre concrete mix and due to this workability gets reduced and
density of concrete decreases. This in turn affects the ultimate load and deflection at
ultimate load. The fore-said developments, due to the addition of higher quantities of
DRC and steel fibres, lead to the reduction in ductility factors. These results indicate that
addition of 0.5% DRC and steel fibres up to V¢ = 1.5% appears to improve the ductility

of conventionally reinforced concrete flexural members significantly.

An attempt is made to relate the values of energy absorption capacity (U) and
toughness index (TT) and ductility factor (DF) with the values of latex fibre index (LF; )
Fig.4.12, 4.13 and 4.14 shows the plots relating to U, TI and DF with LF;. It may be seen
from these plots that U, TI and DF varies in a non linear form and increases as the value
of LF;=4.1, 3.9 and 3.0 respectively. Beyond these value, U, Tl and DF decreases. This
is mainly due to the addition of higher percentages of DRC which causes reduction in
the ét‘rength of specimens and has been already discussed in section 3.3.4. The

regression equation obtained for these plots are as follows
a) U= 088(LF)-0.1(LF) + 21
b) TI = 2.06(LF;)—028 (LF;)* + 0.36

9) DF = 0.21 (LF;) - 0.036 (LF;)* + 1.49
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Energy absorption capacity (U)
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Latex fibre index (LFi)

Fig. 4.12 Plot of energy absorption capacity versus
Latex fiibre index (LFi)
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Toughness index (T1)
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Fig. 4.13 Plot of Toughness index versus
Latex fibre index (LFi)
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Ductility factor (DF)(relative)
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Fig. 4.14 Plot of Ductility factor (DF) versus
Latex fibre index (LFi)

113




4.7 Prediction of First crack load and Ultimate Moment of Resistance

An aitempt is made to predict the first crack load and ultimate mome:: of
resistance of latex modified steel fibre reinforced concrete flexural members.

4.7.1 First crack load : An attempt is made to predict the first crack load in the
latex modified steel fibre reinforced concrete flexural members. The following

procedure is adopted for predicting the first crack load.

The cracking moment Mer of any flexural member can be determined using the
following equation

M, = e
Ve ...(4.12)
Where f: = Modulus of rupture of the material used
Ig = Moment of inertia of the gross transformed section

Distance of extreme tension fibre from the neutral axis

il

Y

In equation (4.12) the only unknown is fr. While equations are available for
obtaining fr for plain concrete, no equations are available for obtaining f: in latex
modified steel fibre concrete. An attempt is made to obtain a relation between f. and
other physical parameters such as volume fraction of steel fibres (Vi), Dry Rubber
Content (DRC) etc. The value of f: were obtained from the prism tests according to IS
516-1959 and are shown in Table 4.4. As the variables considered in this study are
different percentages of DRC and volume fraction of steel fibres, an attempt is made
to obtain a parameter which takes into account he combined effect of DRC and Vi.
After trying several combinations of DRC and Vi, a parameter called Latex- Fibre

Index LF: was obtained which is given by the equation

LF, = (1 + DRCO)*(1 + V;) (413
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Fig.4.15 shows the plot of [ versus LF;. The best fit equation for the plot is given by

. - ~ )2 ol 0
J,o= 00167 (LF,)" - 019 (LF,) + 4.79 ..(4.14)

The va}ues of fr for different combinations of DRC and Vr can be determined
from the equation (-4.14). After determining the values of fr, M can be found from
the equation (4.12). Then the first crack load (Per ) is computed for the loading scheme

considered in this study as follows.

For the given loading scheme,

Mo = 0.375 Por ..(4.15)
M.
L= Mo .. (4.16
Po = 9375 *.16)

The computed values of Peresy were compared with the experimental values of
Perexpn. The comparison is given in Table 4.7. It may be noted from Table 4.7 that, the
ratio Of Pereo) / Perexp ranges from 0.815 to 1.63. The average value of the ratio
Pereoy / Perexpy is 1.117 and the coefficient of variation is 22.1%. This shows that the
proposed method overestimates the first crack load by 11.7%. The coefficient of
variation obtained ie.22.1% could be considered small for materials like latex
modified steel fibre concrete, which is highly heterogeneous. Therefore the

comparison could be considered satisfactory.

115



Modulus of Rupture (N/sq.mm)
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Fig. 4.15 Plot of Modulus of Rupture (fr) versus
Latex Fibre Index (LFi)
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Table - 4.7

Comparison of theoretical with experimental First Crack Load

| SINof Beam
e ?@Slgngtlon Py (uaeorméau x
1 Blo Fo 16.23 14.70 1.104
2 BLo Fi 13.79 15.68 0.879
3 Blo F2 14.04 14.70 0.955
4 BLo Fs 14.38 17.64 0.815
5 BL: Fo 15.48 14.70 1.053
6 Bl Fo 15.99 09.80 1.630
7 BL3 Fo 16.71 14.70 1.136
8 BL: Fi 14.07 11.76 1.196
9 BL: Fi 14.22 09.80 - 1.451
10 BLs Fi 1445 09.80 1.474
11 BL:i F2 15.42 13.72 1.124
12 BL: F2 18.42 11.76 1.566
13 BLs I 19.36 14.70 1.317
14 BLi Fs 13.90 14.70 0.945
15 BL: Fs 14.69 15.68 0.937
16 BL3 Fs 18.38 14.70 1.250
Average 1.117
Ccov

1o a.

22.10 %




4.7.2 Ultimate moment of resistance

An attempt is made to predict the ultimate moment of resistance of latex
modified steel fibre reinforced concrete flexural members. Referring to literature it
was noted that Paramasivam et al [68] appears to be the first to develop an expression
for‘ﬂexural strength of reinforced steel fibrous concrete beams. Theoretical values of
ultimate moment were computed using the method proposed by Paramasivam et al

[68] as follows.

Based on the idealised stress block shown in Fig.4.16, they obtained

expression for ultimate moment and is

A f,
bhh, 7, P

M, = ou -
2 2 . (4.17)

where ow = ultimate tensile strength of composite and is given by

Tu

Ou =M My Vsl o ...(4.18)
where mi = length efficiency factor

Mo = orientation factor due to the realignment of fibres
bridging the crack

Vi = volume fraction of fibres

Ir = length of fibre

T = ultimate bond stress

r = radius of fibre

The length efficiency factor is calculated based on the following
‘ no= 05 for <l
m = 1-(1(:/21() for Ir> I

I is the critical length of fibre and is given by
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w d
o= 05 e 4

Tu ...(4.19)

1o = orientation factor due to the realignment of fibres bridging the crack and is

given by

p @
[ | cos gcosp dsdp
My = ...(4.20)

p @

[ [ d6ap

[/

Where 0 = sin” (Wl
p = sin” (b/lp)

he = depth of zone under tension and is given by

A S
a; O d - —‘b“mﬂx

(a[ O_cu + O-IN ) (421)

h =

where o) = 0.9 for fibrous concrete
ow = ultimate bond strength (=2.0 from CP:110 Part-1)|14]

The values of M, computed using the above equations are compared with the
experimental values. The comparison is given in Table 4.8. It may be seen form the
Table 4.8 that the method proposed by Paramasivam et al [68], under-estimates the

Ml (theo)

Mu(exp)

ultimate moment by 21%. The coefficient of variation of the ratio is 7.27%.
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Table - 4.8

Comparison of theoretical with experimental moment of xJesistance

1 BLo Fo
2 BLo F
3 Blo F:
4 Blo Fs
5 BL: Fo
6 BL: Fo
7 BL: Fo -
8 BL: Fi
9 BL: Fi
10 BL3 Fi
11 BL: F2
12 BL: F>
13 - BL; >
14 BL: F;
15 BL: Fs
16 BLs F3




Hence there is a discrepancy between the predicted values and the experimental
values of ultimate moments. This discrepancy may be due to the following reason. The
method propose by Paramasivam et al [68] is applicable to reinforced fibrous concrete
flexural members. On the other hand in the present study, the concrete was modified by
the addition of polymers such as latex and additionally reinforced with steel fibres. This
would have caused the discrepancy between experimental and theoretical values. Hence
further attempts have been made to modify the method proposed by Paramasivam et al
[68] taking into account the cffect of latex modification for the reinforced fibrous

concrete {lexural members.

4.7.3 Modification proposed :

This method follows the one proposed by Paramasivam et al earlier for reinforced
steel fibre concrete flexural members with suitable modifications in order to account for

the addition latex along with steel fibres.

In the above .equation (4.18) the oy (the ultimate tensile strength of the
composite) was suitably modified in order to account for the addition of latex in this
study and is given by

Tu
2r .(4.22)

COw = 1, 1, Vy l_/ V ore

The calculated value of tensile strength of composite was substituted in the
equation (4.17) to find the ultimate moment of resistance My The values of M,
computed using the above equations are compared with the experimental values. The
comparison is given in Table 4.9. Referring to Tablc 4.9, it may be noted that the ratio
of Mygheo) / Mucexp) ranges from 0.750 to 1.024. The average value of the ratio Myheo) /
Muexpy 18 0.930 and the cocfficient of variation is 7.44 %. This shows that the proposed

method estimates the ultimate moment of resistance satisfactorily.
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Table - 4.9
Comparison of theoretical with experimental moment of resistance

(after modification)

1 BLo Fo 24.83 24.25 1.024
2 BLo Fi 25.12 28.29 ~0.888
3 BLo F2 22.57 27.56 0.819
4 Blo Fs 25.66 29.03 0.884
5 BL: Fo 24.25 32.34 0.750
6 BL: Fo 23.83 . 25.35 0.940
7 BL: Fo . 22.83 23.52 0.971
8 BL: Fi 25.28 25.35 0.991
9 BL: Fi 24.77 27.56 0.899
10 BL: Fi 23.55 2535 0.929
11 BLi F: 25.88 25.99 0.996
12 BL: Fx 23.43 24.25 0.966
13 BL; Fx : 22.94 25.35 0.905
14 BL: Fs 26.50 26.08 0.989
15 BL: Fs 24.80 26.46 0.955
16 BL: Fs 24.61 25.35 0.971
Mean 0.93

cov ‘ ‘ 7.44 %
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4.8 Load Factors

Load factor with respect to limit state of deflection are calculated to understand
whether the load factor with respect to strength or with respect to deflection governs the

design. The following procedure is adopted to calculate the load factor.

a) For serviceability conditions, the allowable total deflection &, is limited to
span/250. The total deflection is the sumi of short-term and long-term

deflections.

b) The deflection obtained from the experiment is short time or immediate

deflection 9;, long term deflection 9§, is calculated as [71]

5=2.0-122s L(423)

Asr
where §; is the short time deflection and

(2.0-1 .2—33“—’)(5 > 0.60 (424
ST

where Ay, = Area of steel in compression

Aq = Area of steel in tension

c) The total deflection (&) of the specimen is equal to the sum of short time

deflection &; and long time deflection 6

8( = 6i + 6| (425)
= & + & (2.0 - 1.2 (As/Ay) &

The values of & obtained form equation (4.25) is equated to (span/250) and &; is

computed. Corresponding to this &; , the load Ps is obtained form the experimental

plots.
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e)  The load factor with respect to limit state of deflection can be calculated using,

LF. = P,/Ps ...(5.26)

The values of load factors with respect limit state of deflection obtained for all
the specimens are given in Table 4.10. It can be scen that the load factor for all the
specimens are more than 1.5, which indicate that the deflection controls the design.
Hence, while designing the latex- modified SFRC beams, sufficient attention is to be

paid to the deflection criterion, in addition to the strength considerations.
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Load factor with respect to limit state of deflection

Table 4.10

Load at Load
S No., b,Bveam designation | Ultimate | 5;=2.724 n?:m Factor
b Load (KN) P/ Ps
| RN o
[ BoLoFy 64.68 33.50 1.93
2 BoLoF, 75.46 32.50 2.32
3 BoLol 73.50 31.00 2.37
4 BoL;F; 77.42 35.50 2.18
5 BiLF 86.24 38.00 2.27
6 BL,F 67.62 29.50 2.29
7 BL;F 62.72 26.00 2.41
8 B\L,F, 67.62 29.00 2.33
9 | B,L;F, 73.50 24.00 3.06
10 B,LsF, 67.62 37.00 1.82
11 B\L,F, 66.64 28.00 2.38
12 B\L,F, 64.68 23.50 2.75
13 B\L;F; 67.62 28.00 241
14 B,L,F; 69.58 28.50 2.44
15 CL,F; 70.56 28.50 247
16 C\Lsl; 67.62 27.00 2.50
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4.9 Conclusions

Based on the experimental and analytical studies, the following conclusions are

arrived at:

I. In general, addition of latex (0.5 to 1.0% DRC) improve the first crack

load and the ultimate strength of flexural members.

2. The addition of steel fibres to latex modified concrete flexural members
improve the cracking behaviour significantly. However. the load carrying capacity is

only marginally improved.

3. The addition of latex improves the energy absorption capacity, toughness
index and ductility factor significantly. This is more pronounced in the case of beams

with DRC ranging from 0.5% to 1.0% and steel fibres up to a volume fraction of 1.0%

4. The overall improvement in energy absorption capacity, toughness index
and ductility, achieved due to the addition of latex and steel fibres to conventionally
reinforced concrete flexural members indicate that the latex modified steel fibre
reinfofced concrete is an appropriate material in the case of structures which are

subjected to large deformations, cyclic loading etc.

5. The method proposed in this investigation predicts the first crack load
and ultimate moment resistance of latex modified steel fibre reinforced concrete flexural

members satisfactorily.

6. Load factor with respect to limit state of deflection controls the design of
the latex modified steel fibre reinforced concrete beams when compared to those with

respect to the limit state of collapse against flexure and the limit state of cracking.
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CHAPTER 5
LATEX MODIFIED REINFORCED CONCRETE BEAMS WITH
CONFINED SFRC IN THE COMPRESSION ZONE

5.1 Introduction

Strength and ductility are the two important factors governing the design of
seismic resistant structures. Under seismic loading, the structures are subjected to
large deformations. To resist these inelastic deformations effectively without
resulting in the sudden failure of the structure, the concrete structural members must
be able to absorb strain energy. This is possible only if the material is capable of
withstanding considerable deformation without any reduction in its load carrying
capacity. Structures, which resist dynamic loading, must be designed for energy
absorption capacity in addition to its strength. Hence for concrete structures located in
seismic zones, the improvement of ductility is of paramount importance. Confining
the concrete in the compression zone increases its strength and ductility. Addition of
steel fibres also adds to this type of improvement to a great extent. Further
modification of concrete by natural rubber latex improves the ductility of the material

with the retention of strength level of plain concrete.

It was felt that it would be worthwhile to study the combined effect of the three
components on the strength and ductility of reinforced concrete flexural members.

Hence an attempt was made in this direction.

The review of literature indicates that the strength and strain at peak load of
conventionally reinforced concrete beams could be enhanced by providing confinement
in the compression zone. The above mentioned properties could be further improved by

the addition of steel fibres in the confined zone. Also, the addition of polymers like

* Based on the study presented in this Chapter, a technical paper entitled "Performance of Latex Modified
Concrete with Confined SFRC in the Compression Zone", has been presented at the Sixth NCB International
Seminar on Cement and Building Materials held at New Delhi during 24-27, November 1998.
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natural rubber latex to concrete improve the ductility, energy absorption capacity and
other durability parameters. From the review of literature, it may be noted that no
attempt has been made so far to study the combined effect of foresaid parameters such
as polymer modification and the incorporation of confinement and steel fibres in the
compression zone, on the strength and flexural behaviour of conventionally reinforced
concrete beams. It is also shown by the previous researchers that the incorporation of
one or more these parameters converts the brittle behaviour of concrete into ductile one.
Hence an attempt has been made to study the flexural behaviour of latex modified

reinforced concrete beam specimens with confined SFRC in the compression zone.

5.2  Experimental Programme

The experimental programme consisted of casting latex modified reinforced
concrete beams with confined and fibrous compression zone and testing them under
flexure. The polymer used was natural rubber latex. The spiral hoops were used to
confine the concrete in the compression zone. Besides the confinement, short discrete
steel fibres were randomly distributed in the compression zone. The variables
considered in this study were: i) Volumetric ratio of confinement (ps) ii) Volume
fraction of steel fibres (Vr ) and iii) Dry rubber content of the natural rubber latex
(DRC). Aspect ratio (Ap) of the steel fibres was kept the same for all the specimens.

53 Details of Specimen

The overall dimensions of the specimens used were 125 x 200 x 2000mm. Fig
5.1 gives the sectional details of the specimens. In order to understand the behaviour of
the specimens under flexural loading and ensure flexural failure, the beams were loaded
with a minor span of 300 mm and a major span of 1800mm. Hence the shear span in this
case is 750mm. By providing higher value of shear span/depth ratios the flexural failure
of the specimen can be ensured. Similar procedure had been adopted by other
researchers [45,52]. The shear reinforcement was designed in such a way that the shear

capacity of the specimen was higher than the flexural strength, so that the specimens

would not fail in shear.
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Fig. 5.1 Overall dimensions of specimens and details of reinforcement
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In the present investigation, 16 rectangular beams were cast and tested under two
point loading. The volumetric ratio of confinement considered was 6.33%. Three
different values of volume fraction of steel fibres 0.5, 1.0 & 1.5% and three different
values of dry rubber content viz. 1.0, 2.0 & 3.0% were considered. Table 5.1 gives the

details of the parameters used in each specimen.

5.3.1 Mziterials used

Cement : Cement used was ordinary Portland cement confirming to IS 269-1989.

Fine aggregate : Fine aggregate used was river sand passing through IS 4.75mm sieve,

having a fineness modulus of 2.43.

Coarse aggregate : The coarse aggregate considered was locally available quarry
crushed granite stones passing through IS 20mm sieve and retained on IS 4.75mm. The

fineness modulus of the coarse aggregate used was 6.8.

Reinforcement : Main tension reinforcement consisted of 2 nos. of 16 mm dia. HYSD
bars: compression reinforcement consisted of 2 nos. of 8mm dia HYSD bars. The shear
reinforcement consisted of 2 legged vertical stirrups made of 6.58mm diameter plain

bars at a spacing of 75mm c/c in the shear span and 150mm c/c in the flexural span.

The objective of this study was to understand the effect of confined latex
modified SFRC in the compression zone on the flexural behaviour of beams. The
confinement was provided in the form of circular spirals over a depth of 90mm from the
top extreme compression fibre. The external diameter of spirals coil used was 75mm
and were made of 6.58mm diameter plain bar. 1t was provided for a length of 650mm
(flexural span (300mm) + one effective depth on either side) in the middle portion of the

specimen. The pitch of the spirals was kept constant and was 40mm.
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Table 5.1

Details of Latex, Fibre and Confinement used in the be;amsl

[ ColoFo
2 CoL1Fo
3 CoL2Fo
4 CoLsFo
5 CiLoF:
6 CiLoF2
7 CiLoF3
8 CiL(Fy
9 CiLiF2
10 CiLiF3
11 CiLoF,
12 CilaFs
13 CilaoFs
14 CiLsF,
15 CiLsF2
16 CilsF3

0.0
1.0
2.0
3.0
0.0

0.0

0.0
1.0
1.0
1.0
2.0
2.0
2.0
3.0
3.0

3.0

0.0
0.0
0.0
0.0
0.5
1.0
1.5
0.5
1.0
1.5
0.5
1.0
1.5
0.5
1.0
1.5

6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33
6.58 40 6.33

Note: 1. .Volumetric ratio of confinement p; (%) =

Volume of binder

Volume of core concrete

2. Specimen CoLoFo means the specimens without confinement, latex and fibres

3. Co=* without confinement, C, =¥ confinement with p, =6.33%

4,  Lo=? without latex (DRC), L; = DRC=0.5% ,L, = DRC=1.0 %, L; = DRC=1.5%

5.  Fo=* without fibres (Vi=0.0%), Fi = V=0.5%, F;? VF,1.0%, B3P Vels%
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Fibres : The fibres used were galvanized steel fibres of diameter 0.88mm with an
aspect ratio 25. The short discrete fibres were randomly distributed in the compression
zone of the flexural span of the specimen. Three different volume fractions of steel

fibres viz. 0.5, 1.0 and 1.5% were used.

Natural Rubber Latex : The main aim of this investigation was to study the flexural
behaviour of latex modified reinforced concrete beams with confined SFRC in the
compression zone. The properties of natural Rubber Latex used in this investigation are
given in Chapter 3. The Dry Rubber Content (DRC) considered in this study were 1%,
2% and 3%.

Water: For the preparation of the specimens, potable water available in the laboratory

was used.

The ratio of the concrete mix used was 1:2:4 by weight and the water cement
ratio was 0.45 by weight. As mentioned in Chapter 3, when latex is added to concrete,
the mix becomes harsh and hence to improve the workability, adequate quantity of
water reducing Superplasticizer (CONPLAST-211) was also used in the mix as per
Table 3.1. In the case of latex modified specimens, the entire volume was modified with
latex. However the addition of steel fibres and confinement in the form of spirals was

restricted to compression zone of the flexural span only.
5.3.2 Preparation of the specimens

Preparation of moulds : Two wooden moulds of 125 x 200 x 2000mm inner
dimension were made to cast the specimens. Smooth aluminum sheets were nailed to the
inner surfaces of the moulds for the easy removal of the specimens. The concrete floor
of the casting yard itself was used as the base of the mould. To prevent the buckling of
the sides of the mould during casting and to keep the dimensions intact, U shaped metal
clamps were used. Along with these specimens, control specimens viz. 150mm cubes,

150 x 300mm cylinders and 150 x 150 x 700mm size prisms were also cast.
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Casting of specimens : All the materials were weighed using an AVERY 300 kg.
platform balance. For the easy removal of the specimens, oil was applied to the inner
surfaces of the mould and on the floor on which the specimens were cast. The mixing of
aggregates and cement was done in a mechanical mixer of capacity 0.5 m’. The dry
materials were mixed thoroughly and then the required quantity of water was added to
the mix (w/c ratio 0.45 by weight) and mixing is continued till uniform mix was
obtained. The amount of Superplasticizer used for different percentage DRC is given in
Table 3.1 Chapter 3. Required quantities of cement, fine aggregate, coarse aggregate,
water, natural rubber latex and Superplasticizer were weighed and kept ready for
mixing. The mixing and placing of concrete was done as explained in the earlier Chapter

(Chapter3, Section 3.4.3)

Curing of specimens: The specimens were removed from the mould after 24 hours of
casting and air dried for another 24 hours and then moist cured for 27 days using wet
gunny bags. The air drying of the specimens for 24 hours was done to allow for the
coalescence and f{ilm formation, which is very essential in the latex modification
process. Some of the specimens (those with higher latex content) took more time, even
up to 48 hours, for setting. This may be due to the fact that the addition of higher
percentages of latex affects the hydration of cement. After the curing period was over,
the specimens were white washed and kept ready for testing. The control specimens

were also cured under the same conditions of environment.
54  Test Setup and Testing Procedure

Test setup:  All the specimens were tested in a universal Compression Testing
Machine of capacity 300 tonnes (2942 kN). In order to note down the applied load
precisely,. a load cell of 25 tons (245 kN) capacity, with a least count of 0.01 tonne
(0.098 kN) was used as shown in Fig. 5.2. A special steel frame arrangement called
rotation meter was fabricated out of angle sections to measure the longitudinal strains.

Three Linear Variable Differential
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Fig. 5.2 TEST SET UP



Transducers (LVDT) were used for measuring the longitudinal strains (at the top,
bottom and middle) and to find out the moment - curvature relationship. The
longitudinal deformations at the top were measured using an LVDT with a range of
+5mm and a resolution of 0.00lmm. This LVDT was placed at a distance of 25mm
from the extreme compression fibre. The deformations at the middle was measured
using an LVDT of + Imm range and a resolution of 0.001 mm and was positioned
75mm from the extreme compression fibre. The bottom measurements were made using
an LVDT of range +10mm with a resolution of 0.01mm and were placed 25mm above
the extreme tension fibre. The vertical deflections at the middle were measured using a

dial gauge having a travel of 50mm and a least count of 0.01lmm.

The beams were supported on two rollers (30mm dia.) of which one was fixed
and the other was capable of rotation. The effective span was kept as 1800mm. The
specimens were tested under two point loading. Two rollers, each of diameters 30mm
served as load points and were kept on the beams at a distance of 300mm, kept in
position by plaster of Paris. A rolled steel joist was used to transmit the load from the

machine to the two locations through the rollers.

5.4.1 Testing procedure: The load was applied in stages. For every stage of loading,

the following readings have been noted:
i) Deflection at the mid span of the specimen.

ii) LVDT readings at 25mm, 75mm and 175mm from the extreme compression fibre of

the specimens.

iii) Width of cracks at the soffit and the propagation of the cracks after the first cracking
load. For measuring the crack width an imported microscope with a magnification of

50X and a resolution of 0.02mm was used.
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The above readings/measurements have been made upto the ultimate load of the
specimens. Beyond the ultimate load, only the deflections could be recorded that too
only upto 80percent of the peak load. As the testing machine was stress controlled type,
it was not possible to record all the deflections in the post peak load range as sudden
failure was observed beyond 80% of the peak load. Fig.5.3 (a, b, ¢, d & ) shows the

crack pattern of the tested specimens.

