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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 they 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 satis@ 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. 



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 

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

compression zone of latex modified reinforced concrete flexural members and 

tl, 

iv. Developitlg a methud 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 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. 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 studies 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 (Vf) 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 .O% 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 Iatex 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 tlie Conipression Zone 

An attempt is made to study the effect of confined steel fibre concrete in the 

conlpression 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 

conlpression 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 predicting tlle 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 a1 have been used for comparing 

their experimental maximum width of cracks with those computed from the 

equations of ( i ) British Code (BS 81 10 -1 985), (ii) Model Code -1990, (iii) Gergely 

Lutz equation ( ACI - 3 18- 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 bettcr whcn compared to the other equations. As these International 

Equations for predicting the maximum width of cracks did not compare satisfactorily 

iv 



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 bcen proposed to determine the spacing and width of cracks in 

steel fibre reinforced concrete llexural members. The above method is the extension 

of the niethod proposed for rcinli~rced 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 

-4 . 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. "Co~nparison of ln[erncrfiot?al Codes for the Prediction of Maximum Width of , -  

Cracks in Reinforced C'oncrete Flexural Menzbers", The Indian Concrete 
Journal, Vol. 70, No. l 1, November 1996, pp. 635-64 1. 

2. "Prediction of S~7ncing and Maximum Width of Cracks in Steel Fibre 

Reinforced Concr.ete Flexural Members", Journal of Structural Engineering, 
Vol. 24, No.3, October 1997, pp. 143-148 

3. "Strength and Ductility of Latex ModiJied Steel Fibre Reinforced Concrete 

Flexural ntenzbers", 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 Modfication on the Strength and Behaviour of ConJined 

Concrete under Utti-Axial Compressionr', 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 .  "Predictiott of k7ir,rl Crack /,oad and Ullimate Moment of Resistance of Polymer 

ModiJied Steel Fibre Reinforced Concrete Flexural members". Paper 

presented at the National seminar on High Performance Concretes, held at 
Chennai during 2 1-22 May 1998, pp. TS2-33- 41. 

7. "Performance o f  Latex Modified Reinforced Concrete Flexural Members with 
ConJned 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 

Cl 

d 

E, 

E, 

fs 

fh" 

f~ 

fc 

f' c 

f'lc 

fct 

fck 

h 

h l 

h2 

lo 

Kh 

Kt 

M 

m 

Mu 

Mcr 

Vr 

Wmax 

Wcal 

Wexp  

Wbt 

- Effective area of concrete in tension 

- Aspect ratio of fibre 

- Area of ~riain 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 ncarcst reinforcement 

- A Constant 

- Effective depth of slab or bean1 

- 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 unconfmed concrete specimen. 

- Ultimate strength of confmed concrete specimen. 

- Ultimate Strength of Latex modified confmed 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 

- Maximurn crack width on the surface of the beam 

Calculated Maxitnunl crack width 

- Maximum crack width obtained from experiment 

- maximum crack width at the lower extreme fibre 



X - Neutral axis depth of a cracked section 

ES - Strain in steel 

ENCAO - Calculated steel strain 

edcor) - Corrected steel strain 

Y - A constant. 

(l - Diameter of bar 

P b  - Volumetric ratio of confinement, ie, ratio of volume of binder to volume of core 

concrete. 

Pb - Particular volumetric ratio of confinement when the pitch of binder is equal to the 

least lateral dimension of the specimen. 

amis - minimum crack spacing 

U - average bond stress 

CO - sum of the perimeters of the bar. 
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CHAPTER - 1 

INTRODUCTION 

. . 1.1 General 

In the constructio~l industry, Concrete Technology is heading towards an entirely 

new era by way of using polyrners 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 ductility 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 specimens are scanty. This gap in the existing knowledge 

suggests that a research progt'amme 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 fiom 

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 ~ l r n m ~  in 

compression) and are more durable and resistant to most of the chemicals and acids 

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 similar 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 trpes 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 work 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 [l]. 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 mQdified concrete etc. Incorporation of either steel fibres or polymers has been 

found to improve many of 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 fiu-ther modified to account for the 

addition of polymer (latex) ill 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 ofLiterature". 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 lafex mod$ed steeljbre reinforced concrete 

jlexural 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 jlexural 

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 concretefrex'ural members with steelfibres and latex. To start with, attempts 

have been made to compare 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 I, 11,111, and IV model calculations for 

(i) Prediction of first erack load and ultimate moment of resistance in the case of 

latex modified steel fibre reinforced concrete flexural members. 