All the control specimens viz. cubes, cylinders and prisms were tested according |
to IS 516-1959. The compressive strength, stress strain behaviour of concrete and

flexural strength have been obtained from the testing of control specimens.

5.5  General Behaviour of Specimens in Flexure

In all the specimens, cracks appeared at the soffit of beam within the flexural
span. Then more number of cracks appeared in the flexural and shear spans and the
cracks moved upwards. As the load increased, the cracks began to widen. At higher
loads some of the cracks propagated up the beam and the tension steel started yielding at

these cracks.

The unconfined plain beam Col.oF) failed all of a sudden just after the ultimate
load was reached. This indicates a brittle failure. But the latex modified; confined SFRC
and latex modified confined SFRC beams resisted considerably even after the ultimate
load was reached. They deformed considerably before the load came down. This
indicates ductile behaviour of the specimens when the conventional reinforced concrete
is modified by latex and confined with steel fibre reinforced concrete in the compression

zone.

Almost-all the beams failed in flexure except those with a DRC of 3%, which
failed in shear- flexure. This was due to the fact which is already explained in Chapter 3
under the section 3.3.4 that, at a DRC of 3%, the strength of concrete reduces drastically

and hence specimens failed before the steel started yielding.
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Fig. 5.3 Photograph of tested beams
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5.6 Discussion of Test Results

In this section, the experimental results obtained from the tests conducted on
both the beams and control specimens are presented and discussed. The recorded values
of load, deflection, strains etc. have been used to obtain plots relatiﬁg them with the

various physical parameters of the specimens.

Table 5.2 shows the first crack load and the ultimate load of the flexural
specimens along with the compressive strength and flexural strength of the control

specimens. Referring to the Table, the following points can be noted:

The first crack load (the load at which the first crack appéars) of the specimens
increase as latex is added to concrete. This increase is found to be significant for a
DRC of 1%. At higher values of DRC viz. 2% and 3%, in fact, a reduction in the first
crack load is observed. This may be due to the following reasons. When latex is added
to the fresh concrete, the polymer particles get dispersed in the cement paste. As the
hydration of cement proceeds and the water in the pores drain out, the polymer
particles fill the micro pores. Ultimately by the removal of water by cement hydration,
the closely packed polymer and cement particles coalesce into continuous films. Thus
a monolithic network is formed in which the polymer and cement hydrate phases
inter-penetrate throughout. This will increase the density, which in turn increased the
strehgth of concrete. However, as ythe latex content increased, the excess latex will
lead to the formation of weak spots in the specimen due to air entrainment and
‘resulting in the reduction in density. At higher values of latex content this reduction is
significantly high. This phenomenon has been already explained using the
photographs taken on the latex modified concrete specimens using Scanning Electron

Microscope (SEM) in Chapter 3 under the section 3.3.4.
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Table 5.2

Test Results

e

1 CoLoFo 15.69 63.74 44.38 34.59 5.11 1.00
2 CoL1Fo 25.50 73.55 38.79 34.40 4.22 1.15
3 | ColaFo 15.69 60.80 14.82 08.88 2.20 0.95
4 | CoLsFo 03.92 10.79 02.83 02.61 0.49 0.17
5 CiLoFi 19.61 72.56 45.83 37.73 4.64 1.14
6 CiLoF2 17.65 73.55 46.92 34.54 - 4.18 1.15
7 CiloFs | 23.53 64.72 47.29 37.09 ‘ 4.90 1.02
8 CiL1Fy 23.53 87.27 40.31 37.18 . 4.64 1.37
9 CiLiF2 17.65 67.66 31.60 37.18 4.64 1.06
10 | CiLiF3 15.69 71.58 45.98 21.09 3.54 1.12
11 | CiLaF 07.85 41.19 2419 | 09.43 3.17 0.65
12 | CiL2F2 17.65 60.80 27.89 22.75 2.96 0.95
13 | CiL2F3 11.77 50.99 2397 | 07.88 2.75 0.80
14 | CiLsFy 01.96 07.85 02.83 01.28 0.59 0.12
15 | CiLsF2 09.81 15.69 04.58 02.28 042 0.25
16 | CiL3F3 05.88 13.73 04.36 03.05 1.36 0.22
Note : Strengih cain factor = Ultimate load of the speci&nen

Ultimate load of specimen ¢
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it) The specimens with DRC of 1% have given higher values of ultimate load
than those with values of DRC of 2% and 3%. This reinforces the earlier findings that
the addition of latex above a particular amount of DRC decreases the strength of

concrete, as explained earlier.

iii) When fibres are added to latex, in most of the cases ultimate load of the
specimens have been found to increase. This could be attributed to the following effects
of the fibre bridging. As and when micro cracks develop in the matrix, the fibres in the
vicinity of such micro cracks will try to arrest these cracks and prevent further
propagation. Hence the cracks which appear inside the matrix have to take a meandering
path, resulting in the demand for more energy for further propagation, which in turn
increases the ultimate load. However, at higher values of fibre content, in fact, a
reduction in ultimaté load has been noticed. This is mainly due to the balling effect of
fibres at higher percentages and difficulty experienced in fully compacting the
specimens. From the above, it is seen that the upper limit of the fibre content which

gives higher load carrying capacity is 1.0%.

iv) Comparing the specimens with and without confinement, it may be observed
that the inclusion of confinement in the compression zone increases the load carrying

capacity significantly. ‘ .

v) From the experiments, it appears that the optimum value of DRC is 1% and
the maximum strength gain is achieved at this percentage. At higher values of DRC viz..

29 and 3% the first crack load and ultimate load decreases due to the reasons mentioned

earlier.

As previously mentioned, the recorded values of load, deflection, strains etc.
have been used to obtain plots relating them with the physical properties of the

specimens. Fig.5.4. to 5.8 show the load deflection plots for :

141



1. Beam without confinement and fibres but with different percentages of
DRC (Fig. 5.4)
2. Beams with confinement and different volume fractions of fibres but

without latex (Fig.5.5)

3. Beams with 1% DRC, confinement and different volume fraction of
steel fibres (Fig. 5.6)

4. Beams with 2% DRC, confinement and different volume fraction of
steel fibres (Fig. 5.7)

5. Beams with 3% DRC, confinement and different volume fraction of

steel fibres (Fig. 5.8)
Referring to these plots, the following points can be noted:

i) In the case of specimens without confinement and fibres but only with latex
(Fig.5.4), at 1% DRC the ultimate load and the deflection at peak load is higher than
those of specimens with 2% and 3% DRCs. At higher values of DRC viz. at 2% and
3%, the ultimate load and deflection at peak load decrease. This decrease is drastic in
the case of specimen with 3% DRC. The reason for the above behaviour has been

already explained.

ii) In the case of specimens with confinement and fibres and no latex, (Fig.5.5)
as the volume fraction of steel fibres increases from 0 to 1%, the ultimate load and
deflection at peak load also increases. Beyond Vi =1% ie. at Vr =1.5%, in fact a
reduction in ultimate load is noted. This may be due to the balling effect of fibres and

the difficulty in compacting during casting the specimens with higher values of Vi
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iii) Referring to Fig.5.6, the ultimate load and the deflection at peak load of the
confined specimens with 1% DRC and 0.5% V are significantly higher than those of
the plain beam. The confined specimens with V=1% and 1.5% have given lower
values of ultimate load than the specimens with V£=0.5%. This may be due to the
following reasons. As mentioned earlier, when the quantity of latex added is small (of
the order of 1% DRC), the concrete mix becomes denser and hence higher load carrying
capacity is obtained. Addition of small quantities of steel fibres (V¢ ¥0.5%) to these
specimens enhances the overall behaviour of the material by arresting the micro-cracks
which form in the matrix during loading. When higher percentages of volume fraction of
fibres are added (Vi =1% and 1.5%), it might have caused difficulty in compacting the

specimens properly due to balling effect and thus resulting in reduced strength.

iv) Referring to Fig. 5.7, the confined specimens with 2% DRC and different
volume fraction of fibres have given lower values of ultimate load when compared to
the plain beam. Out of the three specimens, the one with a volume fraction of 1% gives

a better performance than those with V=0.5% and 1.5%.

v) Referring to Fig. 5.8, when the value of DRC is 3% the confined specimen
with fibres have given very low value of ultimate load when compared to that of the
plain beam. The provision of confinement and the addition of fibres have no effect when

the DRC is 3%.

From the above behaviour of the specimens, it may be noted that there is a
general improvement in the performance of latex modified specimens and latex
modified specimens with confined SFRC in the compression zone. Also, it can be seen
that the plain beam failed after the peak load without giving substantial deflections.
However, the latex modified specimens (upto a DRC of 2%) with confined SFRC in the
compression zone failed in a ductile manner and large deflections were noticed at the
uitimate stage. This indicates that the latex modification and the provision of confined
SFRC in the compression zone improves the ductility markedly. ThF computation of

ductility factor were given in the subsequent sections. |

145



Load (kN)

90.00

80.00

70.00

60.00

10.00

0.00

e
au
¥

-

0.00 10.00 20.00

30.00

Deflection (mm)

Fig. 5.6 Load Deflection plot for

SFRC Beams

146

A 4+ BEAM COLOFO
B € BEAMCI1L1F1
C A BEAMCILIF2
D * BEAMC1L1F3

40.00 650.00

Latex Modified



Load (kN)

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

DRC 2.0%

A + Bgeam GoLoFo

B € BeamciL2F1
C A BEAM C1L2F2

17 ] D % BEAM C1L2F3

0.00 10.00 20.00 30.00 40.00 50.00

Deflection (mm)

Fig. 5.7 Load Deflection plots for Latex modified
SFRC Beams

147



Load (kN)

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

A
A 4 BEAMCOLOFO
B @ BEAMCI1L3F1
C A BEAMCIL3F2
D * pgeamciLsFs
r ¢ D
| P '
: C
I" B

0.00 10.00 20.00 30.00 40.00 50.00

Defilection (mm)

Fig. 6.8 Load Deflection Plots for Latex Modified

SFRC Beams

148



5.6.1 Variation of ultimate load with volume fraction of steel fibre

Several parameters like percentage of DRC, confinement and volume fraction of
steel fibres affect the strength of concrete. Hence in order to account for these variables,
the ultimate load was normalised by dividing P, by bdfc. The nomialised values of
ultimate load (Pu / bdfck) were plotted against values of DRC. Fig. 5.9 shows the
variation of normalised ultimate load with volume fraction of steel fibres for specimens

with different values of DRC.

From the Figure it may be noted that the maximum value of ultimate load is
given by the specimens with V¢ = 0.5% and DRC = 1.0% or in general, for a range of
Vr=0.5% to 1.0% and DRC from 0.0% to 1.0% as indicated by the hatched portion in
the figure .

5.6.2 Variation of deflection at ultimate load

The deflection at ultimate load (§u) is an important parameter and is used to
obtain the ductility factor in the case of flexural specimens Fig. 5.10 relates the
deflection at ultimate load with volume fraction of steel fibres for specimens with
different values of DRC. It may be seen from the figure that the values of §, , in general,
increases with increase in value of volume fraction of steel fibres. The exception to this
is those specimens with DRC = 2.0% where, infact, a reduction in §; is noticed as V¢
increases. The specimens with 3.0% DRC gave low value of du. In the case of
specimens with 1.0% DRC, 8. decreases slightly as Vr increases from 0.5% to 1.0%,

then onwards it increases as V¢ reaches 1.5%. Even though the specimens with DRC =
2.0% give a higher value of §u, the ultimate load of these specimens were low compared
to those with DRC =1.0%. Hence those specimens with DRC value of 2.0% do not
satisfy the dual requirements strength and ductility in the case of structures subjected to
cyclic or repeated loadings. On the other hand those with a value of DRC = 1.0%

improves both strength and ductility (Fig. 5.9 and 5.10)
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5.7  Energy Absorption Capacity and Toughness Index

One of the aims of this thesis is to improve the structural behaviour of
conventionally reinforced concrete flexural members either by the addition of steel
fibres or by the modification of concrete by polymer like latex or by the combined effect
of fibres and latex along with confining of the compression zone of such latex modified
steel fibre concrete. From the literature, it was noted that the individual effect of the
above actions generally improved the structural behaviour such as strength, ductility,
energy absorption capacity, toughness etc.. The combined effect of steel fibres, latex and
confinement on the structural behaviour of conventionally reinforced concrete flexural
members have been discussed in the subsequent sections. Hence attempts have been
made to obtain the important material properties like energy absorption capacity,
toughness index, ductility factor for the specimens tested in this study. The following
sections explain in detail the method used for determining these parameters and

variation of the same with fibres and latex.
5.7.1 Energy absorption capacity

In order to determine the energy absorption capacity or toughness of the
specimens, the following procedure was adopted. The area under the full load deflection
curve represents the energy absorption capacity of the specimen. But due to the inherent
limitations of the testing machine (Stress controlled), the load and deflection readings
could not be taken for all the stages of post-peak loading. However, the post-peak
readings were recorded till the load reduced to 80% of the peak load (Py). Hence the
energy absorption capacity of the specimens were calculated from the P- § curve

considering the area under the ascending portion and upto 0.80 Py in the descending

portion.

Table 5.3 gives the values of energy absorption thus computed for all the

specimens tested in this study. From Table 5.3 it can be seen that in general, the energy
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absorption capacity increases with slight fluctuation for confined SFRC specimens and
latex modified (up to a DRC 2%) specimens with confined steel fibre reinforced
concrete in the compression zone. In the case of specimens with 3% DRC, there is large
reduction in the energy absorption capacity and the reasons for the drastic reduction in
the energy absorption capacity is the same as the one explained in section 3.3.4. The
maximum value of energy absorption capacity obtained was 2.651 KN-m and is given

by the specimen with V¢=0.5% and DRC = 1.0%.

Table 5.3
Energy absorption capacity

1 CoLoFo 1.742 1.00
2 CoL1Fo 1.608 0.92
3 CoL2Fo 0.872 0.50
4 CoLsFo 0.108 0.06
5 CiLoF: 1.916 1.10
6 CiLoF2 2.155 1.24
7 CiloFs 2271 1.30
8 CiLiFy 2.651 1.52
9 CiLiF2 1.939 1.11
10 CiLiF3 2.355 1.35
11 CiLaFy 1.487 0.85
12 CiL2F2 2.104 1.21
13 CilaF; 1.390 - 0.80
14 CiLsFy 0.132 0.08
15 CiLsk 0.298 0.17
16 CiLsF; 0.258 0.15
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Fig. 5.11 and 5.12 shows the variation of energy absorption capacity of confined
specimens with the volume fraction of steel fibres and values of DRC respectively. For
comparison purposes only confined specimens have been considered for these plots.
Considering both figures 5.11 and 5.12, it may be seen that the combination of Vy =
0.5% to 1.0% and DRC = 0.0% to 1.0% improve the energy absorption capacity of latex
modified reinforced concrete flexural members with confined SFRC in the compression

one.

5.7.2 Toughness index

As several parameters like strength of concrete, percentage of DRC, percentage
of steel fibres influence the energy absorption capacity, an attempt was made to
normalise the energy absorption capacity as follows. The major parameter, which affects
the first crack strength of reinforced concrete, is the strength of concrete and which
depends on the ingredients of concrete, mixing of concrete, workmanship/ quality of
work etc. Beyond the first crack stage, multiple cracks develop as the loading increases
and finally yielding of reinforcement occurs. The (p-8) curve also softens after the first
cracking stage. Therefore, the computed values of energy absorption capacity were
normalised by dividing them by the energy absorption capacity computed up to the first
crack load. This is similar to the procedure adopted in JCI (Japanese Concrete Institute)
[95] for obtaining the toughness index of steel fibre concrete. This ratio was termed as

toughness index (T.I). Thus toughness index is given by:

area under the P- § curve up to 80% of the post peak load
TL = . ...(5.1)
.area under the P - § curve up to first cracking

154



Energy Absorption Capacity (kN-m)

&
o
S

N
8

IIIIIIIIIlIllIIlll'll]lllllllLIJ

1.00

0.00

DRC 1.0%
DRC 0.0%

DRC 2.0%

O”M\-‘ DRC 3.0%

'rrrn-rrn-p'n-rrn-rrrrrrrm'rrﬂ'm'r‘nj

0.00 0.50 1.00 1.50 2.00
Volume Fraction of Steel Fibres (Vf %)

Fig. 5611 Energy Absorption Capacity versus
Volume Fraction of Steel Fibres

—
¥4
n




Energy Absorption Capagity (kN-m)

3.00

2.50
2.00
X Vt=0.5%
1.60
A V1=10%
1.00 & Vi=186%
0.50
%0 [T T TT T T T T T [ TT T T T T T T TTTTTTTTTT
0.00 1.00 2.00 3.00 4.00

DRC (%)

Fig. 5.12 Energy Absorption Capacity versus DRC (%)



Table 5.4 shows the values of toughness indices calculated for the specimens. It
can be seen that, due to the incorporation of confinement and steel fibres in the
compression zone, there is an increase in the toughness index. For latex modified (DRC
1%) specimens with confined SFRC, there is an increase in the toughness index and the
relative value ranges from 1.2 to 2.04. But for specimens with higher latex addition
(DRC 2% and 3%) the toughness indices reduces considerably due to the reasons

discussed earlier,

Fig. 5.13 and 5.14 shows the variation of toughness index of confined specimens
with volume fraction of steel fibres and DRC respectively. From these figures it may be
noted that the combination of Vi = 0.5% to 1.0% and DRC = 0.0% to 1.0% enhances

the value of T.I. markedly when compared to other combinations of Viand DRC.
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CoLoFo
CoL1Fo
CoL2Fo
CoLsFo
CiLoFy
CiLoF
C1LoF3
CiLiFy
CiLiF2
CiLiF3
CiLoFy
CilaF,
CiL2F3
CiLsFi
CiLsF,
CiLsF;3

Table 5.4

Toughness Index

207.82
111.08
104.09
56.60
359.29
377.07
283.81
248.50
424.17
281.00
48.79
62.75
76.00
86.50
71.09
61.46

1.00
0.54
0.50
0.27
1.73
1.81
1.37
1.20
2.04
1.35
0.24
0.30
0.37
0.42
0.34
0.30
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5.8 Ductility Factor

As explained in section 4.5.2, ductility is the ability of a structure to undergo
inelastic deformations beyond the initial yield deformations with no decrease in the load
resistance. The ductility of a member is usually expressed by the ductility factor, which

is the ratio of the ultimate deformation to the deformation at the first yield.

Su
Ductility factor (D.F) = ------- ...(5.2)
Sy
Where & = ultimate deformation (deformation at ultimate load)
8y = deformation at first yield.

The procedure for computing the ductility factor has already been explained in

Chapter 4 under the section 4.5.2

Table 5.5 shows the ductility factors thus calculated for all the specimens with
values of DRC up to 2.0%. As the specimens with DRC =3.0% failed before the steel
started yielding, they were not considered. It may be seen from the Table that, specimens
with confinement, latex and fibres have improved the ductility factor markedly. The

usable range of V{ varies form 1.0% to 1.5% and DRC varies from 0.0 to 1.0% .

Fig. 5.15 and 5.16 shows the variations of ductility factor of confined specimens
with volume fraction of steel fibres and DRC respectively. From the figure, it may be
noted that even though a definite trend is not obtained from these figures, it may be
observed that the useful range of volume fraction of steel fibres is 0.5% to 1.0% and

DRC is 0 to 2.0%.
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Table 5.5 Ductility Factor

2 CoLiFo 2.167 0.73
3 CoL2Fo 1.542 0.52
4 CiLoFi 2.875 0.97
5 CiLoF2 3.125 1.06
6 CiLoF3 3.857 1,30
7 CiLiFy 3.440 . 1.16
8 CiLiF2 3.136 1.06
9 CiLiF3 3.762 1.27
10 CiL2Fi 3.500 1.18
11 CiL2F2 4.148 1.40
12 CilhF3 3.185 1.08
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5.9 Introduction of Constitutive Parameter

All the earlier attempts were concentrated in making plots to understand the
effect of the variation in (i) confinement, (ii) volume fraction of fibres and (iii) DRC
on the test results such as ultimate load (Py), deflection at ultimate load (Su), eneréy
absorption capacity, toughness index (T.I) and ductility factor. However the combined
effect of all the three parameters cannot be obtained from such plots. Hence an attempt
was made to define a single parameter which takes in to account the variation of all the.
three physical parameters considered in this study. Thus a parameter called the

constitutive parameter (Cp) was developed which is given by

1
Cp= - .(5.3)
(I-ps)(1-Vg)(1-DRC)

This Cy is obtained after trying several combinations of ps, Vr and DRC on the
mechanical properties of confined latex modified reinforced concrete flexural
members. This parameter was compared with the test results. Fig. 5.17 shows the plot
of the Ultimate Load versus the constitutive parameter. It can be seen that, as the value
of this parameter C, increases the ultimate load also increases in a non-linear form. In
this case a second-degree polynomial was found to be the best fit. The regression

equation relating the ultimate load and C,, was obtained and is,
Py = 26225 Cp— 12500 Cp 2 — 13679 ...(5.4)

The constitutive parameter Cp was related to energy absorption capacity,
toughness index and ductility factor. Fig. 5.18, 5.19 and 5.20 shows the plots relating

them. The regression equation obtained for these plots are as follows:
a. Energy absorption capacity (U) = 890.63 C, - 421.88 sz -467.95

b. Toughness Index (TI) = 148812.5 Cp —70312.5 sz — 78445
C. Ductility Factor (DF) = 18.52C,-17.09
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It may be seen from these figures that as Cp increases the energy absorption
capacity (U) and Toughness Index (TI) increases for Cp upto 1.05. Beyond these
points, the value of U, and TI decreases. This is mainly due to the addition of DRC
more than 1.0% . The reasons for the reduction in values of Pu , U, and TI at highér

percentages of DRC has been already explained in section 3.3.4.

5.10 Load Factor

In the limit state design of reinforced concrete structures, the design should both
the safety and serviceability criteria. As far as safety is concerned, the member subjected
to bending should be safe against limit state of collapse against flexure and shear. The
laod factor considered in the case of limit state of collabse against flexure and shear is
1.5. Regarding the serviceability, limit states of deflection and cracking are the
important ones. An attempt is made to obtain the load factors with respect to limit state
of deflection and cracking in the case of latex modified reinforced concrete flexural
members with confined SFRC in the compression zone. Ioad factors with respect to the
limit state of deflection and the limit state of cracking were calculated to understand
whether the load factor with respect to strength or with respect to deflection or with
respect to cracking governs the design. The following procedure was adopted to

calculate the various load factors.
5.10.1 Load factor with respect to limit state of deflection

The load factor with respect to the limit statc of deflection was calculated

considering the following points.
a) For serviceability conditions, the allowable total deflection &is limited to span/250.

The total deflection is the sum of short-term and long-term deflections.
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b) The deflection obtained from the experiment is short time or immediate

deflection §; , long term deflection § is calculated as |[71]:

& = (2.0 - 1.2 (Al/As)) & (5.11)
provided,
(2.0 - 1.2 (A/Ag) > 0.60 (512)
c) The total deflection of the specimen is equal to the sum of experimental

deflection and the deflection obtained from the equation (5.11).

& = & + & ..(5.13).
= & *+ 8 (2.0 - 1.2 (Asd/As))
= 8 (3.0 - 1.2 (As/As) ...(5.14)
where Asc = area of steel in compression
As = area of steel in tension

d) The value of i 1s obtained from the equation (5.14) by substituting
&t = Span /250
Corresponding to this §i , ‘the load P 5 is obtained from the experimental load deflection

plot.
e) The load factor with respect to limit state of deflection can be calculated uéing,
LF. = Pu/Ps ..(5.15)
The values of load factors with respect limit state of deflection obtained for all
the specimens are given in Table 5.6. It can be seen that the load factor for all the

specimens are more than 1.5, which is normally considered as strength factor. This

indicate that while designing the confined latex- modified SFRC beams, sufficient

attention is to be paid to the deflection criterion, in addition to the strength criterion.
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Table 5.6 "
Load Factor with respect to Limit state of Deflection-

1 CoLoFo 63.74 32.00 1.99
2 CoLiFo 73.55 30.00 2.45
3 ColaFo 60.80 28.00 2.17
4 CoLsFo 10.79 07.14 1.51
5 CiLoFy 72.56 3429 2.12
6 CiLoF2 73.55 30.29 2.43
7 . C|LoF;3 64.72 32.00 2.02
8 CILiFy 87.27 30.00 2.91
9 CILiF2 67.66 2771 2.44
10 CILiF3 71.58 30.00 2.39
11 CILoFy 41.19 12.00 3.43
12 CILoFs 60.80 20.00 3.04
13 C\LoF3 50.99 20.00 2.55
14 CILsFy 07.85 04.00 1.96
15 C\LsF, 15.69 10.00 1.57
16 CILsF3 13.73 08.57 1.60
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5.10.2 Load factor with respect to limit state of cracking

Cracking in reinforced concrete structures is a random phenomenon. Crack
occurs as and when the modulus of rupture of concrete is exceeded. As per the lirffit
state of crack width, structural member is said to violate this condition when the width
of crack appears at the soffit exceeds the permitted value of crack width. As per IS 456-
1978, the allowable maximum crack width is 0.3 mm. To find the load factor with
respect to the limit state of cracking, the data obtained from the crack width
measurements taken during the experiment was used. From this, the load (P)
corresponding to a crack width of 0.3 mm was found out for each specimen. Then "the

load factor was calculated using the equation
LF. = Py/P : ....(5.16)

Referring to Table 5.7, it can be seen that the load factor with respect to the limit
state of cracking is less than 1.5 for most of the specimens, the exceptions being the
plain beam and those with 3.0% DRC. The reason may be due to the following : In
polymer modified concrete, at low values of DRC (i.e, up to 1.0%) the monolithic
network formed by the interpenetration of polymer phase and cement hydrate phase
increases the crack resistance of the specimens. But for higher dosage of polymer
addition, the air entrainment causes discontinuities in the monolithic network structures

and excess latex form weak spots, which reduces the crack resistance.

Hence in short, it can be said that the limit state of deflection controls the design

of polymer modified beams with Confined SFRC in the compression zone.
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Table : 5.7

Load factor with respect to the Limit state of Cracking

1 CoLoFo 63.74 2680 2.38
2 CoL1Fo . 73.55 5884 1.25
3 CoLaFo 60.80 31.38 1.94
4 CoLFo 10.79 0686 1.57
5 CiLoF) 72.56 92 | 18
6 ~ CiLoF2 73.55 60.80 121
7 CiLoFs 64.72 5099 1.27
8 CiL/Fi 87.27 7060 1.24
9 C\LiF, 67.66 52.95 128
10 CILiF3 71.58 6276 1.14
1 CILoFy 41.19 27.46 1.50
12 CiLaF; 60.80 5099 1.19
13 CiLaFs 50.99 3726 1.37
14 C\LaFi 07.85 0196 4.00
5 CiLsF2 15.69 0785 2.00
16 CiLsF3 13.73 07.85 { 1.75

|

|
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511 Conclusions

Based on the experimental and analytical studies conducted, the following

conclusions are arrived at:

. The provision of confined SFRC in the compression zone of polymer modified
reinforced concrete beams, in general, increases the load carrying capacity and the
ductility of the specimens. This is more predominant in the case of ductility of the

specimens.

L The investigation indicate that, the optimum dosage of DRC is 1.0%. Beyond this
limit, there is infact, reduction in the load carrying capacity was noticed. For

specitmens with 3.0% DRC the reduction in strength is drastic.

3. Load versus deflection plots indicates that therc is considerable improvement in the
ductility of the specimen upto 1.0% DRC. Also in the case of beams with confined
SFRC alone (no polymer modification) this improvement is marginal. Hence it can
be said that the addition of latex (to the optimum level) contributes to the ductility of

the specimens in a major way.

4. The energy absorption capacity and the toughness index of the specimens increases

upto certain level and then decreases as the DRC increases.

5. The latex modification (upto 1% DRC), the incorporation of confinement and the
addition of steel fibres in the compression zone have enhanced the strength and
ductile behaviour. This indicate that these parameters can be introduced in converting
the brittle behaviour ol over reinforced concrete flexural members into a ductile one.
Hence the maximum longitudinal reinforcement ratio for the flexural members
prescribed by the Code of practice could be raised to increase the flexural capacity of
beams. This would be beneficial in situations where there is a restriction on the
overall depth of beams, particularly if the beams are subjected to large bending -
moments. Use of over-reinforced beams with polymer modification and confined
SFRC in the compression zone can be considered in this case as alternative to the use

of prestressed concrete construction.
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6. latex modification, the incorporation of confinement and the addition of steel fibres
in the compression zone, enhances the strength and ductility of RCC beams and

hence seems to be appropriate for seismic resistant structures.

.

7. Load factor with respect to the limit state of deflection controls the design of the
latex modified reinforced concrete beams with confined SFRC in the compression
zone, when compared to those with respect to the Limit State of collapse against

flexure and the Limit state of cracking.
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CHAPTER -6

STUDIES ON CRACKING OF LATEX MODIFIED STEEL FIBRE
REINFORCED CONCRETE FLEXURAL MEMBERS

6.1 Introduction

The occurrence of cracks in reinforced concrete structures is inevitable because
of the low tensile strength of concrete. Cracks form when the tensile stress in concrete
exceeds its tensile strength. In the limit state design of concrete structure, the width of
crack is an important. parameter to be considered for the serviceability of the member.
Limiting the crack width is important from the aesthetic point of view, to ensure water
tightness and to safe guard the reinforcement against corrosion [4]. Many variables
influence the width and spacing of cracks in reinforced concrete members. Due to the
complexity of the problem, a number of methods have been developed in the past to
determine the width and spacing of cracks. These methods are generally based partly on
theoretical basis and partly on test results. Some investigators also developed empirical

equations from statistical analysis of test results.”

Some of these methods for predicting maximum width of cracks have been
adopted by International 'Codes of Practice with or without modifications. In this
Chapter, an attempt is made to compare the methods adopted in the International Codes
of Practice for predicting the maximum width of cracks using the test results reported in

literature. Similar comparison involving earlier version of British Code, viz. CP

Based on the studies presented in this Chapter, the following technical papers have been
published:

1. “Comparison of International Codes for the Prediction of maximum Width of Cracks in
Reinforced Concrete Flexural Members” Paper published in The Indian Concrete Journal,
Nov. 1996, pp-635-641.

2. “Prediction of Spacing and Maximum Width of Cracks in Steel Fibre Remforced
Concrete Flexural Members”, Paper published in the Journal of Structural Engineering,
SERC Madras. Vol. 24, No.3, Oct. 1997, pp. 143~ 148.
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110-1972 and Model Code 1978 have been already reported [20]. As these equations
have been revised recently, the revised ones are considered in this study. Also an attempt
is made to proposc a method for predicting the spacing and maximum width of cracks in
reinforced concrete flexural members additionally reinforced with steel fibres. Further
this proposed mec tod have been extended to predict the spacing and maximum width of

cracks in the cas f latex modified steel fibre reinforced concrete flexural members.

6.2 Comparison of International Codes for the Prediction of Maximum

Width of Cracks in Reinforced Concrete Flexural Members

I start with, - International equations available in literature for the prediction
of maximum width of cracks in reinforced concrete flexural members have been

¢ red and these cquations have been compared with the available test results.
6.3  Test Results

Test results of Hognestad [35], Clark [17] and Base et al [8] available in
literature have been used for comparing their experimental maximum width of cracks
with those predicted by International equations. Only beams having rectangular cross
section and reinforced with deformed bars are used. A total of 732 test results are

considered for comparison. A brief description of these test results is given in the

following sections.
6.3.1 Test results of Hognestad [35]

Hognestad conducted experimental study on the nature of cracking of reinforced
concrete beams. He reported crack widths at centroid of reinforcement for  steel
stresses ranging from 20000 psi (137.9 N/mm? ) to 50000 psi (344.7 N/mm” ) for

every 10000 psi (68.9 N/mm?) increments. Out of 36 beams tested, 4 beams were
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reinforced with plain bars and are not considered in this analysis. Thus a total of 121
crack width readings on the sides of the beam at the centroid of reinforcement level are

used here. Details of the data collected are given in Table 6.1.
6.3.2 Test results of Clark [17] -

Clark tested 54 specimens and reported maximum crack width and spacing for
steel stresses ranging from 15000 psi (103.4 N/mm?) to 35000 psi (241.3 N/mm?) at
every 5000 psi (34.5 N/mm?) increment. A total of 250 maximum crack width readings
are available. Out of these 250 maximum crack widths, the following three first

maximum crack widths are not used in the analysis.

(i) 0.0172 mm (0.00068 in) in the case of specimen No. 6-71/2-4-1 at a steel
stress of 103.4 N/mm? (15,000 psi)

(i) 0.0373 mm (0.00147 in) in the case of specimen No. 6-12-3-2 at a stress of
206.8 N/mm? (30,000 psi)

(iii) 0.0408 mm (0.00161 in) in the case of specimen No. 6-12-3-1 at a steel
stress of 241.3 N/mm? (35,000 psi)

The above three values of crack widths gave very high values of the ratio of
calculated crack width to the experimental crack width. This may be due to the difficulty
involved in the recognition of the location of the first crack and measurement of the
width as soon as it appears -the width being too small for accurate measurement. Thus, a
total of 247 maximum crack widths from the studies of Clark have been used in this

analysis. The details of the data collected are given in Table 6.1

6.3.3 Test results of Base et al. {8}
Base et al. of Cement and Concrete Assobiation of London carried out an

extensive investigation on the control of flexural cracking of rectangular beams. Tests

were carried out on 133 beams using plain and different types of deformed bars
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incorporating several variables like size of bar, side cover, bottom cover, effective
reinforcement ratio, concrete strength, curing condition etc. The maximum crack widths
at the lower extreme tensile fibres and the corresponding surface strain were
interpolated from the graphs given in the supplement part of their report. Thus a total of
364 values of maximum crack width reported are considered for comparison. The details

of the test results used are given in Table 6.1.

TABLE 6.1

Details of Test Results Used in the calculations.

Hognestad: 28 137.9 20,000
Crack width at Reinforced 32 206.8 30,000
the level of | concrete 32 275.8 40,000
reinforcement beams 29 344.7 50,000
Clark: Reinforced 45 103.4 15,000
Crack width at concrete 49 137.9 20,000
the soffit beams and 52 172.9 25,000
slabs 51 206.8 30,000
50 2413 35,000
Base et.al: 75 46.90 6,800
Fs corresponds . Reinforced 75 1124 16,300
to the average concrete 77 177.2 © 25,700
stress in steel beams 74 241.3 35,000
for these obser 63 303.4 44,000
vations
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6.4

Comparison of International Equations with the Test Results

The equations available for estimating maximum crack width in reinforced

concrete flexural members have been already given in the literature survey. The

e

same has been reproduced here for clarity.

6.4.1 BS 8110 - 1985 equation [12]

The British code suggests an expression for calculating the design surface crack

width, provided the strain in the tension reinforcement is limited to 0.8f,/E; and the

design surface crack width, which should not exceed the appropriate values given for the

appearance and corrosion (0.3 mm) as

3a, &m
Wy = . .(6.1)
1 + 2 A cr min
(h-x)
where ag = distance from the point considered to the nearest longitudinal
bar
€m = average strain at the level where cracking is being considered
Cmin = minimum cover to tension steel
h = overall depth of member

X = depth of neutral axis.

Average steel strain g, is calculated from the equation:

bi(h-x)(a-x)
mo - 62
d & 3 Es As (d - x) ( )
where € = strain in steel at the level considered ignoring the stiffening

effect of concrete in the tension zone

b width of the section at the centroid of tension steel
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a = distance from the compression face to the point at which the

crack width is being measured.

When using equation (6.2), in the case of test results of Hognestad, €; is calculated as:

(¥

& = %: (63)

6.4.2 Model Code 1990 equation [13]

The Model Code 1990 suggests, for all stages of cracking, the design crack width

may be calculated according to the following expression.

Wk = 1\ max ( Em = Em - E ) . ‘(64)
where Limax = length over which slip between steel and concrete occurs
€sm = average strain in steel within Ig max
€cm = average strain in concrete within I max
€cs = strain of concrete due to shrinkage which has to be

introduced algebraically

I max is calculated from the following conditions
If pserr 052 > fum(D)( 1 + ote pser) it may be assumed that the stabilized cracking
condition has been reached, otherwise the formation of single crack should be

considered.

where fym(t) mean value of the tensile strength of concrete at the time 't

when the crack appeared

Ole = ratio E¢/E
pser = effective reinforcement ratio ( = Ay/Acer)
Aces = effective area of concrete in tension ( area of concrete

surrounding the tension reinforcement)

steel stress at crack

g
<)
i
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ls max is calculated from the following equations:

[smax = *3_8%;; (for stabilised cracking ) ..(6.5 a)
| _ O 4 ) (for single crack formation ) ...(6.5 b)
5, max 2 - S [+ e psvef
where ¢; = diameter of bar |

According to the Code, in the absence of more refined model the effective area of

concrete in tension Acris to be taken as

25(h-d ) . -
Acer = _(T—Z subjected to a maximum of ( h x)b
In equatiOn (6.4) Ssm - gcn) = 85 - B 85[2
Where & = steel strain at the crack
B = 0.6 forshort term / instantaneous loading.

and & is given by the equation

Som @) ' ‘
Esrz T o ] + a. 5 o ) e 66
p.. E ( o (6.6)

6.4.3 ACI Code 318 - 1995 equation [ 3}

The specification given in AC1 318-1995 for control of cracking is based on the
equation proposed by Gergély and Lutz [31] and hence this equation is considered for

comparison. Gergely and Lutz made an extensive statistical analysis of crack width and

developed the equations which are as follows:
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The side and bottom crack width are given by’:

3/ C, A i
W, = 0091 ——(~T)—(f"' - 5)x 107 (6.7 -
1+
(d-x)
(h -x) iy
We = 0.0913C, A m(f' -5) 10 ...(6.8)
where C; = side cover measured from the centre of outer bar
Cy = bottom cover measured {from the centre of lower bar
A = area of concrete surrounding one bar

= effective depth of tension reinforcement

h = overall depth of cross section
x = neutral axis of cracked section
fs = steel stress in kips per square inch and

all other units are in inches.

While comparing the test results of Base et al, the steel stress f; are obtained
from the surface strain assuming a linear variation.
Thus

(d-x)
(h—x)

& = Surface strain
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6.4.4 Chinese dee equation (GBJ 10-89 1989)[105]

Chinese code for concrete structures (GBJ 10-89) proposes the following

equation for the maximum width of cracks in flexural members under short-term load.

r-

d 14
W = 1.41 w%‘ (27¢+ 011 -—) .(6.9)
where T = tensile steel stress at the crack
Es = modulus of elasticity of steel
7 = non uniformity coefficient of tensile steel
c = thickness of concrete cover

= diameter of steel bar

Pre = A/ Age
As = area of steel
Ape = effective area of tensile steel
y = coefficient related to the bond properties of steel bar

(1.0 for plain bars and 0.7 for deformed bars)

The non-uniformity co-efficient of tensile steel is calculated from the following relation

and is,

Y = 1.1 -0.65- Ja

SR A A ...(6.10
(ple O'S) ( )

where f = tensile strength of concrete
Ify < 04, take ¢y = 04
v 204, take y= 1.0
6.5  Results

Equations (6.1), (6.4), (6.8) and (6.9) were used to compute the maximum width

of cracks (Wca) for each specimen. The computed values were compared with the
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experimental values (Wey,). Results of the comparison are given in Table 6.2 to 6.5.

The value of the average and coefficient of variation of ratio Wea/ Wey, are given in

i. Table 6.2 for the test results of Hognestad
ii. Table 6.3 for the test results of Clark
iil. Table 6.4 for the test results of Base et al.

iv. Table 6.5 for the test results of Hognestad, Clark and Base et al for all the stages

of steel stress

The consolidated results are given in Table 6.6. The model calculations for
determining the maximum width of crack using B.S.8110-1985 équation, Model Code
1990 equation, ACI 318-1995 equation and Chinese code GBJ 10-89 equation are given
in Appendix - 1. Fig. 6.1 to0 6.12 gives the comparison of calculated crack width with

the experimental values for all the equations.

186



Table 6.2

Comparison of Calculated crack width with the test results of Hognestad [35]

1 B.S. Equation 28 137.9 0.914 0.284 31.08
32 206.8 0.773 0.204 26.33

32 275.8 0.726 0.214 29.46

29 344.7 0.713 0.200 28.08

2 Model Code 28 137.9 0.640 0.278 43.49
equation 32 206.8 0.639 0.274 42.82

32 | 2758 0.620 0.270 43.55

29 344.7 0.658 0.262 39.74

3 Gergely Lutz 28 137.9 1.020 0.305 29.93
equation 32 206.8 0.940 0.232 24.64

32 275.8 0.892 0.210 23.57

29 344.7 0.906 0.198 21.81

4 | ChineseCode | g 137.9 0.928 0.244 26.26
equation 32 206.8 - 0.836 0.193 22.43

32 275.8 0.833 10:200 24.02

29 344.7 0.845 0.195 23.02
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Table 6.3

Comparison of Calculated crack width with the test results of Clark [17]

B.S. Equation
49 137.9 0.830 0.242 29.21 .
52 172.4 0.812 0.247 30.36
51 206.8 0.800 0.198 24.80
2 Model Code 45 103.4 0.635 0.277 35.74
equation 49 137.9 0.649 0.245 37.82
52 172.4 0.677 0.306 45.17
51 206.8 0.683 0.243 35.65
50 241.3 0.664 0.243 36.55
3 | GergelyLutz | 45 103.4 1.026 0.305 29.68
equation. 49 137.9 1.018 0.263 25.78
52 172.4 1.033 0.289 28.02
51 206.8 1.037 0.218 21.03
50 241.3 1.013 0.241 23.83
4 | ChineseCode | 45 103.4 0.595 0.175 29.47
equation. 49 137.9 0.591 0.182 30.75
52 172.4 0.591 0.177 29.93
51 206.8 0.592 0.143 24.08
50 241.3 0.573 0.138 24.11
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Table 6.4

Comparison of Calculated crack width with the test results of Base et al [§]
\

B.S. Equation

Model Code
equation

Gergely Lutz
equation.

Chinese Code
equation.

75
75
77

74

63

75
75
77
74
63

64
75
77
74
63

75
75
77
74
63

- 46.90

46.90
112.40
177.20
241.30
303.40

46.90
112.40
177.20.
241.30
303.40

46.90
112.40
177.20
241.30
303.40

112.40
177.20
241.30

303.40

0.933

~ 1.071

1.094
1.091
1.139

0.105
0.269
0.314
0.330
0.358

0.301
0.860
1.029
1.103
1.183

0.286
0.535
0.612
0.637
0.678

0355
0.420,
0.416
0.434
0.433,

0.078
0.141
0.151
0.173
0.183

0.214
0.325
0.340
0.403

0.389

0.136
0.248
0.263
0.282
0.285

‘-

38.04
39.22
38.04
39.73
38.04

74.32
52.41
47.88
52.47
50.98

71.31
37.72
33.04
36.55
32.88

47.56
46.34
42.95
44.20
42.08
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Table 6.5

‘-

Comparison of Calculated crack width with the test results for all the stages of
steel stress

Hogne-stad
Data

Clark Data

Base &
others

Y

Model Code Eq.
Gergely Lutz eq.

Chinese Code eq.

B.S. Equation
Model Code Eq.
Gergely Lutz eq.

Chinese Code eq.

B.S. Equation
Model Code Eq.
Gergely Lutz eq.

Chinese Code eq.

B.S. Equation

121
121
121
121

197
247
247
247

364
360
1353
364

0.239
0.271
0.243
0.211

0.233
0.256
0.264
0.164

0.418
0.173
0.457
0.284

30.74
42.46
25.95
24.40

28.12
38.64
25.78
27.86

39.28
63.16
50.56
52.15
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3(a)
(b)

Table 6.6

Comparison of Calculated crack width with all the reported test results

B. S. Equation
Model Code Eq.
Gergely Lutz eq.

Omitting the first stages
of Base et al

Chinese Code eq.

682
728
721

657

732

0.945
0.467
0.951

1.015

0.613

0.368

0.297
0.373

0.321

0.264

38.90

62.66

39.22

31.63

43.08
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6.6  Discussion of Test Results
From the results obtained (Table 6.2 to 6.5) the following points are noted.

1. B.S 8110-1985 equation underestimates the crack width (i) in the case of test results
of Hognestad and Clark and (ii) in the case of test results of Base et al. at steel
stress level of 46.9 N/mm? However the calculated crack widths compare better with
the test results of Base et al. than the test results of other two sources. For all the test
results of Base et al., B.S equation (Table 6.5) has given the average ratio of
Weal/Wexp as 1.063 and the coefficient of variation of 39.28%. However when all the
test results from the three sources are put together (Table 6.6) B.S equation under
estimates the crack width by 5.5% ; Wca/Wexp is 0.945 on an average with a

coefficient of variation of 38.90%.

2. Model Code equation (1990) under-estimates the values of crack width for all the
test results of Hognestad, Clark and Base et al. With all the test results put together
(Table 6.6), Model Code equation under-estimates the crack width by 53.3% and the

value of coefficient of variation of Wea/Weyp, is 62.66%.

3. ACI : 318-1995 Code equation over estimates the values of crack width (i) in the
case of test results of Hognestad at the steel stress level 137.9 N/mm? (i) in the case
of test results of Clark, at all steel stress levels (iii) in the case of test results of Base
et al at steel stress levels of 177.2, 241.3 and 303 .4 N/mm?. In the case of test results
of Base et al, the average of the ratio of Wcy/We,,, at steel stress 46.9 N/mm? is very
low viz., 0.301 and the coefficient of variation is 71.31%. This may be attributed to
the reason that the equation (6.7) and (6.8) were obtained by Gergely and Lutz from
statistical analysis omitting the test results at steel stress below 96.5 N/mm®. From
Table 6.6 it can be seen that Gergely and Lutz equation with 657 test results (omitting
the test results of the first stage of steel stress in the case of Base et al.) over estimates

the crack width by 1.5 %  and the coefficient of variation of Wea/Wexp is 31.63 %.
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However with all the 721 test results the equation under estimates the crack width by

4.9% and the coefficient of variation of Wea/Wey, is 39.22%.

4. Chinese Code Equation under estimates the crack width in the case of all the test
results of Hognestad, Clark and Base et al. Also when comparing with all the test
results (Table 6.6), Chinese code equation under-estimates the crack width by 38.7%

; Wea/Wexp 1 0.613 on an average with a coefficient of variation of 43.08%.

6.7 Conclusions

1. In this study, the International Equations for the determination of crack width
in reinforced concrete flexural members are compared with the test results of Clark,
Hognestad and Base et al. available in literature. From the comparison it is found that
the Gergely Lutz equation predicts the width of cracks better when compared to the

other equations.

2. It may be noted that, all the equations available in the International Codes
are based on certain theories involving strength of materials approach and evaluation of

empirical constants from statistical analysis of test results appearing in the equation.
3. Considering the random behaviour of cracking and dynamic propagation of

cracks, it is felt that, appropriate methods involving concepts of fracture mechanics have

to be developed for estimating the width of cracks in reinforced concrete members.
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6.8 Prediction of Spacing and Maximum Width of Cracks in Steel Fibre

Reinforced Concrete Flexural Members

6.8.1 Introduction

In the limit state design of reinforced concrete structures cracking is one of the
important limit states which the design has to satisfy to ensure serviceability of the
structure. Cracking in reinforced concrete members under service load is due to the low
tensile strength of concrete. The development of cracks in reinforced concrete members
has a major influence on the structural performance, energy absorption capacity,
ductility, corrosion resistance of reinforcement, etc. Hence it is necessary to mitigate the
cracking in reinforced concrete structures [37]. Recent investigations [6] indicate that
addition of steel fibres improves the cracking behaviour of reinforced concrete members

significantly.

In the case of fibrous composite material, the steel fibres act as crack arresters that
restrict the growth of flaws alreédy existing in the matrix and control them from
enlarging. Test results reported by Swamy et al [96] indicate that the ability of the fibre
reinforcement to control cracking and deflection is more important than improvement in
the strength characteristics. It has been already established [68] that the fibres influence
the cracking behaviour of matrix and convert the brittle behaviour into ductile one. In
addition to this, the presence of fibres increases the stiffness of matrix, which in turn
results in reduction of deflection. Also from the recent investigation, it has been learnt

that addition of polymer improves many of the engineering properties of conventional

concrete.

Even though a large number of investigations are available in literature on
strength and behaviour of steel fibre reinforced concrete (SFRC) members subjected to
flexure, only a few attempts have been made to predict the width of cracks in such

members. These methods are either purely theoretical or empirical in nature. Since
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cracking in concrete member is a random phenomenon and subjected to large degree of
scatter, a method which represents the physical behaviour of cracking and at the same

time take care of this large degree of scatter is the most suitable one.

In this Chapter, attempts have been made first 1o propose a method for predicting
the spacing and width of cracks in the case of steel fibre reinforced concrete flexural
members using available results in literature. Then the same method has been extended
to predict the spacing and width of cracks in latex modified SFRC flexural members

with suitable modification.