(ii) Details of test results used for comparing the International Code equations and 

prediction of maximum width of crack in the case of reinforced concrete 

(iii) 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. 

i) Steel fibre reinforced concrete 

ii) Polymer modified concrete 

iii) 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 [l]. 

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 a1 [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 a1 1761. 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 a1 [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 

placing. 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 Al-Ta'an [96], reported the influence of fibre 

reinforcement on the deformation and ultimate strength in flexure of reinforced concrete 

Y 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. 



Henager 1341 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 were 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 

reinforced 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. 

a Paramasivam et a1 [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 

' 7 -  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. 

Their analytical approach seems to be ,very useful in the study and design of steel fibre 

reinforced concrete flexural members. 



Sunthakumur et a1 [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 208rnrn X lOOmm 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 i~: any appreciable modification in the 

d~formation 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. 



Experimental results based on the bond behaviour of normal and high strength 

concrete 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 h e  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 h m e  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 3 18-1 989 torsional formulae. 

Parviz Sorouslzitrn 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 oC 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 accuracy. The specific 

advantage of their method is that it requires only the determination of direct tensile 

strength of the composite, which reflects the combined effect of volume fraction and 

aspect ratio of steel fibre reinforced concrete composites. 

Kumar et a1 1531 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 wit11 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 conventio~lally reinforced concrete beams. 

Espion etsal [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=1400m11. 

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 tcsts 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. 

Tro/fier et a1 [99J describes an experimental program in which four deformed 

comniercial fibres with widely different geornetries 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/m3. 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 linlitations 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. 

Cher~kui et al. [l61 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 inaximum 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 a1 [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 beanls made of fibre concrcte 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 

d t 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 a1 [l001 conducted studies on Fibre reinforced concrete beams under 

impact loading. Impact tests were carried out on small concrete beams reinforced 



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 han~mer, while others required two blows to 

bring about complete failure. It was found that, at volume fractions less than OS%, 

polypropylene fibres gave only a modest increase in fracture energy. Steel fibres 

could bring about much greatcr 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 largc 

increase in fracture energy. 

Li et a1 [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. 

Irlughes et a1 [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 ilnpactor 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 beans for impact by quantifying the energy absorption from the 

moment-rotation characteristics is also outlined. 



Tan et a1 1971 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 prcstressing 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. 

Filialrault et a1 [28] conducted studies on seismic behaviour of steel-fibre 

reinforced concrete interior beam-coIumn 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 Bencai.dino [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 





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, l00 and 120 ~ / m m ~ ) ,  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 

n~easuren~ents 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. 

Kl~aloo and Kin? [51] conducted studies on the mechanical properties of 

normal to high-strength steel fibre-reinforced concrete. A total of 84 specimens were 

tested to study tlze effect o r  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 representing 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 lnodulus of rupture of steel fibre- 

reinforced concrete (FRC) was presented. Based on the limited number of specimens 
v '  

tested, it was concluded that 11SC provides considerable improvement in compressive 

strength for fibre contcnt of up to 1% compared to that of NSC and MSC. Also, 

~nodulus of rupture of NSFKC considerably improves due to fibre compared to those 

of MSFRC and HSFRC'. Splitting tensile strength results do not indicate a clear 

dependency to concrete compressive strength. 



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. 

ii) In tlle 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 flexu~al members is significantly improved because of the 

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

iii) 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 reinforceh cement concrete members with 

steel fibres and for determining the spacing and n~aximuin 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 



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. 

2.3 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, thky 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 con~pounds 

formed by polymerisation and consisting essentially of repeating structural units. In 

simple words, they are nlolecules 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) 



In polymer cement concrete (PCC), monomers are introduced right at the mixing 

stage of concrcte and they turn into polymers parallely as the hydration of cement 

proceeds. In polymer imprcgnatcd concrete (PIC), the nlonomers are introduced into the 

concrete after it is hardened and they polymerize subsequently. I'olymer concrete (PC) is 

a different class of material, in which aggregates are bonded together in a dense matris 

of thermosetting polymer binder. Hence it is cementless concrctc. 