+

[

Results obtained using the equations available in literature for predicting the crack
widths in reinforced concrete flexural members have been compared with the test results
[83], to verify the applicability of these equations in predicting the width of cracking in
SFRC members. As these equations did not give a satisfactory comparfson, an attempt is
made to modify the analytical equation for spacing and maximum width of crack in

SFRC flexural members with conventional reinforcement.

6.8.2 Test results

In the literature it has been found that Achyutha and Sabapathi [6] have carried
out an extensive study on strength and behaviour of SFRC flexural members. They
conducted tests on RCC beams additionally reinforced with steel fibres. The variables
considered in their study include (i) area of reinforcement, (ii) compressive strength of
concrete, (iii) aspect ratio of fibres, (iv) volume fraction of fibres, and (v) yield strength
of steel. A total of 46 beams have been tested in their study. The test results reported by
Sabapathi [83] have been used for evaluating the empirical constants appearing in the
equation proposed in this study. Out of 46 specimens, those reinforced with steel fibres
over the entire cross section only have been considered. The details of the specimen and
fibre reinforcement used are given in Table 6.7. The beams were tested under two point

loading as shown in Fig. 6.13.
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Table 6.7 "

Details of specimens and reinforcement [83]

1 1 2
2 2 10 2 |80 |10 | 3484 615.0
3 3 10 2 |65 | 13 | 29.8 400.0
4 4 8 2 |65 |13 | 20.8 386.0
5 7 10 2 {5 |16 | 3257 400.0
6 8 10 2 |50 |10 | 3218 400.0
7 9 10 2 |65 |13 | 2843 580.0
8 10 | 12 2 |65 |13 | 2843 432.0
9 14 10 2 {8 |13 | 3117 365.0
10 | 15 10 2 |65 | 1.6 | 3459 402.0
11 | 16 10 2 |65 | 1.0 | 36.11 402.0
12 | 17 10 2 |65 |13 | 35.8 426.0
13 | 18 16 2 |65 |13 | 358 510.0
14 | 21 16 3 |50 |19 | 3695 479.0
15 | 47 16 2 |80 |15 | 46.65 443.0
16 | 46 16 3 18 |15 | 46.65 443.0

Note: 1. Dimensions of all specimens are 126.0 x 203.2mm
2. Clear cover = 25 mm
3. Span = 2200 mm
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Fig. 6.13 Experimental setup and cross section of the beam used [83]
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6.8.3 Comparison of International equations

To start with, an attempt is made to compare the results obtained from existing
equations available in literature for predicting the inaXimum crack width in
conventionally reinforced concrete members with the test results [83]. The equations
given by BS 8110 [12]  ACI equation [3] (Gergely Lutz equation), Model code [13]
and Desayi - Ganesan [20] have been used to calculate the maximum crack width (Wcy )
and compared with the experimental values. Details of calculation of maximum crack
width are given in the Appendix III. Table 6.8 gives the values of average of Wea/Weyp

for observations collected from the test data [83].

Table 6.8

Comparison of results from present equations with the test results

B.S. 8110 [12] 97 0.808 51.75
Gergely & Lutz [3] 97 1.342 47.50
Model Code 1990  [13] 97 0.832 50.42
Desayi & Ganesan  [20] 97 1623 53.19

From Table 6.8, it may be noted that equations of BS 8110 and Model Code
1990 under- estimate the width of crack by 19.2% and 16.8% respectively. On the other
hand, equations of Gergely Lutz and Desayi and Ganesan over estimate the width of

crack by 34.2% and 62.3% respectively. Also all the equations have given larger values

210



of coefficient of variation of Wa/Wey, and do not give a satisfactory comparison. These
equations have been developed to estimate the width of cracks in reinforced concrete
flexural members only. In the case of reinforced concrete beams with additional steel
fibres, the presence of steel fibres affect the cracking behaviour significantly [96]. The
effect of steel fibres has not been incorporated in the above equations. This might have
resulted in large difference between computed and experimental values of crack width.
This indicates that suitable modifications have to be introduced in the above equations

to account for the effect of steel fibres for predicting the width of cracks.
6.8.4 Significance of choosing Desayi and Ganesan equation

It may be noted that the equations given by B.S.8110, Model Code 1990 and
Gergely and Lutz are generally based on partly on theoretical and partly on the test
results and are semi-empirical equations. These equations are obtained using different
combinations of variables that were thought to affect the cracking behaviour and which
correlate better with the test results. Such equations may not give a physical picture of
the cracking behaviour. However a hypothesis for cracking behaviour with assumed
behaviour of some of the parameters and evaluation of the same using statistical
- analysis of the large number of data may give a better understanding of the physical
behaviour and at the same time take care of the random behaviour of the cracking. The
equations proposed by Desayi and Ganesan [20] is based on the classical bond slip
hypothesis and the constants appearing in the equation are evaluated using a large
number of test results [20] and direct observation of th;: equation reveals a clear picture

of the cracking behaviour of reinforced cement concrete.

In addition to this, it may be noted that the B.S 81 10 and Model Code equation
under-estimate the width of cracks in the case of reinforced concrete members with

additional steel fibres (Table 6.8). Therefore, the incorporation of stiffening effect of the
fibres in the crack width equation will lead to further reduction in the computed values

of the crack width. Then the next choice is Geregely and Lutz equation, which is purely
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empirical and does not represent the physical behaviour of cracking. Therefore attempts

were made to modify Desayi and Ganesan equation.

In view of the above, the method proposed by Desayi and Ganesan [20] has
been chosen and the same has been modified in the case of Reinforced Cement concrete

members with additional steel fibres.

6.8.5 Proposed method

The method proposed in this study follows the one proposed earlier by Desayi and
Ganesan [20], for reinforced concrete flexural members which is primarily based on the
bond slip hypothesis. In order to account for the effect of fibres, suitable modifications

are introduced.

In their method, Desayi and Ganesan [20] considered a concrete member with a
reinforcing bar under tension and explained the formation of new crack at section xx
(Fig. 6.14) which is at a distance |; from an already formed crack. A new crack could
form at section xx when the bond force developed by the bar causes a maximum stress

equal to the tensile strength of concrete at section xx.
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Based on the statistical analysis of a number of test results, they obtained the
following equations for spacing and maximum width of cracks in reinforced concrete

flexural members.

Average crack spacing a :

k! fa Ac

[ m 1
ko T u, |

2w

Maximum crack spacing is :

ki f., A
an = Jode 6.13)

[m, 1
k[, fb"I_M,,_l Zﬂ¢

Maximum crack width at lower extreme fibre Wy, :

(h-x)
(d-x)

Wbt = dm €&s (6.14)

6.8.6 Modifications proposed in this study

It may be noted from equation (6.14) that, for a given beam, all the parameters of
equation (6.14) are constant except the strain in steel €5 which is a variable and depends
on the external load. This was obtained based on elastic cracked section theory [20].
Since steel strain is an important parameter for estimating the width of cracks in the case
of reinforced concrete members, an attempt is made to compare the values of strain
computed based on the cracked section theory with that of experimental values. Strain in

steel have been calculated as follows
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The stress in steel (f;) at any moment 'M' after cracking is,

f, = m M(d-x) ......... (6.15)

1

The strain in steel g corresponding to the stress f; is, .

/.
E,

5

where m = —
E.

The computed values of g5 from equation (6.15) and (6.16) are compared with the
experimental values obtained from the test results [83], and are shown in Fig. 6.15. The
experimental values of strain have been obtained for different values of M/M,, ranging
from 0.2 to 1.8 where M represents the moment corresponding to a particular stage of
loading and M,, represents the working load moment computed [20] assuming the
permissible stress in steel is 230 N/mm’. From this figure it may be noted that, the
method used ( Eq. 6.15 and 6.16) for calculating the values of strain in tension
reinforcement in the case of SFRC members over estimates the value of g5 . This may be
due to the following reasons. In the case of SFRC members, the steel fibres in the
tension zone increase the elastic deformation of the material surrounding the main
reinforcement. In addition to this the stiffening effect of concrete between cracks at the
initial stages is high when compared to that of plain concrete. This results in a
significant reduction of strain in steel . The conventional method for computing strain in
steel based on cracked section theory over estimates the values of strain in case of SFRC
members, as the stiffening effect in between cracks is not taken in to account. Hence a
correction factor F is introduced to evaluate the strain in steel in the case of SFRC
members. The correction factor F represents the combination of different geometrical
and mechanical properties, which were thought to affect the cracking behaviour of the

member.
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Equation (6.17) gives the relation between F and the geometrical and mechanical

properties of the member.

bth-x)f, AV,
A S 10°

F = ...('6..17)

In equation (6.17) the contribution of matrix is incorporated in the equation in
the form of b(h-x)f;; which represents the tensile force in the matrix. The amount of steel
fibres which increases the elastic deformation of the matrix, surrounding the tensile
reinforcement, is an important parameter and is represented by the combination of

volume fraction and aspect ratio of fibres, Vrand A, respectively.

As tensile force in steel reinforcement is also another important parameter, it is
incorporated in the equation by A f;. It may be noted that the factor F is introduced in
order to account for the stiffening effect of steel fibre concrete matrix in between the

cracks, which causes significant reduction of strain in steel [89].

The values of (g - €s(exp)) are plotted against F and is shown in Fig. 6.16. The
best fit line is drawn relating ( €scaiy - Esexp)) With F and the regression equation thus

obtained is:

gs(cal) - s(exp) = my(F) + ¢, . (6.18)

Where m = 1414
¢ = 2.831x10*

As the experimental strain should be equal to the corrected strain, €gexp) 1S

replaced on the LHS by &y and thus,
Esicon) = Eseal) - (1414 F+2.837 107 ...(6.19)
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Fig. 6.17 shows the variation of the corrected strain egcory With the experimental strain.
From the figure it can be seen that the equation (6.19) satisfactorily predicts the strain in
steel in the case of SFRC members and all the points are lying within +15% variation

from the line of equality.

The equation (6.14) for determining the maximum crack width at the soffit is
modified by replacing &€ by €gcor and is given as follows:
(h-x)

W = am Ss(c,,,)(d—_x)- ...(6.20)

Equation (6.20) is used to determine the maximum bottom crack width and these
values are compared with the measured width of cracks. Table 6.9 gives the values of
Weal/Wexp and coefficient of variation. It may be noted that the proposed method under-
estimate the values of crack width by 0.8% with a coefficient of variation of 35.30%.
Comparing Table 6.8 and 6.9, it is seen that the proposed method estimates the
maximum crack width better than the equations available in literature for reinforced
concrete flexural members. Fig.6.18 shows the plof relating the values of Wy with Wexp

and the computed values compare satisfactorily with the experimental values.

Table 6.9

Comparison of Maximum crack width computed using the
proposed method with the test results

N

Proposed method 97 0.992 35.30
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6.8.7 Spacing of cracks

. The earlier studies on spacing of cracks in the case of steel fibre reinforced conctete
indicate that the addition of steel fibres have negligible effect on the crack initiation [89].
The fibres play a vital role only after the cracking of matrix in extreme tensile zone by
bridging across the faces of cracks which in turn causes reduction in the widening of cracks

and delay the propagation of cracks.

In view of the above, the existing equation for spacing of cracks in the case of plain
reinforced cement condete (without SFRC) has been used to compute the crack spacing.
The computed values of spacing of cracks using equation (6.12) and (6.13) have been
compared with the experimental values. Fig. 6.19 shows the plot of computed and
experimental values of spacing of cracks. From the figure it may be noted that the points lie
around the line of equality and this indicate that the equations (6.12) and (6.13) predict the
spacing of cracking in SFRC members satisfactorily. Table 6.10 and 6.11 give the details of
values of ratio of computed mean spacing to the experimental mean spacing and the values

spacing (cal)

of ratio of computed maximum spacing. The average values of values are 0.93

spacing(exp)

spacing (cah

and 0.96. The coefficient of variation of the are 29.22% and 18.12%. The

spacing)

above values indicate that the comparison is satisfactory.

Fig. (6.20 a) to (6.20 d) shows the plot of spacing of cracks at different stages of
loading with steel stress. It is seen from the figure that the measured and calculated values of
spacings compare satisfactorily except at the initial stages of loading. This discrepancy may
be due to the reason that there is a possibility that one or two hairline cracks ‘would have
been missed during the visual observation at the initial stages of cracking which leads to

higher values of experimental spacing.
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Table 6.10 .

Comparison of calculated and exgerimgntal mean spacing of cracks [83]

Beam No. Spacing (cal) Spacing (exp) Ratio Spacing e
Spacing exp)
(mm) (mm)
1 114.70 75.60 1.52
1 96.67 84.20 1.15
2 132.63 84.70 1.56
2 94.00 71.00 1.32
3 109.18 139.00 0.78
3 89.96 139.00 0.64
7 93.56 144.30 0.64
9 11941 154.00 0.77
9 86.38 117.80 0.73
14 109.65 88.00 1.24
14 93.28 61.10 1.52
15 97.23 142.50 0.68
16 117.60 138.30 0.85
16 96.72 79.00 1.22
17 120.46 147.50 0.81
17 97.08 115.00 0.84
4 134.14 104.00 1.28
4 111.91 104.00 1.07
10 92.89 129.00 0.72
10 74.50 86.20 0.86
18 83.38 109.6 0.76
18 63.10 67.00 0.94
8 111.27 176.00 0.63
8 91.67 111.20 0.82
45 77.56 97.50 1.00
45 77.57 97.50 0.79
21 53.69 73.10 0.73
21 41.53 73.10 0.56
46 63.63 70.60 0.90
46 50.59 70.60 0.71
13 111.63 - 12530 0.89
13 94.96 94.30 1.00
23 68.49 78.10 0.87
23 56.68 78.10 0.72

Average = 0.93
COov = 2922
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Table 6.1

Comparison of calculated and experimental maximum spacing of cracks [83] .

Beam No. Spacing (cal) Spacing (exp) Ratio Spacing car)
, Spacing exp)
(mm) (mm)
1 134.28 128.0 1.04
1 134.28 128.0 1.04
2 153.89 144.0 1.06
2 153.89 107.0 1.04
3 129.88 175.0 0.74
3 129.88 175.0 0.74
9 143.13 147.0 0.97
14 129.52 170.0 0.76
14 129.52 170.0 0.76
15 137.32 150.0 0.91
16 135.67 162.0 0.83
17 139.15 150.0 0.92
17 139.15 165.0 0.84
4 138.29 138.0 1.00
4 138.29 138.0 1.00
18 128.50 165.0 0.77
18 128.50 100.0 1.28
8 130.76 137.0 0.95
45 144.58 135.0 1.07
45 144.58 135.0 1.07
21 92.68 110.0 0.84
46 106.34 95.00 1.11
46 106.34 95.00 111
13 130.16 176.0 0.73
13 130.16 167.0 0.77
23 110.22 105.0 1.04
23 110.22 105.0 1.04

Average = 0.96
COV =18.12
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6.8.7 Spacing of cracks

The earlier studies on spacing of cracks in the case of steel fibre reinforced conctete
indicate that the addition of steel fibres have negligible effect on the crack initiation [89).
The fibres play a vital role only after the cracking of matrix in extreme tensile zone by
bridging across the faces of cracks which in turn causes reduction in the widening of cracks

and delay the propagation of cracks.

In view of the above, the existing equation for spacing of cracks in the case of plain
reinforced cement conérete (without SFRC) has been used to compute the crack spacing.
The computed values of spacing of cracks using equation (6.12) and (6.13) have been
compared with the experimental values. Fig. 6.19 shows the plot of computed and
experimental values of spacing of cracks. From the figure it may be noted that the points lie
around the line of equality and this indicate that the equations (6.12) and (6.13) predict the
spacing of cracking in SFRC members satisfactorily. Table 6.10 and 6.11 give the details of
‘values of ratio of computed mean spacing to the experimental mean spacing and the values

spacing (cal)

of ratio of computed maximum spacing. The average values of values are 0.93

spacingesp)

spacing (ca

and 0.96. The coefficient of variation of the are 29.22% and 18.12%. The

spacingexp

above values indicate that the comparison is satisfactory.

Fig. (6.20 a) to (6.20 d) shows the plot of spacing of cracks at different stages of
loading with steel stress. It is seen from the figure that the measured and calculated values of
spacings compare satisfactorily except at the initial stages of loading. This discrepancy may
be due to the reason that there is a possibility that one or two hairline cracks would have

been missed during the visual observation at the initial stages of cracking which leads to

higher values of experimental spacing.



6.8.8 Conclusions

In this study a method is proposed for predicting the spacing and maximum
width of cracks in conventionally reinforced concrete flexural members with steel fibres.
The values of spacing and width of cracks computed using the proposed method

compare satisfactorily with the. test results available in literature.

As cracking is a random phenomenon and subjected to a large degree of scatter,
more number of test results are required to obtain a statistically best fit equation for
predicting the spacing and maximum width of cracks in reinforced steel fibre concrete

beams

The above investigation indicated that addition of steel fibres to conventional
reinforced concrete flexural members improve the cracking behaviour. Similarly the
studies available in literature on polymer modified concretes also show that the
polymers play a vital role in delaying the cracking phenomenon. However no attempts
on the combined effect of steel fibres and polymers on the .cracking behaviour of
conventional reinforced concrete members have been come across in literature. Hence

an attempt is made in this direction to fill the gap in the existing knowledge.
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6.9  Prediction of Spacing and Maximum Width of Cracks in Latex Modified
Steel Fibre Reinforced Concrete Flexural Members

6.9.1 Introduction

As it has been already known that combined effect of steel fibres and latex
improve the strength, ductility, energy absorption capacity of conventional concrete, an
attempt is also made to extend the proposed method for steel fibre reinforced concrete
members to predict the spacing and maximum width of cracks in latex modified steel
fibre reinforced concrete flexural members. The details of experimental programme

carried out were already presented in Chapter 4.
6.9.2 Modification proposed in this study

In this section an attempt is made to modify the method given in the previous
section ( 6.8) for estimating the width and spacing of cracks of steel fibre reinforced
concrete flexural members so that the same can be extended to the latex modified steel

fibre reinforced concrete flexural members.

Referring to equation (6.12) to (6.14), it may be noted that the only variable in
the equation is g. If the computed values of & compare with the experimental values of
strain in steel, modification is not required. To verify this, the computed values of &
have to be compared with the experimental values. Already details of experimental
programme carried out and the measurement of strain at the level of steel has been
explained in Chapter -4. The test results obtained were used in this sections for

comparison purposes.

Fig. 6.21 shows the plot relating to the experimental values of strain at the level
of steel with the computed values of strain . From the plot, it may be noted that, the

equation for computing the values of strain (eq. 6.16) over estimate the strains.
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Hence € need to be modified. The reasons for this discrepancy is due to the addition of
latex and steel fibres, which impart ductility to concrete, which is one of the outcome

of the earlier Chapters (Chapter 4) resulting in higher experimental values.

The computed values of ¢ is corrected as follows :

In order to correct the computed values of &, a correction factor (dimension-
less) (F) which takes in to account different geometrical and mechanical properties
which were thought to affect the cracking behaviour of the member was introduced.
Equation (6.21) gives the relation between F and the geometrical and mechanical

properties of the member.

- bth-x) f, A VL,

... (6.21
A f 100 ©2h
’ 1
where = L. = 14+ e .....(6.22)
1.5* DRC

In the above equation the contribution of matrix is incorporated in the form of
b(h-x)f,y which represents the tensile force in the matrix. The amount of steel fibres
which increases the elastic deformation of the matrix, surrounding the tensile
reinforcement, is an important parameter and is represented by the combination of
volume fraction and aspect ratio of fibres, Vrand A, respectively. The presence of latex
is represented by the L. As tensile force in steel reinforcement is also another important
parameter, it is incorporated in the equation by A f;. It may be noted that the factor F is
introduced in order to account for the stiffening effect of latex modified steel fibre

reinforced concrete matrix in between the cracks, which causes significant reduction of

strain in steel .

The values of (€can - Es(exp)) are plotted against the correction factor (F) and is
shown in figure 6.22. The best fit line is drawn relating (és(ca]) - €sexp)) With F and

the regression equation thus obtained is:
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Excal) - Esep) = 1400 F2 - 50F + 55 x10* ...(6.23)

As the experimental strain should be equal to the corrected strain, €sexp) is

replaced on the LHS by &con and thus,

Escon = sy - (1400 F2 - 50F + 55x10%) ... (6.24)

Fig. 6.23 shows the variation of the corrected strain €gcory With the experimental
strain. From the figure it can be seen that the equation (6.24) satisfactorily predicts the

strain in steel in the case of SFRC members.

The equation (6.14) for determining the maximum crack width at the soffit is

modified by replacing & by €50 and is given as follows:

-X
Wbl = dm at(mr)'ghcﬁx% [ (625)

Equation (6.25) is used to determine the maximum bottom crack width and these
values are compared with the measured width of cracks. Table 6.12 gives the values of
Wea/ Wexp and coefficient of variation. It may be noted that the proposed method under-
estimate the values of crack width by 13 % with a coefficient of variation of 19.20%.
Fig.6.24 shows the plot relating the values of Wy with Wy, and the computed values

compare satisfactorily with the experimental values.
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Table 6. 12

J

Comparison of Maximum crack width computed using
The proposed method with the test results

| Proposed method 47

|
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6.9.3 Spacing of cracks

The earlier studies on spacing of cracks in the case of steel fibre reinforced concrete
indicate that the addition of steel fibres have negligible effect on the crack initiation
[89]. The fibres play a vital role only afier the cracking of matrix in extreme tensile zone
by bridging across the faces of cracks which in turn causes reduction in the widening of
cracks and delay the propagation of cracks. Also the addition of latex improve the

strength, ductility, energy absorption capacity of conventional concrete.

In view of the above, the existing equation for spacing of cracks in the case ;)f
plain reinforced cement concrete (without steel fibres and latex ) has been used to
compute the crack spacing. The computed values of average spacing of cracks using
equation (6.12) have been compared with the experimental values. Table 6.13 gives the
average values of Spacing of cracks () / Spacing of cracks (xp) and coefficient of
variation. It may be noted that the proposed equation under- estimates the values of
spacing of crack by 6 % with a coefficient of variation of 29.25 %. Fig. 6.25 shows the
plot of computed and experimental values of average spacing of cracks. Details of the
comparison of spacing of cracks are given in Table 6.14. From the figure it may be
noted that the points lie around the line of equality and this indicate that the equation
(6.12) predict the average spacing of cracking in latex modified SFRC flexural members

satisfactorily.
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Table 6. 13

Comparison of Spacing of cracks computed with the test results

No. of A o spacing (e

Equation Observations| R?‘“f’_"f spacinges
Average Coefficient of
variation (%) -

Proposed method 47 0.94 29.25

Fig. (6.26 ) and (6.27) show the plot of spacing of cracks at different stages of
loading with steel stress. It is seen from the figure that the measured and calculated
values of spacings compare satisfactorily except at the initial stages of loading. This
discrepancy may be due to the same reason as explained in the earlier sections ( Section

6.8.7).
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Table 6.14

Details of Calculated & Experimental Crack Spacing of Latex Modified
Steel Fibre Reinforced Concrete Flexural Members

Beam Load Spacing ® Spacing Ratio
No. (KN) (cal) mm  (exp) mm (calexp)
8 19.62 99.51 156.00 0.64
8 29.43 86.34 115.00 0.75
8 39.24 78.07 95.00 0.82
8 49.05 72.21 75.00 0.96
8 58.86 67.74 54.00 1.25
9 19.62 87.67 110.00 0.80
9 29.43 76.07 103.00 0.74
9 39.24 68.78 85.00 0.81
9 49.05 63.61 68.00 0.94
9 58.86 59.68 46.00 1.30
10 19.62 66.68 115.00 0.58
10 29.43 57.86 96.00 0.60
10 39.24 52.32 73.00 0.72
10 49.05 48.39 54.00 0.90
10 58.86 45.40 42.00 1.08
11 19.62 89.47 110.00 0.81
11 29.43 77.63 90.00 0.86
11 39.24 70.20 74.00 0.95
11 49.05 64.92 57.00 1.14
12 19.62 - 64.88 152.00 0.43
12 29.43 56.29 123.00 0.46
12 . 39.24 50.90 96.00 0.53
12 49.05 47.08 65.00 0.72
12 58.86 44.17 59.00 0.75
13 14.72 65.65 123.00 0.53
13 29.43 51.51 96.00 0.54
13 39.24 46.58 65.00 0.72
13 49.05 43.08 45.00 0.96  NOOF TEST RESULTS
13 58.86 40.41 35.00 1.15 AVERAGE 0F (Cal / Exp)
14 14.72 129.15 110.00 1.17 STANDARD DEVIATION
14 24.53 108.00 100.00 1.08  COEFF. OF VARIATION
14 29.43 101.33 95.00 1.07
14 39.24 91.62 95.00 0.96
14 49.05 84.74 65.00 1.30
14 58.86 79.50 50.00 1.59
15 14.72 110.02 110.00 1.00
5 19.62 99.48 90.00 1.11
15 29.43 86.32 83.00 1.04
15 39.24 78.05 76.00 1.03
15 49.05 72.19 53.00 1.36
15 58.86 67.72 42.00 1.61
16 14.72 92.90 103.00 0.90
16 19.62 84.00 80.00 1.05
16 2943 72.89 65.00 1.12
16 39.24 6591 60.00 1.10
16 49.05 60.95 58.00 1.05
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6.9.4 Conclusions

In this study, the method proposed earlier for the predicting the spacing and
maximum width of cracks in conventionally reinforced concrete flexural members with
steel fibres has been extended to latex modified SFRC flexural members. The values of
average spacing and maximum width of cracks computed using the proposed method

compare satisfactorily with the test results.
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CHAPTER -7

CONCLUSIONS

An experimental investigation was carried out to study the combined effect _
of natural rubber latex as polymer and steel fibres on the strength and behaviour of
conventionally reinforced concrete flexural members with and without confinement
in the compression zone. The conclusions drawn from the above study are

summarised in this Chapter.
7.1  Preliminary Studies on Latex Modified Concrete

An experimental programme was carried out to study the effect of natural
rubber latex as polymer on the strength and behaviour of conventional concrete under
compression and flexure. This preliminary investigation was restricted to small
specimens like cubes, cylinders and prisms, in order to investigate the behaviour of
cement conicrete when polymer like natural rubber latex was added to it. The findings
of this preliminary investigation was made use of in interpreting the behaviour of

prototype structural elements like beams when latex modified concrete is used in it.
From the preliminary experimental investigation, following conclusions are arrived at:

1. The addition of small quantitics of DRC (0.5%) marginally improves the
compressive and flexural strength of plain concrete. Higher values of DRC

causes drastic reduction in the strength of concrete.

2. The strain at peak load which is one of the important properties to be
considered in the design of seismic resistant/ blast resistant/ cyclically or
repeatedly loaded structures improves significantly (by two folds) with the
addition of DRC.
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. The energy absorption capacity of the material enhances markedly with the
addition of DRC within the range of 0.5% to 1.0%.

. The foresaid properties of plain concrete namely strength, strain at peak
load and energy absorption capacity have been found to improve with the .
addition of DRC within the range of 0.5% to 1.0%. This indicates that this

range seems to be an optimum value of DRC.

. The scanning electron microscopic studies reinforce the above findings and
indicate that, at smaller percentages of DRC, density and hence the

compressive strength and flexural strength of composites increases.

. This preliminary investigation was restricted to small specimens like cubes,
cylinders and prisms in order to investigate the behaviour of cement
concrete when polymers like natural rubber latex was added to it. The
findings of the preliminary investigation will be useful later in interpreting
the behaviour of prototype structural elements like beams when latex

modified concrete is used in it.

7. The strength of concrete increases as the volumetric ratio of confinement

increases. This increase is further improved by the addition of lower values

of DRC (1%).

. At higher values of DRC, infact, a reduction in strength is noticed for a

given confinement.

. The reduction in strength due to higher percentages of DRC can be

appreciably reduced by providing higher volumetric ratio of confinement

Ps-
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10. From the study, DRC up to a value of 1% appears to be a useful value in

the case of latex modified confined concrete.
7.2 Latex Modified Steel Fibre Reinforced Concrete Flexural Members

An experimental investigation was carried out to study the effect of latex
modification and inclusion of steel fibres on the first crack load, ultimate moment of
resistance, toughness and ductility characteristics of conventionally reinforced concrete

flexural members.

Based on the experimental and analytical studies, the following conclusions -

are arrived at:

1. In general, addition of latex (0.5 to 1.0% DRC) improve the first crack

load and the ultimate strength of flexural members.

2. The addition of steel fibres to latex modified concrete flexural members
improves the cracking behaviour significantly. However, the load

carrying capacity is only marginally improved.

3. The addition of latex improves the toughness, energy absorption
capacity and ductility factor significantly. This is more pronounced in
the case of beams with 0.5% DRC and steel fibres up to a volume

fraction of 1.0%

4. The method proposed in this investigation predicts the first crack load
and ultimate moment resistance of latex modified steel fibre

reinforced concrete flexural members satisfactorily.

5. The overall improvement in ductility, toughness index and energy

absorption capacity achieved due to the addition of latex and steel

248




fibres to conventionally reinforced concrete flexural members indicate
that the latex modified steel fibre reinforced concrete is an appropriéte
material in the case of structures which are subjected to large

deformations, cyclic loading etc.

6. Load factor with respect to limit state of deflection controls the design
of the latex modified steel fibre reinforced concrete beams when
compared to those with respect to the limit state of collapse against

flexure and the limit state of cracking.

7.3 Latex Modified Reinforced Concrete Beams with Confined SFRC in the

Compression Zone

An attempt was made to study the combined effect of the three components i.e,
i) addition of latex, ii) fibres and iii) confining the compression zone of flexural

members, on the strength and ductility of reinforced concrete flexural members.

Based on the experimental and analytical studies conducted, the following

conclusions are arrived at:

1. The provision of confined SFRC in the compression zone of polymer
modified reinforced concrete beams, in general, increases the load
carrying capacity and the ductility of the specimens. This is more

predominant in the case of ductility of the specimens.

2. The investigation indicate that the optimum dosage of DRC is 1.0%.
Beyond this limit, there is infact, reduction in the load carrying capacity
was noticed. For specimens with 3.0% DRC the reduction in strength is

drastic.
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Load versus deflection plots indicates that there is considerable
improvement in the ductility of the specimens upto 1.0% DRC. Also in
the case of beams with confined SFRC alone (no polymer
modification) this improvement is marginal. Hence it can be said that
the addition of latex (to the optimum level) contributes to the ductility

of the specimens in a major way.

The energy absorption capacity and the toughness index of the
specimens increases upto certain level and then decrease as the DRC

increases.

The latex modification (upto 1% DRC), the incorporation of
confinement and the addition of steel fibres in the compression zone
have enhanced the strength and ductile behaviour. This indicates that
these parameters can be introduced in converting the brittle behaviour
of over reinforced concrete flexural members into a ductile one. Hence
the maximum longitudinal reinforcement ratio for the flexural members
prescribed by the Code of practice could be raised to increase the
flexural capacity of beams. This would be beneficial in situations where
there is a restriction on the overall depth of beams, particularly if the
beams are subjected to large bending moments. Use of over-reinforced
beams with polymer modification and confined SFRC in the
compression zone can be considered in this case as alternative to the

use of prestressed concrete construction.

Latex modification, the incorporation of confinement and the addition
of steel fibres in the compression zone, enhances the strength and
ductility of RCC beams and hence seems to be appropriate for seismic

resistant structures.

Load factor with respect to the limit state of deflection controls the
design of the Latex modified RC beams with confined SFRC in the
compression zone, when compared to those with respect to the Limit

State of collapse against flexure and the Limit state of Cracking.
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7.4 Studies on Cracking of Latex Modified Steel Fibre Reinforced Concrete

Flexural Members

An attempt was made to compare the methods adopted in the International
Codes of Practice for predicting the maximum width of cracks using the test results
reported in literature. Also, attempt has been made to propose a method for predicting
the spacing and width of cracks in the case of steel fibre reinforced concrete flexural
members using available results in literature. Then the same method has been extended
to predict the spacing and width of cracks in latex modified SFRC flexural members

with suitable modification.
Based on these studies the following conclusions are arrived at

1. The International Equations for the determination of crack width in
reinforced concrete flexural members are compared with the test results
of Clark, Hognestad and Base et al. available in literature. From the
comparisoh it was found that the Gergely Lutz equation predicts the

width of cracks better when compared to the other equations.

2. All the equations available in the International Codes are based on
certain theories involving strength of materials approach and evaluation
of empirical constants from statistical analysis of test results appearing
in the equation. Considering the random behaviour of cracking and
dynamic propagation of cracks, it is felt that, appropriate methods
involving concepts of fracture mechanics have to be developed for

estimating the width of cracks in reinforced concrete members.

3. A method has been proposed for predicting the spacing and maximum
width of cracks in conventionally reinforced concrete flexural members

with steel fibres. The values of spacing and width of cracks computed
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using the proposed method compare satisfactorily with the test results

available in literature,

N

4. The method proposed earlier for the predicting the spacing and
maximum width of cracks in conventionally reinforced concrete
flexural members with steel fibres has been extended to latex modified
SFRC flexural members. The values of spacing and width of cracks
computed using the proposed method compare satisfactorily with the

test results.

5. The computed values of spacing of cracks using equations available in
literature for conventionally reinforced concrete flexural members
predict the spacing of cracks in latex modified SFRC flexural members

satisfactorily.
7.5  Scope for Further Work
The present work could be extended to study

1. Effect of different types of polymers on the strength and behaviour of
the conventional concrete.

2. Influence of aspect ratio of fibres on the strength and ductility of
polymer modified concrete.

3. Studies on other structural members like columns and column beam
joints subjected to both monotonic and cyclic loading.

4. Durability studies on polymer modified steel fibre reinforced concrete.
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APPENDIX - I

Prediction of First Crack load and Ultimate Moment of Resistance of latex Modified
Steel fibre reinforced concrete

Beam No. 8
Data available
Compressive strength of concrete fe = 32.54 N/mm?
(Cylinder strength)
Volume fraction of steel fibres Ve = 0.5%
Dry rubber content DRC = 0.5%
Aspect ratio of Steel fibres A, = 50
Length of fibres lf = 44mm
Ultimate tensile strength of fibre 6n =  330.0 N/mm?
Ultimate Load Pu(exp) = 67.62KN

o = 0.9 for fibre concrete

Elastic Modulus of Concrete E.. = 18077.77 N/mm®

To find the First Crack Load P, :

Neutral Axis (N-A) was calculated form the expression
h h
bh(Nd - }‘) t (IHR - ])(Nd—dz) + (m,-]) ijh(Nd-E)

=(my;-1) Ay 12(d - Nd)

I h
b+ (ms-1) Asede (my-1)V B2+ (miz-1) Asd

M bli+(mg-1) Asct (my-1DV b+ (myz-1) Ay
Here b = 125 mm, h = 175mm,
Egmm = 1.923 x 10° Eomm = 2.127x10°
Efibre = 0.30 x 10° E. = 18077.77 N/mm?
mg = Egmm / Ecc miz = E12mm/Eco:
mg = Eﬁbre / Ecc Asc = 108.4 mm2
Ag = 352.0 mm’ Vi = 0.5/100
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Substituting all these values in the above equation and
after simplification we get depth of NA (Nd) = 105.27 mm

To find gross M.I.

200°
M1 (Concrete) T 125 x 0

+ (125%200x (105.27 100 )°)

Gross M.I. = M-I-concrcte + M. Lgiea + M-I-Fibres

Gross M.L. = 0.109 x 10° mm*

M ey = (mz-1)x352.0x (175 - 105.27 )+ (mg-1) x108.4 x (105.27 - 20 )’

_ (7x 0.88’)x V,
4 100

AF x 125x 200

M. 1.(Fibre) = (my -1)xAFx(105.27 -100.0 )
Modulus of rupture of Latex Modified SFRC flexural members is given by :

S, = 00167(LF,)’ - 0.19(LF,) + 4.79

Where LF; = (I+DRC)x (1+Vy)

= (1+0.005) x (1+0.005) = 1.010025

~ f = 4.6 N/mm’
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o = e le _ 460x0109%10°

v, (200 - 105.27)
= 529x10° N -mm
= 5.29 KNM
Perctheoy = 4.8Mer _ 4.8x5.29 - 14.10 kN

Span 1.8

P Experimental = | 1.76 kN

Ratio Periheo / Perexp = 1.198

Ultimate Moment of Resistance (M,)
Method proposed by Paramasivam et.al. :

The ultimate moment of resistance (M,) is given by

bhh, A f
Mu = Ouw 21 + 2 . (h + h’)
Where o, = ultimate tensile strength of composite and is given by
_ yog o
On m My Vi Iy o

and h,is the depth of zone under tension and is given by :

A f
A O d Mb—z

(al ey + O-ill)

h =

Here 1y is the orientation factor and is given by

[ 12 COS 6COS p df dp
o I, d6 dp

M, =
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m is the length efficiency factor and is calculated based on the following
m =05 for Ii<l,
m = 1'(lc/21f) for Ii> 1.

Where |, is the critical length of fibre and is given by

L= 05 T
Ty
0.5x330.0x 0.
- L2x300x088 o) hm
2.0
For the available data
Here If islessthanl;, Hence n; = 0.5
Orientation factor No = 0.405 ( after integrating the equation between the
limits (0 to n/2)

_ Clsareaof fibre _ 0.6084 _
peremeter of fibre  2.7657

0.22

Ultimate tensile strength of composite is given by

. . 2
Om = 0.5x0.405x—0—§—x 0.5

—_— X
100 100 2x0.22

= 0.0000227 Nlww-

265



Depth of zone under tension hy is give by :

353.0x 470.0
0.9x32.54x175.0 - (V~—7’Zc—5-g—

(0.9x32.54) + 0.0000227

= ]29.68 mm

Ultimate Moment M, and Ultimate load P, is given by :

125% 175 x 129.68 353.00 x 470.0
M, = 0.0000227 x 222 2" + 2" (175 + 129.68)

= 25274761.0 N -mm (25.27 KN - M)

b _ 2X M, 2x2527
‘ 0.75 0.75

= 67.39 KN

Ratio Pyneo)/ Puexp) = (67.39/67.62) =0.997
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APPENDIX -IT

TEST RESULTS USED FOR THE COMPARISON OF INTERNATIONAL CODE
EQUATIONS FOR THE PREDICTION OF MAXIMUM WIDTH OF CRACKS IN
R.C. FLEXURAL MEMBERS

C & CA DATA (Bose. ctal [5])

Stage - 1
Beam Depth | eff. Depth| breadth | bar No. | Side bottom Cube | Strain | Crack
No. (in) (in) (in) dia cover cover streng.| in steel | width
(in) (in) (in) (psi) | x10° | (x10%)
(in)
1 15.125 | 13.125 800 {125 |2 1.375 | 1.375 | 5050 | 0.27 | 2.20
2 15.125 | 13.125 8.00 1.25 2 1.375 1.375 5400 0.27 2.49
3 15.125 | 13.125 8.00 |1.25 |2 1.375 | 1.375 | 5350 | 0.26 & 2.21
4 15125 | 13.125 | 8.00 125 |2 |1375 [ 1375 | 4980, 022 | 1.25
t 5 15.125 | 13.125 | 8.00 |1.25 |2 1.375 | 1.375 | 5180 | 0.26 | 2.05
6 15.125 | 13.125 800 125 |2 1.375 | 1.375 | 4580 | 0.25 | 1.93
7 15.125 | 13.125 800 125 |2 1.375 | 1.375 | 4500 { 0.25 | 2.16
8 15.125 | 13.125 800 (125 |2 1.375 | 1.375 | 4520 | 0.22 | 1.82
9 15.125 | 13.125 800 (125 |2 1.375 | 1.375 | 4550 | 0.30 | 2.16
10 15.125 | 13.125 800 (125 |2 1.375 | 1.375 | 4600 | 0.25 | 2.10
11 15750 | 13.125 ! 8.00 10.875 |4 |1.375 | 1.375 | 4840 | 0.23 | 2.05
12 15.750 | 13.125 8.00 1|0.875 |4 1.375 | 1375 | 4910 | 0.23 | 1.59
13 15.750 | 13.125 8.00 |0.875 | 4 1.375 | 1.375 | 4810 | 0.32 | 1.59
14 15.750 | 13.125 8.00 0875 |4 1.375 | 1.375 | 4940 | 0.21 1.36
v 15 15.750 | 13.125 8.00 0875 |4 1.375 | 1.375 | 4880 { 0.32 | 2.27
16 15.750 | 13.125 800 (0875 |4 1.375 | 1.375 | 4910 | 030 | 2.27
17 15.750 | 13.125 8.00 (0875 |4 1.375 | 1.375 [ 4780 | 0.25 | 2.73
18 15.750 | 13.125 8.00 [0.875 | 4 1.375 | 1.375 | 4750 | 0.27 | 2.27
19 15.750 | 13.125 8.00 0875 |4 1.375 | 1.375 | 4870 | 033 | 2.05
20 15.750 | 13.125 8.00 [0.875 |4 1.375 | 1.375 | 4830 | 0.27 | 2.05
21 16.000 | 13.125 800 (050 |12 |1.375 | 1.375 | 4380 | 023 | 1.82
22 16.000 | 13.125 800 1050 (12 |1.375 | 1375 | 4410 | 032 | 2.05
23 16.000 | 13.125 | 8.00 050 |12 [1375 [1375 |4300 023 | 1.59
24 16.000 | 13.125 | 8.00 |0.50 |12 |1.375 | 1375 |4340 | 023 | 2.50
N 25 16.000 | 13.125 800 (050 |12 {1.375 |1.375 {4440 ; 032 | 2.05
26 16.000 | 13.125 8.00 |[050 |12 |1.375 | 1375 |5490 | 0.25 | 1.59
27 16.000 | 13.125 8.00 (050 12 |1.375 | 1375 | 5540 | 0.25 | 1.82
28 16.000 | 13.125 | 8.00 {050 |12 [1.375 |1.375 |5450 | 0.25 | 136
29 16.000 | 13.125 [ 8.00 {050 |12 |[1.375 |1.375 |5580 | 032 | 1.36
30 16.000 | 13.125 | 800 {0.50 |12 {1.375 |1.375 |5740 | 027 | 1.14
31 15.125 | 13.125 8.00 {0875 4 |0.750 |0.750 | 4175 033 | 1.82
32 15.125 | 13.125 8.00 0.875 | 4 1.375 1.375 | 4203 0.36 2.50
‘ 34 15.750 | 13.125 8.00 0.875 | 4 1.375 1.375 | 4216 0.30 2.50
35 17.125 | 13.125 8.00 0.875 | 4 2.750 1.375 | 3800 0.27 1.59
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Beam Depth | eff. Depth| breadth{ bar No. | Side bottom Cube | Strain | Crack
No. (in) (in) (in) dia cover cover streng. in steel | width
(in) (in) (in) (psiy | x10° | (x107)

(in)

36 17.125 13.125 8.00 0.875) 4 2.750 1.375 | 3880 0.39 2.27
37 16.125| 13.125 8.00 0875} 4 1.750 1.375 | 3950 0.25 1.14
38 16.125 | 13.125 8.00 0875 4 1.750 1.375 | 4000 0.32 1.36
39 14.875 | 13.125 800 | 08754 | 0.500 | 1.375 | 4190 | 0.30 | 0.68
40 14.875| 13.125 800 (08754 | 0500 | 1.375 | 4240 | 0.28 | 0.91
41 14.875 | 13.125 8.00 0875 | 4 0.500 | 0.688 | 4600 0.39 1.25
42 15.750 | 13.125 8.00 08751 4 1.375 1.563 | 4800 0.41 1.36
43 15.750 | 13.125 8.00 0.875| 4 1.625 | 3.250 | 4850 0.32 2.16
44 14.875 | 13.125 8.00 0.875 | 4 0.500 | 0.688 | 4700 0.32 1.14
45 15.750 | 13.125 8.00 0.875 | 4 1.375 1.563 | 4950 0.39 1.70
46 15.750 | 13.125 8.00 0875 | 4 1.625 | 3.250 | 5160 0.34 2.73
47 15.750 { 13.125 8.00 0.875 | 4 1.375 1.375 | 2950 0.36 2.73
48 15750 | 13.125 8.00 0875 | 4 1.375 1.375 | 2985 0.48 2.61
49 15.750 | 13.125 8.00 0.875 | 4 1.375 1.375 | 4960 0.30 2.27
50 15.750 { 13.125 8.00 0.875 | 4 1.375 1.375 | 2827 0.52 3.86
51 15.750 | 13.125 8.00 0875 | 4 1.375 1.375 | 3475 0.37 3.75
52 15750 | 13.125 8.00 0875 | 4 1.375 1.375 | 4900 0.50 2.95
53 16.000 | 13.125 8.00 0.500 | 12 | 1.375 1.375 | 4850 0.18 1.93
54 16.000 | 13.125 8.00 0.500 | 9 1.375 1.375 | 4775 0.41 2.27
55 16.000 | 13.125 8.00 0.500 | 6 1.375 1.375 | 5020 0.25 2.05
56 15.750 | 13.125 |.8.00 0.875 | 4 1.375 1.375 | 5190 0.25 1.93
57 15.750 | 13.125 8.00 0.875 | 4 1.375 1.375 | 4960 0.34 2.27
58 15.750 | 13.125 8.00 0.625 | 4 1.375 1.375 | 4900 0.39 2.50
59 16.000 | 13.125 8.00 0.500 | 12 | 1.375 1.375 | 4340 0.36 2.05
60 16.000 | 13.125 8.00 0.500 | 9 1.375 1.375 | 4150 0.36 2.73
61 16.000 | 13.125 8.00 0.500 | 6 1.375 1.375 | 4540 0.25 2.05
62 15.750 | 13.125 8.00 0.875 | 4 1.375 1.375 | 4085 0.34 2.27
63 15.750 | 13.125 8.00 0875 1 4 1.375 1.375 | 4048 0.25 1.82
64 15.750 | 13.125 8.00 0.875 | 4 1.375 1.375 | 4150 0.43 2.50
65 15.750 | 13.125 8.00 0.875 | 4 1.375 1.375 | 4279 0.37 3.72
66 15750 | 13.125 8.00 0.875 | 4 1.375 1.375 | 3410 0.24 1.59
67 15.750 | 13.125 8.00 087514 1.375 | 1.375 | 4000 | 0.30 | 1.59
68 15,750 | 13.125 800 10.875 |4 1.375 | 1.375 | 4670 | 0.36 | 2.61
69 15,750 | 13.125 800 (087514 1.375 + 1.375 | 4360 | 0.00 | 0.00
70 15.750 | 13.125 8.00 08754 1.375 | 1.375 | 4360 | 039 | 1.59
71 15.750 | 13.125 8.00 0.875 | 4 1.375 1.375 | 4360 0.34 2.16
72 16.000 | 14.375 8.00 0.50 6 1.375 1.375 | 4110 0.34 1.14
73 16.000 | 13.125 6.25 0.50 12 | 1.375 | 0.500 | 5210 0.36 0.68
74 16.000 | 13.125 8.00 0.50 12 | 1.375 1.375 | 5300 0.48 1.59
75 16.000 | 13.125 9.75 0.50 12 | 1.375 | 2.250 | 5340 0.25 1.14
76 16.000 | 14.375 6.25 0.50 6 1.375 | 0.500 | 4040 0.00 0.00
77 16.000 | 14.375 9.75 0.50 6 1.375 | 2.250 | 3940 0.20 {091
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Stage - 11

Beam Depth | eff. Depth | breadth | bar No. | Side bottom Cube | Strain | Crack
No. (im) (in) (im) dia cover cover streng. | in steel | width
(in) (in) (in) (psi) | x10° | (x107)

(in)

1 15.125 | 13.125 800 (125 |2 1.375 | 1.375 | 5050 0.64 | 447
2 15.125 | 13.125 800 [125 |2 1.375 | 1.375 | 5400 0.69 | 5.57
3 15.125 | 13.125 8.00 (125 |2 1.375 | 1.375 | 5350 0.66 | 4.54
4 15.125 | 13.125 800 125 |2 1.375 | 1.375 | 4980 0.57 | 3.52
5 15.125 | 13.125 800 125 |2 1.375 | 1.375 | 5180 0.63 | 4.09
6 15.125 | 13.125 800 |1.25 |2 1.375 | 1.375 | 4580 0.65 | 4.32
7 15.125 | 13.125 8.00 125 |2 1.375 | 1.375 | 4500 0.66 | 4.55
8 15.125 | 13.125 800 (125 |2 1.375 | 1.375 | 4520 0.68 | 4.55
9 15.125 }13.125 800 |125 |2 1.375 | 1.375 | 4550 0.71 | 4.80
10 15.125 113.125 800 |1.25 |2 1.375 | 1.375 | 4600 0.61 I 4.30
11 15.750 |13.125 8.00 [0.875 |4 1.375 | 1.375 | 4840 0.71 | 5.00
12 15750 | 13.125 800 (0.875 |4 1.375 | 1.375 | 4910 0.68 | 4.55
13 15.750 }13.125 8.00 0.875 | 4 1.375 1.375 | 4810 0.75 3.18
14 15.750 |[13.125 8.00 [0.875 |4 1.375 | 1.375 | 4940 0.68 | 4.32
15 15.750 |13.125 8.00 1(0.875 |4 1.375 | 1.375 | 4880 0.75 | 5.23
16 15.750 ] 13.125 8.00 ]0.875 {4 1.375 | 1.375 | 4910 0.70 | 4.65
17 15.750 | 13.125 800 |0875 |4 1.375 | 1.375 | 4780 0.70 , 4.77
18 15.750 |13.125 8.00 0.875 | 4 1.375 1.375 | 4750 0.77 5.23
19 15.750 13.125 8.00 0.875 | 4 1.375 1.375 | 4870 0.73 4.55
20 15.750 |13.125 8.00 0.875 | 4 1.375 1.375 | 4830 0.75 3.86
21 16.000 | 13.125 800 {050 |12 |1.375 | 1.375 | 4380 0.66 | 3.86
22 16.000 |13.125 8.00 1050 |12 |1.375 | 1.375 | 4410 0.74 | 4.09
23 16.000 |13.125 800 (050 |12 |1.375 | 1.375 | 4300 0.65 | 3.4l
24 16.000 |13.125 800 [0.50 {12 |1.375 | 1.375 | 4340 0.64 | 3.86
25 16.000 | 13.125 8.00 (050 |12 |1.375 | 1.375 | 4440 0.80 | 4.60
26 16.000 |13.125 800 0.50 12 |1.375 | 1.375 | 5490 0.64 | 3.18
27 16.000 |13.125 800 1050 |12 | 1.375 | 1.375 | 5540 0.65 | 3.64
28 16.000 |13.125 800 050 |12 {1.375 | 1.375 | 5450 0.66 | 2.95
29 | 16.000 13.125 8.00 0.50 |12 |1.375 | 1.375 | 5580 0.77 | 5.00
30 16.000 |13.125 800 1050 |12 |1.375 | 1.375 | 5740 0.74 | 3.86
31 15.125 |[13.125 8.00 0.875 | 4 0.750 { 0.750 | 4175 0.73 3.18
32 | 15125 |13.125 8.00 0.875 | 4 0.750 | 0.750 { 4190 0.69 3.25
33 15.750 |13.125 800 1[0.875 |4 1.375 | 1.375 | 4203 0.77 | 591
34 15.750 |13.125 8.00 (0875 |4 1.375 | 1.375 | 4216 0.70 | 5.80
35 17.125 | 13.125 8.00 |0.875 {4 |2.750 | 1.375 | 3800 0.77 | 3.64
36 17.125 {13.125 8.00 (0875 |4 |2750 | 1.375 | 3880 089 | 443
37 16.125 |13.125 8.00 |0.875 |4 1.750 | 1.375 | 3950 0.68 | 2.05
38 16.125 | 13.125 8.00 0.875 | 4 1.750 1.375 | 4000 0.76 3.18
39 14.875 |13.125 8.00 (0875 {4 |0.500 | 1.375 | 4190 0.66 | 1.59
40 14.875 | 13.125 8.00 0.875 |4 0.500 | 1.375 | 4240 0.73 | 2.05
41 14.875 |13.125 8.00 [0.875 |4 0.500 | 0.688 | 4600 0.86 | 2.50
42 15.750 {13.125 8.00 1(0.875 |4 1.375 | 1.563 | 4800 0.89 | 2.73.
43 15.750 8.00 |0.875 |4 1.625 | 3.250 | 4850 0.73 | 4.55

17125
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Beam Depth | eff. Depth | breadth{ bar No.| Side bottom Cube | Strain | Crack
No. (in) (in) (in) dia cover cover streng.| In steel | width
(in) (in) (in) (psi) | x10° [ (x10?)

(in)

44 14.875 | 13.125 800 [087514 | 0.500 | 0.688 |4700 0.77 | 1.93
45 15.750 | 13.125 800 |0875 |4 1.375 | 1.563 {4950 0.84 | 3.18
46 15.750 | 13.125 800 |08751|4 1.625 | 3.250 |5160 0.68 | 4.77
47 15.750 | 13.125 800 (0875 |4 1.375 | 1.375 2950 0.86 | 5.57
48 15.750 | 13.125 8§00 (08754 1.375 | 1.375 {2985 093 | 5.34
49 15.750 | 13.125 800 [0.875 (4 1.375 | 1.375 [4960 0.74 | 4.32
50 15.750 | 13.125 8.00 |0.875 |4 1.375 | 1.375 |2827 095 | 6.59
51 15.750 | 13.125 8.00 {08754 1.375 | 1.375 |3475 0.77 | 5.56
52 15.750 | 13.125 800 10875 |4 1.375 | 1.375 |4900 0.75 | 5.00
53 16.000 { 13.125 8.00 [0.500 | 12| 1.375 { 1.375 4850 0.58 | 4.32
54 16.000 | 13.125 8.00 [0.500 |9 1.375 | 1.375 4775 0.77 | 4.32
55 16.000 | 13.125 800 10.500 |6 1.375 | 1.375 {5020 0.00 | 0.00
56 15.750 | 13.125 800 |0.875 |4 1.375 | 1.375 |5190 0.66 | 443
57 15.750 | 13.125 800 (087514 1.375 | 1.375 [4960 0.86 | 6.02
58 15.750  13.125 8.00 |0.625 4 1.375 | 1.375 {4900 0.75 | 5.57
59 16.000 | 13.125 8.00 [0.500 | 12| 1.375 | 1.375 [4340 0.77 | 4.10
60 16.000 | 13.125 8.00 10.500 |9 1.375 | 1.375 |4150 095 | 432
61 16.000 | 13.125 8.00 |0.500 |6 1.375 | 1.375 [4540 095 | 6.14
62 15.750 | 13.125 8.00 0.875 | 4 1.375 1.375 |4085 0.77 4.77
63 15.750 | 13.125 800 0875 |4 1.375 | 1.375 (4048 0.52 | 3.64
64 15.750 | 13.125 800 (0875 |4 1.375 | 1.375 {4150 0.86 | 545
65 15.750 | 13.125 800 10875 {4 1.375 | 1.375 |4279 0.77 | 6.36
66 15.750 | 13.125 8.00 08754 1.375 | 1.375 |3410 0.00 | 0.00
67 15.750 | 13.125 800 |0875 |4 1.375 | 1.375 |4000 0.66 | 3.98
68 15.750 | 13.125 800 (0.875 {4 1.375 | 1.375 {4670 0.77 | 5.68
69 15.750 | 13.125 800 0875 |4 1.375 | 1.375 |4360 0.73 | 3.18
71 15.750 | 13.125 8.00 10875 4 1.375 | 1.375 [4360 0.81 | 443
72 16.000 | 14.375 8.00 (050 |6 1.375 | 1.375 |4110 0.77 | 2.16
73 16.000 | 13.125 6.25 (050 |12 1.375 | 0.500 {5210 0.64 | 1.25
74 16.000 | 13.125 800 1050 |12 | 1.375 | 1.375 |5300 0.92 | 2.619
75 16.000 | 13.125 975 1050 {12} 1.375 | 2.250 |5340 0.66 | 2.95
76 16.000 | 14.375 625 {050 |6 1.375 | 0.500 |4040 0.86 | 1.36
77 16.000 | 14.375 975 1050 |6 1.375 | 2.250 3940 0.57 | 2.61
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Stage - 111

Beam Depth eff. Depth | breadth| bar No.| Side bottom Cube | Strain | Crack
No. (in) (in) (in) dia cover cover streng.| in steel | width
(in) (in) (in) (psi) | x107 | (x107)
(in)

1 15.125 | 13.125 8.00 125 | 2 1.375 | 1.375 | 5050 1.00 | 7.79
2 15.125 | 13.125 800 |125 |2 1.375 | 1.375 {5400 1.09 | 7.27
3 15.125 | 13.125 800 |125 |2 1.375 | 1.375 |5350 1.14 | 7.21
4 15.125 | 13.125 8.00 1.25 | 2 1.375 | 1.375 (4980 098 | 5.64
5 15.125 | 13.125 8.00 1.25 | 2 1.375 | 1.375 |5180 1.02 | 6.82
6 15.125 | 13.125 8.00 1.25 2 1.375 | 1.375 |4580 1.07 | 7.05
7 15.125 | 13.125 8.00 1.25 2 1.375 | 1.375 |4500 1.02 | 6.59
8 15.125 | 13.125 8.00 1.25 2 1.375 | 1.375 |4520 1.07 | 7.27
9 15.125 | 13.125 800 |[125 |2 1.375 | 1.375 {4550 1.06 | 7.16
10 15.125 | 13.125 800 |1.25 |2 1.375 | 1.375 {4600 1.07 | 6.40
11 15.750 | 13.125 800 |0875| 4 1.375 | 1.375 4840 1.05 | 7.27
12 15.750 | 13.125 800 [0875| 4 1.375 | 1.375 [4910 1.07 | 7.05
13 15.750 | 13.125 800 (0875]| 4 1.375 | 1.375 |4810 1.18 | 5.46
14 15.750 | 13.125 800 08754 1.375 | 1.375 }4940 1.13 | 7.27
15 15.750 | 13.125 800 [0875| 4 1.375 | 1.375 |4880 1.14 | 6.81
16 15.750 | 13.125 800 (0875 4 1.375 | 1.375 4910 1.12 | 8.75
17 15.750 | 13.125 8.00 (0875 4 1.375 | 1.375 14780 1.14 | 7.27
18 15.750 | 13.125 800 |0875]| 4 1.375 |, 1.375 |4750 1.19 | 7.05
19 15.750 | 13.125 800 (08754 1.375 | 1.375 {4870 1.22 | 7.73
20 15.750 | 13.125 800 (0875 4 1.375 | 1.375 |4830 1.14 | 5.68
21 16.000 | 13.125 8.00 10.50 121 1.375 | 1.375 {4380 1.09 | 591
22 16.000 | 13.125 800 1050 | 12! 1.375| 1.375 [4410 1.14 | 6.25
23 16.000 | 13.125 8.00 (0.50 12 1.375 | 1.375 [4300 1.01 5.23
24 16.000 | 13.125 8.00 1050 | 12| 1.375 | 1.375 {4340 1.07 | 6.36
25 16.000 | 13.125 800 1050 | 12| 1.375 | 1.375 {4440 1.24 | 6.59
26 16.000 | 13.125 8.00 (050 12| 1.375 | 1.375 |5490 1.36 | 6.82
27 16.000 | 13.125 8.00 |0.50 12 1.375 | 1.375 {5540 1.09 | 5.34
28 16.000 | 13.125 800 [0.50 |12} 1.375 | 1.375 |5450 1.07 | 5.23
29 16.000 | 13.125 8.00 050 | 12¢ 1.375| 1.375 |[5580 1.09 | 5.23
30 16.000 | 13.125 800 |0.50 | 12] 1.375 | 1375 [5740 1.10 | 5.00
31 15.125 | 13.125 800 1087514 | 0.750 | 0.750 {4175 1.14 | 4.32
32 15.125 | 13.125 800 |0.875 4 0.750 | 0.750 {4190 1.09 | 4.32
33 15.750 | 13.125 8.00 (0875 |4 1.375 | 1.375 4203 1.25 | 8.64
34 15.750 | 13.125 800 [0.875 |4 1.375 | 1.375 {4216 1.05 | 8.18
35 17.125 | 13.125 800 [0.875 4 2.750 | 1.375 {3800 1.17 | 5.45
36 17.125 | 13.125 800 (0875 |4 2.750 | 1.375 |3880 1.34 | 6.36
37 16.125 | 13.125 800 (0.875 4 1.750 | 1.375 3950 1.09 | 4.55
38 16.125 13.125 8.00 0875 | 4 1.750 1.375 {4000 1.18 477
39 14.875 | 13.125 800 (087514 0.500 | 1.375 {4190 1.05 | 2.50
40 14.875 | 13.125 800 087514 0.500 | 1.375 {4240 098 |2.73
4] 14.875 | 13.125 8.00 087514 | 0500} 0.688 [4600 1.30 | 3.86
42 15.750 | 13.125 8.00 |0.875 |4 1.375 | 1.563 {4800 1.36 | 4.77-
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Beam Depth | eff. Depth| breadth| bar No.| Side bottom Cube | Strain| Crack
No. (in) (in) (in) dia cover cover streng.| in steel | width
(in) (in) (in) (psi) | x10°| (x10?)
(in)
43 15750 | 13.125 | 8.00 |0.875 | 4 1.625 | 3.250 | 4850 1.09 | 6.59
44 14.875 ) 13.125 | 800 |0.875 |4 | 0.500 | 0.688 | 4700 1.15 | 3.41
45 15.750 | 13.125 8.00 10.875 | 4 1.375 | 1.563 | 4950 1.36 | 4.89
46 15.750 | 13.125 8.00 108754 1.625 | 3.250 | 5160 1.11 | 7.16
47 15.750 | 13.125 8.00 [0.875 |4 1.375 | 1.375 | 2950 1.37 | 7.61
48 15.750 | 13.125 8.00 |0.875 |4 1.375 | 1.375 | 2985 1.45 | 8.30
49 15750 | 13.125 | 8.00 [0.875 | 4 1.375 | 1.375 | 4960 1.05 | 5.57
50 15.750 | 13.125 8.00 (0875 |4 1.375 | 1.375 | 2827 1.50 | 9.43
51 15.750 | 13.125 800 10875 |4 1.375 | 1.375 | 3475 1.16 | 7.95
52 15.750 | 13.125 8.00 [0.875 |4 1.375 | 1.375 | 4900 1.23 | 6.25
53 16.000 | 13.125 8.00 ]0.500 | 12| 1.375 | 1.375 | 4850 093 { 6.82
54 16.000 | 13.125 8.00 ]0.500 |9 1.375 | 1.375 | 4775 1.27 | 7.27
55 16.000 | 13.125 8.00 |0.500 |6 1.375 | 1.375 | 5020 115 | 7.95
56 15.750 | 13.125 800 0875 |4 1.375 | 1.375 [ 5190 1.02 | 7.16
57 15.750 | 13.125 8.00 |0.875 4 1.375 | 1.375 | 4960 1.39 | 10.2
58 15.750 | 13.125 8.00 [0.625 |4 1.375 | 1.375 | 4900 1.20 | 8.64
59 16.000 | 13.125 8.00 [0.500 | 12| 1.375 | 1.375 | 4340 1.14 | 6.14
60 16.000 | 13.125 8.00 [0.500 |9 1.375 | 1.375 {4150 1.52 } 7.73
61 16.000 | 13.125 8.00 {0500 {6 1.375 | 1.375 | 4540 175 | 121
62 15.750 | 13.125 8.00 [0.875 { 4 1.375 | 1.375 | 4085 136 | 7.73
63 15750 | 13.125 | 8.00 [0.875 | 4 1.375 | 1.375 | 4048 1.02 | 6.25
64 15750 | 13.125 | 800 ,0.875 (4 1.375 | 1.375 | 4150 132 | 795
65 15.750 | 13.125 800 (08751{4 1.375 | 1.375 | 4279 1.16 | 9.20
66 15.750 { 13.125 8§00 (087514 1.375 | 1.375 | 3410 1.02 | 5.80
67 15.750 | 13.125 800 087514 1.375 | 1.375 ) 4000 1.68 | 11.4
68 15.750 | 13.125 800 10875 4 1.375 | 1.375 | 4670 1.18 | 7.27
69 15.750 { 13.125 800 (08754 1.375 | 1.375 | 4360 1.02 | 5.68
70 15.750 | 13.125 800 10875 4 1.375 | 1.375 14360 1.23 | 5.68
71 15.750 | 13.125 8.00 |0.875 |4 1.375 | 1.375 | 4360 1.07 | 5.68
72 16.000 | 14.375 800 (050 |6 1.375 | 1.375 [ 4110 .11 | 3.18
73 16.000 | 13.125 | 625 10.50 | 12| 1.375 | 0.500 | 5210 098 | 1.59
74 16.000 | 13.125 8.00 0.50 } 12| 1.375 | 1.375 | 5300 1.34 | 3.52
75 16.000 | 13.125 | 9.75 10.50 | 12| 1.375 | 2.250 | 5340 1.00 | 5.00
76 16.000 | 14.375 625 [050 |6 1.375 | 0.500 | 4040 1.18 | 1.82
7] 16.000 | 14.375 975 050 |6 1.375 | 2.250 | 3940 091 | 3.98
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Stage - IV

Beam Depth | eff. Depth| breadth| bar No. | Side bottom Cube | Strain | Crack
No. (in) (in) (in) dia cover cover streng.| In steel | width
(in) (in) (in) (psi) | x10° | (x107)

(in)

1 15.125 | 13.125 800 | 125 |2 1.375 | 1.375 |5050 140 | 9.88
2 15.125 | 13.125 800 | 125 |2 1.375 | 1.375 |5400 1.52 | 7.95
3 15.125 | 13.125 800 | 125 |2 1.375 | 1.375 {5350 1.82 | 9.88
4 15.125 | 13.125 800 | 125 |2 1.375 | 1.375 4980 1.32 | 8.52
5 15.125 | 13.125 8.00 125 |2 1.375 | 1.375 {5180 145 | 9.77
6 15.125 | 13.125 800 | 125 |2 1.375 | 1.375 {4580 1.56 | 10.6
7 15.125 | 13.125 800 125 |2 1.375 | 1.375 |4500 1.38 | 10.0
8 15,125 | 13.125 800 | 125 |2 1.375 | 1.375 |4520 1.50 | 10.3
9 15.125 | 13.125 800 125 |2 1.375 | 1.375 |4550 142 | 10.0
10 15.125 | 13.125 800 {125 |2 1.375 | 1.375 {4600 1.36 | 8.64
11 15.750 | 13.125 800 |0875 |4 1.375 | 1.375 4840 1.71 10.9
12 15.750 | 13.125 800 |0.875 4 1.375 | 1.375 |4910 1.52 | 9.55
13 15.750 | 13.125 800 {0875 4 1.375 | 1.375 4810 1.59 | 7.50
14 15750 | 13.125 8.00 |0.875 |4 1.375 | 1.375 4940 1.57 | 10.7
15 15.750 | 13.125 800 |0.875 4 1.375 | 1.375 |4880 1.55 | 8.86
16 15.750 | 13.125 8.00 |[0875 |4 1.375 | 1.375 |4910 148 | 11.2
17 15.750 | 13.125 800 | 0875 |4 1.375 | 1.375 |4780 1.50 | 10.2
18 15.750 | 13.125 800 0875 |4 1.375 | 1.375 [4750 1.65 10.5
19 15.750 { 13.125 800 0875 4 1.375 | 1.375 |4870 1.66 | 10.1
20 15.750 | 13.125 8.00 08754 1.375 | 1.375 | 4830 1.57 | 8.64
21 16.000 | 13.125 800 050 |12 ]| 1.375 | 1.375 | 4380 1.48 | 7.27
22 16.000 | 13.125 8.00 | 050 |12 1.375 | 1.375 | 4410 1.52 | 8.41
23 16.000 | 13.125 800 | 050 |12 1.375 | 1.375 {4300 1.36 | 7.27
24 16.000 | 13.125 800 {050 |12 ] 1.375 | 1.375 [ 4340 147 | 8.75
25 16.000 | 13.125 8.00 | 050 |12 1.375 | 1.375 | 4440 1.70 | 9.07
26 16.000 | 13.125 800 | 050 |12 ] 1.375 | 1.375 | 5490 1.82 | 8.86
27 16.000 | 13.125 800 |0.50 |12} 1.375 | 1.375 | 5540 1.39 | 7.16
28 16.000 | 13.125 8.00 | 0.50 12 1 1.375 | 1.375 | 5450 1.52 | 7.49
29 16.000 | 13.125 800 | 050 | 12| 1.375 | 1.375 | 5580 1.44 | 6.82
30 16.000 | 13.125 800 {050 |12 1.375 | 1.375 | 5740 1.57 | 7.95
31 15.125 | 13.125 800 | 08754 0.750 | 0.750 | 4175 1.57 | 5.91
32 15.125 | 13.125 800 (08754 | 0.750 { 0.750 | 4190 1.48 | 6.14
33 15.750 | 13.125 800 [0875]4 1.375 | 1.375 | 4203 1.68 | 10.9
34 15.750 | 13.125 800 | 08754 1.375 | 1.375 | 4216 144 | 11.2
35 17.125 1 13.125 800 | 08754 2.750 | 1.375 | 3800 1.77 | 7.55
36 17.125 | 13.125 800 {08754 2.750 | 1.375 [ 3880 1.82 | 8.64
37 16.125 ) 13.125 8.00 08751 4 1.750 1.375 {3950 1.49 591
38 16.125 | 13.125 800 | 0875 |4 1.750 | 1.375 {4000 1.61 | 6.59
39 14.875 | 13.125 800 | 0875 |4 0.500 | 1.375 [ 4190 1.48 | 3.41
40 14.875 | 13.125 800 (08754 0.500 | 1.375 | 4240 1.36 | 2.61
41 14.875 | 13.125 800 |0875 |4 0.500 | 0.688 |4600 1.76 | 5.68 °
42 15.750 | 13.125 8.00 | 0875 |4 1.375 | 1.563 |4800 1.82 | 6.36
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
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62
63
64
65
66
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68
69
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71
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75
76
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(in)

15.750

14.875
15.750
15.750
15.750
15.750
15.750
15.750
15.750
15.750
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16.000
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15.750
15.750
15.750
16.000
16.000
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13.125
13.125
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8.00
8.00
8.00
8.00
8.00
8.00
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8.00
8.00
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8.00
8.00
8.00
8.00
8.00
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8.00
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(in)

0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875 |
0.875 |
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0.875 |
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0.500 |
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0.875
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0.875
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cover

(in)

1.625
0.500
1.375
1.625
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
[.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375

1.375

cover

(in)

0.688
1.563
3.250
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
0.500
1.375
2.250
0.500

bottom

3.250

Cube

2.250

S

train

-

Crack

streng.| In stecl| width
si) | x 107 (x107)

(in)

4850 1.55] 8.860
4700 1.57 4.32
4950 1.80 | 6.36
5160 145 | 9.32
2950 1.98 | 10.2
2985 200 119
4960 1.52 | 8.64
2827 ., 1.82 112
3475 . 1.0l 10.2
4900 1.66 8.52
4850 0.30 9.55
4775 . 1.55 1 10.0
5020 1.64 11.1
5190 1.45 9.55
4960 198 | 134
4900 0.00 | 0.00
4340 1.551 8.64
4150 | 0.00 | 0.00
4540 | 0.00 | 0.00
4085 1.89 | 11.6
4048 1.41 9.55
4150 1.83 10.8
4279 1.58 12.8
3410 1.49 8.64
4000 2.14 | 137
4670 141 7.95
4360 1.41 7.50
4360 1.64 | 8.18
4360 1.68 | 9.09
4110 1.46 4.20
5210 1.25 | 2.27
5300 1.77 | 5.00
5340 1.37 | 6.59
4040 1.47 | 227
P94O 0.52 | 523
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Beam
No.

19
20
21
22
24
25
26
27
28
29
31
32
33
34
35
36
37
38
39
40
41
42
43

44

14.875

Depth
(in)

15.125
15.125
15.125
15.125
15.125
15.125
15125
15.125
15.125
IS 125
15.750
15.750
15.750
15.750
15.750
15.750
15.750
15.750
15.750
15.750
16.000
16.000
16.000
16.000
16.000
16.000
16.000
16.000
15.125
15.125
15.750
15.750
17.125
17.125
16.125
16.125
14.875
14.875
14.875
15.750
15.750

eff. Depth
(in)

13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125

13.125

breadth

(in)

8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00

-

Stage -V

bar
dia

(im)

1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
1.25
.25
0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875

| 0.875

0.875
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875
0.875

0.875

No.
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Side
cover

(in)

1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
0.750
0.750
1.375
1.375
2.750
2.750
1.750
1.750
0.500
0.500
0.500
1.375
1.625
0.500

bhottom
cover

(in)

1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
0.750
0.750
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
0.088
1.563
3.250

0.688

Cube

streng.
(psi)

5050
5400
5350
4980
5180
4580
4500
4520
4550
4600
4840
4910
4810
4940
4880
4910
4780
4750
4870
4830
4380
4300
4340
4440
5490
5540
5450
5740
4175
4190
4203
4216
3800
3880
3950
4000
4190
4240
4600
4800
4850

4700

Strain
In steel
x 10°

.84
2.02
2.24
1.75
1.77
1.92
1.83
1.91
.89
1.73
2.14
1.90
2.07
2.05
2.02
1.95
1.95
2.80
2.16
2.07
1.99
1.84
1.83
0.00
2.02
1.77
.89
1.93
2.02
1.94
2.20
2.03
227
2.44
1.95
2.10
1.89
2.36
227
2.14
.82

(in)

2.03

S D —

Crack
width
(x 107

12.6
1.1
13.0
9.77
11.6
12.7
133
12.5
13.0
11.6
143
12.5
10.7
13.4
11.6
15.7
13.0
13.9
13.0
11.1
10.2
8.75
10.4
0.00
11.6
9.09
9.43
10.5
7.73
9.75
14.1
14.5
10.0
11.6
7.84
8.64
4.43
6.14
7.27
7.5

10.5
6.02




Beam
No.

45
40
47
48
49
50
51
52
53
54
55
560
57

58
59
60
61
62
63
64
635
60
67
68
69
70
71
72
73
74
75
76
77

Depth

(in)

15.750
15.750
15.750
15.750
15.750
15.750
15.750
15.750
16.000
16.000
16.000
15.750
15.750
15.750
16.000
16.000
16.000
15.750
15.750
15.750
15.750
15.750
15.750
15.750
15.750
15.750
15.750
16.000
16.000
16.000
16.000
16.000
16.000

.éff. Depth

(in)

13.125
13.125
13,125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125

3.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
13.125
14.375
13.125
13.125
13.125
14.375
14.375

breadth

(in)

8.00
8.00
8.00
8.00
8.00
8.00
8.00
'8\.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
8.00
6.25
3.00
9.75
6.25
9.75
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H
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N
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No.

Side
cover

(in)

1.375
1.625
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375

TN
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1.375

bottom
cover

(in)

1.563
3.250
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
1.375
0.500
1.375
2.250
0.500

2.250

Cube | Strain { Crack
streng.) In steel | width
(psi) | x 107 | (x 107
(in)

4950 2.09 | 75

5160 1.74 1.1
2950 2.36 12.8
2985 0.00 { 0.00
4960 1.98 10.0
2827 | 1.89 12.3
34751 2.12 12.2
4900 | 2.20 10.5
4850 | 1.64 12.3
4775 | 1.80 10.5
5020 | 0.00 | 0.00
5190 | 1.86 11.9
4960 | 0.00 | 0.00
4900 { 0.00 | 0.06
4340 | 1.86 10.0
4150 { 0.00 | 0.00
4540 | 0.00 | 0.00
4085 { 0.00 | 0.00
4048 | 1.86 | 123
4150 1 0.00 | 0.00
4279 | 0.00 | 0.00
3410  0.00 | 0.00
4000 | 0.00 | 0.00
4670 | 1.80 | 11.6
4360 | 0.00 | 0.00
4360 } 0.00 | 0.00
4360 | 1.95 10.9
4110 | 1.80 | 545
5210 | 1.0l 2.84
5300 | 230 | 6.48
5340 | 1.66 | 8.64
4040 | 1.81 2.84
3940 j 1.82 | 6.59
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IS A~
HOGNISTAD DATA
Beam | Overall Effective Steel Concrete Cover Steel Crack widthj%
Width | depth depth dia No. of | No. of strength side Tbottom, stress i
(in) (in) (in) (in) bars 1tiers (Psi) (in) | (in) | (Psi) (in)
; |
! i ;

8 16 14.1 i 1.00 2 1 1 | 4570 ; 1.375 ; 1.375 20000 I 0.003

8 16 14.2 075 4 1] : 3970 | 375 ' 1.375 20000 0.002

8 16 13.6 050 © 8§ 2 f 4320 { 375 1375 20000 . 0.0025

8 16 13.1 0.375; 15 3 : 3840 | 375 0 1.375 20000 0.0025

8 16 14.2 0.75 4 1 3855 i 375 1.375 20000 0.0045

8 I 16 14.1 1.00 2 1 3525 375 0 1.375 20000 0.005

8 1 16 15.6 0.50 3 2 3250 | 375 1.375 20000 0.0035

8 | 16 14.1 1.00 1 1 4750 i 375 0 1.375 20000 0.000

8 ' 16 14.2 0.75 2 1 3940 i 375 1.375 20000 | 0.000

8 | 16 15.6 0.50 4 2 4010 | 1.375 . 1.375 20000 | 0.000

8 | 16 13.1 1.00 4 2 3700 f 1.375 . 1375 20000 0.003

8 : 16 15.4 0.75 8 2 4470 ; 1.375  1.375 20000 [ 0.003

8§ 16 14.1 1.00 2 1 7040 ! 1.375 1.375 20000 0.0035

g8 = 16 14.2 0.75 4 1 7240 1.375  1.375 20000 0.003

8 16 13.6 050 8 2 7070 1.375  1.375 20000 0.003

8 16 13.1 ; 0375, 15 .3 y 6785 : 1.375 + 1.375 20000 0.002

12 16 13.6 1050 0 122 | 4730 075 1375 i 20000 0.0025

8 16 13.6 050 8 2 4490 0.75 | 1375 20000 0.0025

6 16 13.6 050, 6 2 4430 0.750 ¢ 1375 20000 0.003

4 16 13.6 050 4 2 ! 5870 0.750 | 1.375 20000 0.000 :

8 24 21.4 0.75 ’ 6 12 4320 1.375 & 1.375 20000 0.0030

8 16 14.2 0.75 | 4 f 1 I 4460 1375 | 1.375 20000 0.003 |

8 12 10.2 0.75 l 3 }‘ 1 4430 1.375 | 1.375 20000 0.002 |

| |




8LC

" |

Beam | Overall Effective Steel Concrete Cover | Steel Crack width

Width| depth depth | dia | No. of| No. of strength side bottom | stress !

(in) (in) (in) { (in) | bars | tiers (Psi) (in) (in) . (Psi) (in) %

4 ; ‘:

8 08 062 075 ' 2 1 4110 1.375 © 1375 20000 0.002
8 16 152 0.875 | 2 1 4030 1.375 0375 20000 0.002
8 |16 142 0875 ' 2 1 3040 1.375  1.375 20000 0.002
8 16 12.7 0.875 .« 2 1 3640 1375 2.875 20000 0.0025
8 16 11.2 0.875 | 2 1 3640 1375 4375 20000 0.003 ‘
8 16 14.2 0.875 = 2 1 4360 0.375 -~ 1.373 20000 0.002
8§ 16 o142 0.875 2 1 4360 2.875 | 1.375 20000 0.004 |
8 |16 152 0.875 . 2 1 3940 0.375  0.375 20000 0.002 |
8 16 127 0.875 | 2 1 3940 2.875 2875 20000 0.006 |
8 16 141 1.00 |2 1 4570 1375 1.375 30000 0.005
8 16 L 142 075 4 1 3970 . 1.375 © 1.375 30000 0.006 |
8 |16 136 0.50 8 2 4320 1375 | 1375 30000 0.005 |
8§ 16 L1301 0.375 115 3 3840 1375 1.375 30000 0.004
8 16 o142 075 4 1 3855 C 1375 1375 30000 0.0055
8 |16 L1411 L 1.00 12 1 3525 1375 1 1375 30000 0.0085
8 16 L1136 050 |8 2 3250 | 1375 . 1375 30000 0.0045 |
8 i 16 | 14.1 | 1.00 il 1 4750 ‘l 1.375 i 1.375 30000 0.0055

.



6LC

S
Beam | Overall Effective Steel Concretr Cover Steel ! Crack width
Width| depth depth dia  No.of | No.of strength |  side | bottom stress
(in) | (in) (in)  (in) ! bars| tiers (Psi) | (i) (in) (Psi) | (in)
! | | |
8 | 16 14.2 075 | 2 1 3940 f 1.375 3 30000 0.0045
8 | 16 13.6 050 | 4 2 4010 | 1375 3 L 30000 0.0040
8 16 13.1 1.00 | 4 20 3700 1 13751 1375 0 30000 0.006
8 16 13.4 075 | 8 2 4470 13751 1.375 30000 0.006
8 . 16 14.1 .00 2 L 7040 13751 1.375 30000 0.006
8 | 16 14.2 0.75 @ 4 L 7240 1 13750 1375 30000 0.006
8 16 13.6 0.50 ' 8 20 7070 1375 1375 30000 0.0045
8 16 13.1 0375 15 3. 678 1375|1375 | 30000 0.0045
12 16 13.6 050 112 20 4730 0750 | 1375 | 30000 0.005
8 16 13.6 050 = 8 2., 449 1 0750 | 1.375 | 30000 0.003
6 16 13.6 050 | 6 2. 4430, 0750 | 1375 | 30000 0.0065
4 116 13.6 050 * 4 2 5870 0.750 | 1.375 | 30000 0.004
8 | 24 21.4 075 ' 6 2 4320 1375 | 1375 | 30000 = 0.0055
8 16 14.2 0.75 4 10 4460 - 1375 | 1375 30000 0.006
8 12 10.2 075 3 1 4430 1375 | 1375 | 30000 ! 0.004
8 08 06.2 0z L 41100 T 1375 ) 1375 0 30000 | 0.004
8 16 15.2 0875, 2 1 4030 | 1.375 | 0375 30000 ;  0.005
.8 16 14.2 ! 0875, 2 | 1 3040 } 1.375 | 1.375 30000 E 0.004
8 16 12.7 | 0875, 2 1 1 | 3640 | 1375 | 2.875 30000 | 0.006
8 16 11.2 0.875 2 1 3640 1375 | 4.375 30000 0.006
L 8 16 14.2 ' 0875| 2 1 4360 0.375 | 1.375 30000 0.004




08¢

“ )
Beam Overalr Effective[ Steel ] Concrete Cover i Steel Crack width |
Width| depth depth | dia o.of | No.of|  strength side bottom stress
(in) | (in) ! (im) | Gn) | bars| tiers  (Psi) | (i) (in) (Psi) | (in)

— \ e — f .*
8 & | W3 | 0815 2 [ I 4360 | 2.875 | 1375 | 30000 | 0.008
8 16 | 152 0875, 2 | 1 | 3940 0375 | 0375 = 30000 ; 0.003
8 | 16 127 . 0875 2 R 3940 ¢ 2875 | 2875 | 30000 | 0.008
8 ( 16 1A 100 2 1 | 4570 ;1375 | 1375 40000 0.007
8 | 16 .42 075 { 4 I | 3970 1375 1 1375 40000 0.010
8§ 16 13.6 050 /8 2 4320 . 1375 1 1375 40000 0.007
8 16 131 0375, 5 3 3840 1.375 1375 40000 0.005
8 16 14.2 075 | 4 . 1 3853 | 1375 . 1375 40000 0.009
8§ | 16 141 100 2 | 1 3525 | 1375 ' 1375 40000 0.0125 |
8 | 16 . 136 050 | 8 | 2 | 3250 1.375 | 1375 . 40000 0.006 |
8 | 16 4.1 100 1 ¢ 1 4750 | 1375 . 1375 40000 0.0085
8 16 142 DA 2 5 1 3040 1 1375 L3P 40000 | 0.006 |
8 16 136 050 | 4 | 2 4010 1.375 1 1375 40000 | 0.007 |
8 16 L 131 100, 4 | 2 3700 | 1375 1375 40000 0.009 !
8 16 | 134 095 ¢ & . 2 4470 | 187F | L3% 40000 0.007 |
8 16 1 141 100 2 @ 1 7040 1375 | 1375 40000 | 0.009
SR TR S SRR SRR SRR (. N R TN 7240 1375 | 1375 40000 { 0.008
8 | 16 l 136 050 8 | 2 7070 1375 1375 40000 | 0.007
8 1 16 | 131 . 0375 5 | 3 6785 1375 1375 ' 40000 ‘ 0.0065
12 | 16 13.6 0.50 12 | 2 4730 075 1 1375 . 40000 | 0.009
8 | 16 BE | o0s| 8 | 2 4490 0.75 | 1375 . 40000 0.005
6 16 13.6 J 050 | 6 2 4430 0.750 J 1.375 } 40000 l 0.008 N




Beam | Overall Effective Steel Conrete Cover Steel Crack width
Width| depth depth dia No.of | No.of strength side bottom stress

(in) (in) (in) (in) bars | tiers (Psi) (in) (in) (Psi) (in)

4 16 13.6 0.50 4 2 5870 | 0.750 375 40000 0.0065
8 24 21.4 075 , 6 2 4320 : 1.375 375 40000 0.009
8 16 14.2 075 | 4 2 4460 | 1.375 1.375 40000 0.0085
8 12 10.2 0.75 3 1 4430 1.375 1 1375 40000 0.006
8 . 08 06.2 075 + 2 1 4110 1.375 1375 40000 0.0055
8 16 15.2 0875 2 1 4030 1.375 0 0.375 40000 0.0065
8 - 16 14.2 0875 2 1 3040 1.375 © 1.375 40000 0.0065
8 16 12.7 0875+ 2 1 3640 1.375 ' 2.875 40000 0.01
8 16 11.2 0875, 2 1 3640 1.375 4.375 40000 0.008
8 16 14.2 0.875: 2 1 4360 ' 0.375 @ 1.375 40000 0.006
8 16 14.2 0875 2 1 4360 2.875 1 1.375 40000 0.011
8 116 15.2 0875 2 1 3940 0.375 = 0.375 40000 0.005
8 16 12.7 0875 2 1 3940 2.875 2.875 1 40000 ° 0.011
8 |16 14.1 1.00 2 1 4570 ! 1.375 1375 50000 | 0.01
8 16 14.2 0.75 4 1 3970 1.375 . 1375 50000 | 0.00
8 |16 13.6 0.50 8 2 4320 1.375 1.375 ‘ 50000 0.0085
g8 16 13.1 0.375: 15 3 3840 1.375 1.375 50000 0.01
8 t 16 14.2 0.75 4 1 3855 1.375 1.375 | 50000 0.012
8 |16 14.1 1.00 2 1 3525 1.375 1.375 i 50000 0.014
8 16 13.6 0.50 8 2 3250 1.375 1.375 | 50000 0.008
8 ‘ 16 14.1 1.00 1 1 4750 1.375 1.375 50000 0.0125




Beam | Overall Effective Steel Conrete Cover T Steel Crack width
Width| depth depth dia  No.of | No. of strength side bottom stress
(in) (in) (in) (in) bars | tiers (Psi) (in) (in) (Psi) (in)
8 16 14.2 0.75 2 1 3940 1.375 | 1.375 1 50000 0.0085
8 16 13.6 0.50 4 2 4010 1375 | 1.375 . 50000 0.010
8 16 : 13.1 1.00 4 2 3700 1.375 | 1.375 50000 0.000
8 16 | 13.4 0.75 8 2 4470 1.375 | 1.375 50000 0.000
8 16 | 14.1 1.00 201 7040 1.375 ; 1.375 50000 0.011
8 16 14.2 075 | 4 = 1 7240 1.375 | 1375 50000 0.010
8 16 13.6 0.50 8 2 7070 1.375 | 1.375 50000 0.009
8 16 13.1 03751 15 3 6785 1.375 | 1.375 50000 0.008
12 16 13.6 0.50 12 2 4730 0.75 1.375 50000 0.0105
8 16 13.6 0.50 8 | 2 4490 0.75 1.375 50000 0.0075
6 16 13.6 0.50 6 | 2 4430 0.750 | 1.375 50000 0.010
4 16 13.6 0.50 4 2 5870 0.750 : 1.375 50000 0.008
8 24 214 0.75 6 2 4320 1.375 1.375 50000 0.0105
8 16 14.2 0.75 4 . 1 4460 1.375 . 1.375 50000 0.0100
8 12 10.2 0.75 3 1 4430 1.375 1375 50000 0.008
8 08 06.2 0.75 2 1 4110 1.375 | 1.375 50000 0.0080
8 16 15.2 0875} 2 1 4030 1.375 . 0.375 50000 0.0075
8 16 14.2 0875 2 1 3040 1.375 | 1.375 50000 0.0085
8 16 12.7 0875 2 1 3640 1.375 ' 2.875 50000 0.011
8 16 11.2 0875} 2 1 3640 1.375 ' 4375 50000 0.010
8 16 14.2 0875 | 2 1 4360 0.375 | 1.375 - 50000 0.007
8 16 14.2 0875 2 1 4360 2.875 | 1.375 «[ 50000 0.012
8 16 15.2 0875 | 2 1 3940 0.375 | 0.375 50000 0.006
8 16 12.7 08751 2 1 3940 2.875 | 2.875 i 50000 0.015




CLARK DATA

Steel stress = 15,000 PSI

P

Beam
No.

Depth
(H)
(in)

G\G\G\O\O\O\O\C\O\OO\O‘\O\O\C\O\O\O\G\O\C\O\C\G\O\G\G\O\

Width Eff.
(b) depth
“(in) (in)
12 5.31
12 5.31
08 5.31
08 5.31
7.5 5.31
09 5.31
09 5.31
7.5 5.31
7.5 5.25
7.5 5.25
7.5 5.25
15 5.13
9 5.19
11 5.13
11 513
15.0 5.06
15.0 5.06
7.5 5.06
7.5 5.06
7.5 5.19
7.5 5.19
7.5 5.19
9.0 5.00
9.0 5.00
6.0 5.00
7.5 5.13
9.5 5.00
9.5 5.06
6.0 13.0-
6.0 13.0
6.0 13.38
6.0 13.38
6.0 13.13
6.0 14.06
6.0 13.06
6.0 13.00
6.0 13.06
6.0 13.06
6.0 12.86

Crack width

No. of bar Cyl
bars dia strength (in)
(psi)

2 3 4260 | 0.00000

2 3 4140 | 0.00000
2 3 3390 | 0.00000
2 3 3860 | 0.00000
2 3 4180 | 0.00000
3 3 3640 0.00000
3 3 3330 0.00000
3 3 3720 0.00073
2 4 3550 0.00000
2 4 3570 0.00109
2 4 3810 . | 0.00166
2 .6 3890 0.00226
2 5 4300 0.00214
2 .0 4100 0.00278
2 .6 3750 0.00266
2 i 3870 0.00246
2 7 3850 | 0.00278
1 i 3600 0.00342
1 7 3460 0.00299
2 5 3330 0.00281
2 .5 3200 0.00290
2 .5 4190 0.00252
1 8 4500 0.00250
1 8 3780 0.00370
| i 4250 0.00332
2 .6 3980 0.00198
2 7 3410 0.00484
2 i 4100 0.00314
1 8 3690 0.00203
1 8 3750 0.00264
2 .6 4360 0.00228
2 .6 4240 0.00000
2 .6 3940 0.00308
2 7 3890 0.00190
2 i 3250 0.00282
2 7 4280 0.00241
2 i 4210 0.00355
2 7 4040 0.00329
1 1.0 3570 0.00442

283




40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

g

15
15
15
15
15
15
15
15
23
23
23
23
23
23
23

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0

6.0

12.86
13.00
13.00
13.56
12.94
12.94
12.94
12.94
20.86
20.86
20.30
20.94
20.94
20.80

20.80

?NNNN-—‘—-—-MNNNMNN'—

284

1.0
.80
.80
.90
.90
90

.90
.90
1.0
1.0
1.1
.90
.90
1.1

1.1

4160
3860
3870
4080
4140
3950
4140
3540
3960
3620
3930
3650
3560
3590
4040

R

0.00513
0.00654
0.00345
0.00235
0.00415
0.00302
0.00292
0.00443
0.00331
0.00401
0.00414
0.00361
0.00332
0.00340
0.00490




Steel stress = 20,000 PSI

285

rBeam Depth |Width Eff. No. of bar Cyl. | Crack width
No. (.H) (.b) depth bars dia strength| (in)
(in) (i) |(in) (psi)

1 6 12 5.31 2 3 4260  [0.00

2 6 12 5.31 2 3 4140 |0.000
3 6 08 5.31 2 3 3390 {0.000
4 6 08 5.31 2 3 3860 | 0.000
5 6 7.5 5.31 2 3 4180 | 0.000
6 6 09 5.31 3 3 3640 |0.0014
7 6 09 5.31 3 3 3330 |0.00175
8 6 7.5 5.31 3 3 3720 [0.00156
9 6 7.5 5.25 2 4 3550 0.00303
10 6 7.5 5.25 2 4 3570 10.00146
I 6 7.5 5.25 2 | 4 3810 |0.00248
12 6 15 5.13 2 .6 3890 [0.00477
13 6 9 5.19 | 2 | 5 4300 |0.00337
14 6 11 5.13 1 2 | 6 4100  |0.00397
15 6 1 513 2 6 3750  |0.00444
16 6 15.0 5.00 | 2 7 .

17 6 15.0 so6 2! i gggg 8.88353
18 6 75 506 1 1 7 3600 | 0.00608
19 6 75 | 506 1 1 7 3460 | 0.00497
20 6 75 509 1 2 5| 3330 |0.00440
21 6 7.5 ’ 509 | 2 S 1 3200 [0.00432
22 6 7.5 519 | 2 S50 4190 10.00391
3 6 9.0 5.00 I 8 4500 |0.00407
24 6 9.0 | 5.00 [ 8 3780 | 0.00496
25 6 6.0 5.00 1 7 4250  10.00531
26 6 75 5.13 2 6 3980 | 0.00298
27 6 9.5 5.06 2 7 3410 |0.00749
28 6 9.5 5.06 2 7 4100 |0.00476
29 15 6.0 13.0 1 8 3690 | 0.00464
30 15 6.0 | 13.0 | 8 3750 | 0.00459
31 15 6.0 13.38 2 6 4360 0.00441
32 15 6.0 13.38 2 6 4240 0.00301
33 15 6.0 13.13 2 6 3940 0.00369
34 15 6.0 14.06 2 7 3890 0.00274
35 15 6.0 13.06 2 7 3250 0.00430
36 15 6.0 13.06 2 7 4280 0.00362
37 15 6.0 13.06 2 7 4210 0.00431
38 15 6.0 13.06 2 7 4040 0.00568
39 15 6.0 12.86 1 1.0 3570 | 0.00659
40 15 6.0 12.86 1 1.0 4160  10.00739



15
15
15
15
15

15
15
23
23
23
23
23
23
23

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0

13.00

13.00
13.56
12.94
12.94
12.94
12.94
20.86
20.86
20.30
20.94
20.94
20.80
20.80

N DO NS DN

)

NN = — -

.80

.80
.90
.90
.90
.90
.90
1.0
1.0
1.1
90
.90
1.1
1.1

3860
3870
4080
4140
3950
4140
3540
3960
3620
3930
3650
3560
3590
4040

0.00860
0.00515
0.00342
0.00553
0.00409
0.00444
0.00404
0.00641
0.00633
0.00689
0.00523
0.00369
0.00495
0.00730

286




g

Beam Depth | Width
No. (H) (b)
(in) | (in)
1 6 12
2 6 12
3 6 08
4 6 08
5 6 7.5
0 0 09
7 0 09
8 6 7.5
9 6 7.5
10 6 7.5
11 6 7.5
12 6 15
13 6 9
14 6 11
15 6 11
16 6 15.0
17 6 15.0
18 6 7.5
19 6 7.5
20 6 7.5
21 6 7.5
22 6 7.5
23 ) 9.0
24 ) 9.0
25 6 6.0
26 0 7.5
27 6 9.5
28 6 9.5
29 15 6.0
30 15 6.0
31 15 6.0
32 15 6.0
33 15 6.0
34 15 6.0
35 15 6.0
36 15 6.0
37 15 6.0
38 15 6.0
39 15 6.0

Steel stress = 25,000 PSI

Eff. FNO. of bar Cyl.  |Crack width
depth bars dia strength| (in)
| (im) (psi)
5.31 2 3 4260 | 0.000
5.31 2 3 4140 | 0.000
5.31 2 3 3390 |0.00207
5.31 2 3 3860 | 0.00143
531 2 3 4180  |0.00258
5.31 3 3 3640 | 0.00246
5.31 3 3 3330 |0.00340
5.31 3 3 3720 10.00309
5.25 2 4 3550 |0.00436
5.25 2 4 3570 |0.00226
5.25 2 4 3810 |0.00402
| 513 2 6 3890 |0.00669
| 5.19 2 5 4300  {0.00457
| 513 2 6 4100 10.00559
513 2 6 3750 |0.00627
| 5.06 2 7 3870 |0.00616
, 5.06 2 7 3850 10.00709
5.06 I 7 3600 |0.00806
i 5.06 1 7 3460 0.00457
L5109 02 5 3330 |0.00607
SERL) 2 5 3200  0.00589
L5109 02 5 4190  0.00508
500 |1 8 4500  |0.00571
500 8 3780  |0.00671
! 5.00 1 7 4250  10.00708
Lsa3 2 6 3980  |0.00403
L 5.00 2 7 3410 |0.00531
5.06 2 7 4100  |0.00406
| 13.0 1 8 3690 |0.00669
13.0 1 8 3750 |0.00769
13.38 2 6 4360 |0.00668
13.38 2 6 4240 {0.00420
13.13 2 6 3940 0.00504
14.06 2 7 3890 ]0.00362
13.06 2 7 3250 10.00578
13.06 2 7 4280 |0.00465
13.06 2 7 4210 ]0.00582
13.06 2 7 4040 10.00774
1286 1 1.0 3570 |0.00905




40
41
42
43
44
45
46
47
48
49
50
51
52
53
54

15
15
15
15
15
15
15
15
23
23
23
23
23
23
23

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
0.0

12.86
13.00
13.00
13.56
12.94
12.94
12.94
12.94
20.86
20.86
20.30
20.94
20.94
20.80
20.80

BB BN = = = 0NN NN NN =

1.0

.80
.80
.90
90
90
.90
.90

1.0
1.0
1.1
.90
.90
1.1
1.1

4160
3860
3870
4080
4140
3950
4140
3540
3960
3620
3930
3650
3560
3590
4040

0.00941
0.01053
0.00690
0.00454
0.00670
0.00537
0.00589
0.00528
0.00920
0.00886
0.00884
0.00702
0.00509
0.00675
0.00967




Width

Beam Depth
No. (H) (b)
(in) (in)
1 6 12
2 6 12
3 6 08
4 6 08
S 6 7.5
6 6 09
7 6 09
8 6 7.5
9 6 7.5
10 6 7.5
11 6 7.5
12 6 15
13 6 9
14 6 11
! 15 6 11
16 6 15.0
17 6 15.0
18 6 7.5
19 6 7.5
20 6 7.5
21 6 7.5
22 6 7.5
23 6 9.0
24 6 9.0
25 6 6.0
26 6 7.5
27 6 9.5
28 6 9.5
29 15 6.0
30 15 6.0
31 15 6.0
32 15 6.0
33 15 0.0
34 15 6.0
35 15 6.0
36 15 6.0
37 15 6.0
38 15 6.0
39 15 6.0
40

6.0

Steel stress = 30,000 PSI

EEAf.
depth
(in)

5.31
5.31
5.31
5.31
5.31
5.31
5.31
5.31
5.25
5.25
5.25
5.13
5.19
5.13
5.13
5.06
5.06
5.06
5.06
5.19
5.19
5.19
5.00
5.00
5.00
5.13
5.06
5.06
13.0
13.0
13.38
13.38
13.13
14.06
13.06
13.06
13.06
13.06
12.86
12.86

N

0. of bar Cyl Crack width
bars dia strength (inm)
(psi)

2 3 4260 0.000

2 3 4140 0.000
2 3 3390 0.00304
2 3 3860 0.00281
2 3 4180 0.00492
3 3 3640 0.00347
3 3 3330 0.00414
3 3 3720 0.00322
2 A4 3550 0.00623
2 4 3570  10.00329
2 4 3810 |0.00517
2 .6 3890 | 0.00708
2 5 4300 0.00500
2 .6 4100 |0.00732
2 .6 3750  |0.00816
2 7 3870 {0.00501
2 7 3850 |0.00892
1 7 3600 10.00615
1 7 3460 0.00609
2 5 3330  {0.00506
2 5 3200 {0.00752
2 ) 4190  |0.00653
1 8 4500 [0.00654
1 8 3780  10.00840
1 7 4250  10.00941
2 .6 3980  10.00502
2 7 3410  |0.00639
2 7 4100 |0.00730
1 .8 3690 [0.00823
1 8 3750 |0.00793
2 .6 4360 {0.00889
2 .6 4240 10.00536
2 .6 3940 10.00632
2 i 3890 ]0.00463
2 7 3250 10.00735
2 7 4280 10.00558
2 7 4210 10.00721
2 i 4040 10.00982
1 1.0 3570 |0.01047
1 1.0 4160 0.01130
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e

41
42
43
44
45
46
47
48
49
50
51
52
53
54

15
15
15
15
15
15
15
23
23
23
23
23
23

23

6.0

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0

13.00
13.00
13.56
12.94
12.94
12.94
12.94
20.86
20.86
20.30
20.94
20.94
20.80

20.80

I

r
PR N R = — = NN NN N
f
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.80
.80
.90
90
.90
.90
.90

1.0
1.0
1.1

.90

.90
1.1
1.1

3860
3870
4080
4140
3950
4140
3540
3960
3620
3930
3650
3560
3590
4040

0.01243
0.00824
0.00572
0.00802
0.00673
0.00632
0.00666
0.01170
0.01104
0.01049
0.00882
0.00626
0.00881
0.00000




Steel stress = 35,000 PST

Width

Beam Depth
No. (H) (b)
(in) (in)

1 6 12
2 6 12
3 0 08
4 6 08
5 6 7.5
0 0 09
7 6 09
8 6 7.5
9 6 7.5
10 6 7.5
11 6 7.5
12 0 15
13 0 9
14 6 11
15 6 11
16 6 15.0
17 6 15.0
18 6 7.5
19 6 7.5
20 6 7.5
21 0 7.5
22 6 7.5
23 6 9.0
24 6 9.0
25 6 6.0
26 6 7.5
27 6 9.5
28 6 9.5
29 15 6.0
30 15 6.0
31 15 6.0
32 15 6.0
33 15 6.0
34 15 6.0
35 15 6.0
36 15 6.0
37 15 6.0
38 15 6.0
39 15 6.0
40

6.0

Eff. No. of bar Cyl Crack width
depth bars dia strength (in)
(in) (psi)

5.31 2 3 4260 0.000

5.31 2 3 4140 0.00287
5.31 2 3 3390 0.00464
5.31 2 3 3860 0.00434
5.31 2 3 4180 0.00523
5.31 3 3 3640 0.00455
5.31 3 3 3330 0.00528
5.31 3 3 3720 0.00445
5.25 2 4 3550 0.00774

5.25 2 4 3570  0.00616

5.25 2 4 3810  |0.00637

5.13 2 .6 3890 [0.00888

5.19 2 5 4300 0.00615

5.13 2 6 4100  }0.00902

5.13 2 .6 3750  |0.00950

5.06 2 i 3870 0.00563

5.06 2 7 3850 10.01093

5.06 1 i 3600 10.00734

5.06 ] i 3460 10.00765

5.19 2 5 3330  0.00618

5.19 2 5 3200 {0.00903

5.19 2 5 4190  |0.00657

5.00 2 8 4500 0.00793

5.00 2 8 3780 10.01062

5.00 2 i 4250 |0.01109

5.13 2 .6 3980 [0.00651

5.06 2 7 3410 |0.00793

5.06 2 i 4100 10.00924

13.0 1 8 3690 10.00947

13.0 ] 8 3750 10.00980

13.38 2 .6 4360 10.01075

13.38 2 .6 4240 10.00649

13.13 2 .6 3940 {0.00799

14.06 2 i 3890 10.00557

13.06 2 i 3250 ]0.00883

13.06 2 i 4280 |0.00666

13.06 2 7 4210 |0.00859

13.06 2 i 4040 |0.01170

12.86 1 1.0 3570 0.01221

1 4160 }0.01399

12.86
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[ 41
2
43
44
45
46
47
48
49
50
51
52
53
54

15
15
15
15
15
15
15
23
23
23
23
23
23
23

6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0
6.0

I\JK\)l\-)‘\)—-‘'—-'----*!\)l\)l\.)l\.)l\.)l\.)l\)1

lj
I
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.80
.80
.90
90
.90
90
.90
1.0
1.0
1.1
.90
90
1.1
1.1

3860
3870
4080
4140
3950
4140
3540
3960
3620
3930
3650
3560
3590
4040

0.01427
0.00958
0.00673
0.00965
0.00000
0.00884
0.00805
0.01436
0.01289
0.01221
0.01061
0.00737
0.00000

0.00000




Comparison of International Equations for the Prediction of Maximum width of
cracks in R.C. Flexural members (Chapter 6)

HOGNESTAD DATA : Beam No. 29

Width of beam = 8 inch Total depth = 16 inch
Effective depth = 15.2 inch Size of bars = 7/8 inch
Concrete cylinder comp. strength = 4030 psi No. of bars =2

Clear side cover = 1.375 inch Clear bottom cover =0.375 inch

Maximum crack width (mcasured on the sides of the beam at the centroid of the
reinforcement) corresponding to a steel stress of 50000 psi = 0.0075 inch.

Ec = 57000 /f. =3.62 x 10° psi ( 2.496 x 10° N/mm?)

m = g/l = 8.01 A= 1.203 in’

Neutral axis depth from the extreme compression face = 4.965 inch

B.S. EQUATION : g =1/ L. =1.724x 107

b (h-x)(a'-x)

Em = & - 3 E.‘. A_\. (d _ x)
= 1.6016x10°
a., = 1.375 inch Coin = 0.375 inch
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3 (’ cr gl"

I/Vh, = v
;v (8o - cuin )
(h - x)
5.5929x 107 inch
W, 5.5929x 10
Ratio - i 229220107 o,
W exp 0.0075

MODEL CODE 1990 EQU.ATION

Acei(1) =2.5 (H-d)b = 16.0 in?

Acer(2) = (H-x)/3) b= 29.42 in®

5 Acer=16.0 in?

Pser = AdAcep) = 0.0752

fom(t) =6 /I = 380.9 psi

Pser 02 = 0.0752 x50,000=3760 ... (1)

Fum(1)( | + 0te Dser) = 380.9( 1 + 8.01 x 0.0752)

=61034 . 2)
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¢

3.6 p,,

/\. max

Y
(3.6x0.0752) '

Here (1) is > (2) therefore stabilised cracking condition has been reached

S (1)
"\'!'3 B eV 1 v ) |
- p.\'.v/ X E\vl( a p.\,(/)
= 2.8x107
= 2 = 172k 107

3 =0.6 from Table 7.4.2 of Code [ V? |
£ - P €2 = 5.16 x 107
Wk = 1s,me’lx (852 - ﬁ €sr2 ) = 5.02x 10-3

Ratio Weg/ Wexp = 5.02 x 107/0.0075 = 0.67

ACI CODE 318 - 1995 EQUATION
Acer= 2 (h-d)b= 12.8 in®
A= Acefn= 6.4 in’

Ce=1.375+(0.5x 0.375) = 1.8125
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J(Cs A)

W, = 0.091 o (o0 - 9x 107
[+
d-x)
= 7.875x 107 inch
u 7.87 -
Ratio — We _ 787x107 ¢
W exp 0.0075

CHINESE CODE EQUATION (GBJ 10-89)

A = 2(h-d)b=12.8 in’

e =As/ A =0.094

fu=6/f. =2380.9psi

Wo= L] - 065 ———

= [1.047

(P, o)

Therefore w =1.00
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W 1arxro0 0000 o 0s7s 4 001 2875
ms A XL00 S s s (470 G094’

= 3.99x 107 inch

W 399%10°
W e 0.0075

Ratio = = 0533
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APPENDIX - 111

Prediction of Spacing and Maximum width of cracks in SFRC flexural members

Beam No.10 [Ref. 72] ( Crack measured at the extreme tension face of the

beam)
b =126 mm (4.96 in.)
I = 2032 mm (S.0in.)

d = 172.2mm 0.79 in.)

Ay 237.82 mur (2-12mm dia)

m=LJ/k,

Wegp = 0.17 mm

For a cracked section

S~ X X o=

B.S.Equation &g =

{’ n

W ~

Sk = 28.43 N/mmt® (4122.35 psi)
fi =432 Nimm® (62640 psi)
M/M, = 1.20

I = 200 x 10° Nomm®

E. = 23120.098 N/mm’

M, = 1648 x 10° N-mm

5921 mm (N.A)

8.34 x 10° N-mm
10.00 x 10° N-mm
34.98x 10° mm’
279.45 N/mm®

(/L) . (h-x)/dx) = 178x10°

i

b, (h-x) (a’'-x)
JE, A (d-x)

£ -

= 1618107

3 dyr Enin

der = (/'nnn
[+ 25
h-x

= () 150mm

Ratio = = 0.880
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Model Code Equation

Ae; = 9450 mn7’
Aes = 6380.64 mnt’ .. Ae = Ae;
Py = 0.0246 v
Sy = 2433 Nomm®
Psefr fs = 5488 (A3.1)
Jep(T+m. pg) = 317 (A3.2)
since (A3.1) > (43.2) Stabilised Cracking Condition hus reached

- —¢— = 85.47mm

/\' max
' 3.0xp

X L sept

-/u(nl) ( l 4 m x p.‘-l',//)

o Py X E,
= 4.06x 10"
g5, = 1.397x 107
From Code 3= 0.6 ; - Péwr = 1.1534x10°

Wk = ( / (s max) X ('5:\'2 - ﬂawﬂ)) = (.10 mm
Ratio = Wi/We, - 0.588

Gergely Lutz Equation
foo= 2794 N/mm’ (40513 psi)
T, = 31 mm(l.22in)
H; = 11299 mnt (4.45 in)
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A 7812 mni’
A=A, /n = 3906 mni (6.05in’)

W., = 0.0913T,. A xZ’I"x)) x(f, - 5000) 10°
. -X
(FPS units)

W =8016x 107 in (0.2036 mm)
Ratio We Wy, = 1.198

Desayi and Ganesan Equation

L = 0.7 ¢ = 3.732 Nimm’

Ior the gross cross section

]2
”27 v m-1) A, (h-d)
Dr bh o+ (m-1) Ay
= 96.92 mm
3
h :
o %%4 hh (5 - D)t A (m-1) (da- (h-d) )’

- 99.6x 1] mm’

1,
M. = [, j = 347¢10° N-mm

Ay = 7812 mm’
Ay = 18142.74 mm’
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Y.

A, = 7812 mnt’

ki [, A

Ay

Tm, T
‘Mfi flm

ks | M, |

X (np)

ki~ ky = 2/3 andy - 035

for =227 Nimni®

Jiu (from CP 110-1972) = 3.3856 N/mm”

Modification proposed

where

Loy = 11977 mm
& =f/E, =1.397x 107

(h-x)
(d -x)

W(ul Todm EsX

Ratio W Wey, = 1.247

Escorr) T & - (”7 ]

bth-x) 1, 4, V,

0.212 mm

x gy

A f.x 10°

m; = 1414
¢ = 2873x 107
Exeorr) = 1.032x 107

(h

WL‘(II = Uy gx,curr

= 0157 mm

Ratio W/ Wey = 0.93

= 551x10°

_x)

(d-x)




Experimental Crack widths obtained from Graph. (Ref. | 83])

SI No. ' Beam No M/M,, W mm
| [ 1.04 0.07
2 l |38 0.09
3 l 172 0.10
4 | 185 0.31
5 2 0.80 0.05
O 2 1.28 0.22
;o 2 1.59 0.30
8 2 1.90 0.35
9 3 0.84 0.06
10 3 0.97 0.10
¥ 3 112 0.14
12 3 1.24 0.18
EI 3 1.35 0.22
4 3 1.50 0.29
IS ; 3 1.58 0.34
16 f 3 1.66 0.40
17 : 3 1.75 0.45
IR 4 0.85 0.05
oo 4 1.20 0.03
20 4 .44 0.23
21 4 1.70 0.25
22 4 1.90 0.33
23 7 0.96 0.05
24 7 1.05 0.17
25 7 1.20 0.24

302



SI No. Beam No M/M,, Wiespy mm
20 7 1.40 0.30
27 7 158 0.35
28 8 0.90 0.10
29 8 1.05 0.15
30 8 122 0.20
31 8 1.40 0.22
32 8 }.56 0.30
33 ' 8 177 Q.40
34 9 0.84 0.06
35 9 0.97 0.10
36 9 1.12 0.14
37 i 9 1.24 0.18
38 9 t.35 022
39 9 1.50 0.29
40 9 .58 0.34
41 9 .66 0.40
42 9 1.75 Q.45
43 10 0.83 0.05
44 10 1.05 0.13
45 : 10 1.20 0.17
40 10 1.30 0.25
47 10 1.43 027
48 10 1.56 0.30
49 10 1.66 035
50 \ 10 0.74 0.03
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SI No. Beam No M/My W(expy mm
51 14 0.90 0.05
52 14 1.10 0.13
53 4 1.25 0.17
54 14 1.42 0.22
55 14 1.60 0.30
56 15 1.28 0.10
57 I5 1.45 0.13
58 15 1.63 0.17
59 15 1.80 0.30
60 16 0.62 0.03
ol 16 1.08 0.19
62 16 1.26 0.25
63 17 0.84 0.06
64 17 0.97 0.10
65 17 1.12 0.14
66 7 1.24 0.18
67 17 1.35 0.22
68 17 1.50 0.29
69 17 1.58 0.34
70 17 1.66 0.40
71 17 1.70 0.45
72 18 1.10 0.13
73 18 1.27 0.18
74 18 1.41 0.23
75 18 .58 0.25
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SI No. | Beam No M/M Wespy mm
| 76 18 1.72 0.30
77 18 1.85 0.34
s I8 .98 0.38
79 | 21 .44 0.02
80 21 0.55 0.03
| 81 21 0.76 0.10
s 82 21 092 0.13
83 21 1.2Q 0.22
84 21 1.30 0.22
85 21 1.45 0.23
86 21 1.65 0.27
87 45 0.04 0.05
Y. 88 45 0.82 0.12
89 45 1.12 0.17
90 45 1.4¢ 0.24
91 45 .68 0.28
92 46 Q.55 0.03
93 46 0.75 0.07
94 46 0.95 0.10
~ 95 46 1.15 0.12
96 46 133 0.13
97 46 1.70 : 0.24
o I

305




APPENDIX -1V

Prediction of Spacing and Maximum width of cracks in Latex modified
SFRC flexural members

Beam No.14 ( Width of Crack measured at the extreme tension face of the

beam) .
b =125 mm fok = 21.79 Nfmm’
h = 200 mm Sy =470 N/mm’
d = 109 mm Ay =353 mnt’ (3 -12.24 mm dia)
E, 2127 x 100 N/mnt’ m = EJE.
Wewp = 0.06 mm M, = 25.81 KNM
< Per=14.72 KN ( load at which the width of crack is measured)
E.=57,000/0.8 F, ... (FPS units)

Foo=21.79 N/mm’ or 3159.55 PSI

Therefore E, = 2865711.4 PSI or 19,763.54 N/mm’

Modular ratio (m) = EYE. = 10.76
" for = 0.7 ()" = 3.27 N'mm’

For the cracked section depth of NA is calculated as .

I m A, (d - n)
, n = 068.18 mm
h
M, =05x P, x 075 = 552KNM or 5.52 x 10° N-mm
3
It;r = b_;1—+ A.vlm(d 'n)z

¥

= 4249 x 10° mm’
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M,
fooo=m (d-n)
I cr

= 106.00 N/mm’
Strain in steel (s,) = f,/ E = 5.022x10%

Experimental Strain (& ) = 0.3 x1 03

A, = 2(h-d)b) = 7750 mm’

kl f,'-, Ac
(M., T
LM, |

am =

ks f;,,, 2 (7p)

ki=kp=2/3 and vy 0.35
My =£/10 = 2.17 N/mm’

fou (from CP 110-1972) = 3.35 N/mm®

therefore a,= 12915 mm

(h-x)
(d-x)

W(.‘al = am E,‘- = 0-084 mm

Ratio W/ Wep = 0.084/7 0.06 = 1.4
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A

Maodification proposed

Ecor) = Excay - (14000 F° -SOF + 55x107)
= 03967x10°
where
o= b(h - ”) .f‘., A/ LiV./-
As [, 10°
F = 022445x 10°*
and
L. = 1 ! = 13433
' 1 5xDRC :
h -
Wml = dm ( x)

Escorr ( d -x )

0.067 mm

Ratio W/ Wegp = 1.12
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¥R,

Test results of latex modified SFRC Flexural members

obtained frem the test results
Beam K Ultimate P, DRC V: Strain Wesp
No. N/mm’  Moment KN (%) (%) (exp) {mm)
(KN-M)

8 254 2528 19.62 0.50 050 0.25E-03  0.04
b 32 54 2328 2043 0 050 050 0.30E-03  0.06
8 32.54 2528 39.24 0.50 0.50 0.65E-03  0.08
8 32.54 2508 49.05 0.50 .50 0. HIE-02 0.2
8 3254 2528 5886 035 050 0.ED2 614
9 28.86 24.80 19.62 1.00 0.50 0.35E-03  0.05
9 28.80 24.80 29.43 1.00 0.50 0.60E-03  0.00
9 28.86 24.80 39.24 Lo 050 6.80E-03 0.08
9 28.86 2480 49.05 LOO 050 0. HE-02 0.1
9 28.86 24.80 58.86 1.00 0.50 0.16E-02 0.12
10 22.35 23.56 19.62 1.50 0.50 0.30E-03  0.02
10 2235 23.56 29.43 150 0.50 0.70E-03  0.04
10 22.35 23.56 39.24 L50  0.50 0.80E-03 6.06
10 22.35 23.56 49.05 1.50  0.50 0.10E-02 008
10 22.35 23.56 58.86 .50 0.50 0.14E-02 0.11
H 2942 2488 19.02 0,50 106 0.40E-03  0.04
i 2942 2488 29.43 .50 I.04) 0.60E-03  0.06
11 29.42 2488 39.24 050 1.00 0.85E-03  0.08
i 29.42 24.88 49.05 0.50 1.00 0.12E-02  0.12
12 2179 23.42 19.62 1.00 100 0.35E-03  0.02
12 2179 23,42 2943 100 1.00 0.55E-03 045
12 21.79 23.42 39.24 1.00 1.00 0.85E-03 0.07
12 21.79 23.42 49.05 1.00 1.00 0.12E-02 0.08
12 2179 23.42 58.86 1.00 1060 0.16E-02 016
13 20.08 2295 14.72 150 .00 ().3(1E-()3 0.02
13 20.08 2295 2943 1.50 1.00 0.55E-03 0.04
13 20.08 2295 39.24 1.50 1.00 0.85E-03  0.00
13 20.08 2295 49.05 1.50 100 0. HIE-02 009
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Beam  Fu Ukimate P, DRC V,  Strain W,
No. N/mm? Moment KN (%) (%) (exp) (mm)
(KN-M) _

13 20.08 22.95 58.86 1.5¢ 1.00 0.14E-02 0.1t
t4 3791 2581 t4.72 0.50 b.50 6.30E-03 60.06
14 3791 2581 24.53 0.50 1.50 0.50E-03 0.10
14 37.91 2581 29.43 0.50 1.50 0.65E-03 0.12
14 3794 2581 39.24 60.50 1.50 0.85E-03 014
14 3791 2581 49.03 .50 £.50 0.10E-02 0. 1o
14 3791 2581 58.86 0.50 1.50 0.13E-02 018
15 32.53 25.28 14.72 1.00 1.50 0.35E-03 004
15 3253 2528 19.62 1.60 1.50 0.50E-03 0.606
15 3251 2528 29.43 oo Ls0 &, 70E-03 6.1
15 3253 2528 3924 {00 1.50 0.85E-03 012
15 32.53 2528 49.05 1.00 1.50 0.11E-02 0.14
is 32.53 2528 58 86 1.60 150 0. H4E-02  0.16
16 27.72 2463 1472 [ S] £.50 0.45E-03  0.02
16 27.72 24.63 19.62 1.50 1.50 0.50E-03 0.04
16 27.72 24.63 29.43 1.50 1.50 0.75E-03 0.08
16 27.72 24.63 39.24 1.50 1.560 0.90E-03 0.08
16 27.72 2463 49.05 LS50 £.50 0.11E«Q2 0.10
16 27.72 24.63 58.86 1.50 1.50 0.14E-02 0.12

Note : . Strain valucs obtained from the rotation meter at the lovel of sicel

2. Ultimate Moment Calculated from Paramasivam ctal method in the

3




Comparison of calculated crack width with experimental crack width of
Iatex modified SFRC Flexural members after modification

Beam W W p Ratio

No (mm) (mm) Wi /W
8 0.037 0.040 0.92
8 0.064 0.060 1.07
8 0.090 0.080 113
8 0114 0.120 0.95
8 0.136 0.140 0.97
9 0.023 - 0.050 Q.46
9 0.051 0.060 0.86
9 0.076 0.080 0.95
9 0.098 0.100 0.98
9 0118 0.120 .98
10 0015 0.020 0.75
10 0.038 0.040 0.95
10 0.058 0.060 0.96
10 0.075 0.080 0.94
10 0.091 0.110 0.83
It 0.045 0.040 1.13
8 0.066 0.060 1.10
Il 0.087 0.080 L.09
11 0.107 0.120 0.89 -
12 0.020 0.020 1.00
12 0041 0.050 0.81
12 0.059 0.070 0.84
12 0.075 0.080 0.94
12 0.090 0.160 0.56
13 0.004 0.020 0.21
13 0.036 0.040 Q.89
13 0.053 0.060 0.88

0.068 0.090 &.76

(OS]
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Beam W cal W exp Ratio

N

No  (mm (mm) Wi /W,
13 0.082 0.110 0.75
14 0.067 0.0660 112
14 0.091 0.100 0. 14
14 0.103 0.120 0.85
14 0.125 0.140 0. 14
14 0.148 0.160 0.93
14 0.171 0.180 0.95
15 0.034 0.040 0.86
15 0.040 0.060 O 76
() 0.070 0.100 0.70
15 0.094 0.120 0.78
15 0.117 0.140 0.83
15 0.138 0.160 0.86
16 0.0t6 0.020 0.82
16 0.029 0.040 0.73
16 0.054 0.080 Q.67
16 0.076 0.080 0.95
16 0.096 0.100 Q.96
16 0.115 0.120 0.96

No. of test results S
Avcrage Weal/Wexp o 0.87
Std. Deviation © 017
CoefTicient of variation 1920
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