Though there are several investigations abailable in literature on the 

modification of cement mortar1 concrete by synthetic rubber latexes, there are only a few 

investigations on nlodification 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 defoaner was used to minimize air entrainment 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 sti~dy of feasibility and techniclues of impregnating and in-place 

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

fresh concrete mix, followed by polymerisation are discussed by Dikeou et a1 [2  l]. Their 



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 Waller [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-polyn~er of vinyl acetate 

and ethylene (VAE), (3) carboxylated styrene-butyl acetate CO-polymer (SA) and (4) 

carboxylated butyl acrylate - methyl methaclylate 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 a1 [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 



the properties of fibre- cement composites. The polytllers used were DOW Latex 460, 

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

Ohanza et a1 [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 (polyn~erised with various styrenel butyl acrylate monomer ratios) were 

prepared with different pclymer 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 strength 

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. 



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. 

Nagaraj 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 improvenlent in ductile behaviour without any reduction in 

compressive and tensile strengths over those of plain concrete. 

Litnaye & Kamat [57] conducted some experimental studies by incorporating six 

types of epoxy polymer con~binations in two dosages (10% and 20%) with cement 

mortar. Fitre systems were based on epoxy resins and the sixth one was SBR latex 

i modified with surfactants, stabilisers and anti-foaming agents. The experimental setup 



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 inlproved the flexural and tensile strength of cement 

mortar considerably, whereas increase in compressive strength was marginal. 

Daniel Bordeleau et a1 [l91 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 scaled-off particles and by visual rating. Their results indicated that SBR in 

concrete inlproves 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 a1 [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 bean~s. The parameters considered in their 

investigation include modes of failure and the effect of shear span to depth ratio, 

reinforcement ratio, colnpressive and flexural strength and steel fibres on the shear 

strength of the beams. The rcsults indicate good shear strength in reinforced polymer 

concrete beanis 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 concretc 

beams. The addition of steel fibres to reinforced polymer concrete beams resulted in a 



ductile failure with no shattering or spalling of concrete. The n ber of cracks also 

decreased as the fibre content increased. Y" l 

2.3.1 Comments on earlier works on polymer modified concr te i 
Based on the review of literature on polymer modified CO cretes, the following 

points are noted: 
4 

l 

polymers ranging from natural to synthetic for improvi g the properties of r 
i) Review of literature indicates that several researchers 

cementitious materials. 1 

have tried different 

ii) Most of the studies have been directed towards the tanding of the basic 

properties of the composites when polymers are researchers have 

done extensive durability studies on polymer 

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

enhanced appreciably by adding polymers. 

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

term behaviour of polymer composites with polymers alone as additives. 

v) Studies 011 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. 

vi) 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 



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

DRC. 

vii) As stated in a11 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. 

viii) In the case of steel fibre-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. 

2.4 Confined Concrete 

Confined concrete is that concrete, which is confined by transverse 

reinforcement in the fopn 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 [7 1 1. 

From the experimental investigations on confined concrete prisms and columns, 

Chan [l51 proposed an equation for the strength of confined concrete in terms of 

strength gain factor (k) and another one for strain at peavultimate load (E,) in the 

columns when concrete carries the maxill~um load. These parameters were suggested as 

functions of the volumetric ratio of the steel to concrete core. 



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 1911 conducted studies on confined concrete prisms under 

eccentric loading. They concluded that the effect of confinement couldn't be solely 

expressed as a f~~nction 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 a1 [S61 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 Scott et a1 [S71 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. 



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 a1 [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 colnpressive 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. 

Iyengar 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 (Ci) which is defined by 

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

confined concrete is given by 



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

developing a stress block. 

Ziaria et a1 [l041 conducted extensive studies on flexural members with 

confinement in the con~pression 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 results 

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 (r,,,,) allowed by ACI code, they stHl failed in a ductile manner. 

Irawan et a1 [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 of 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 a1 [ l  011 conducted studies on confining reinforcement for concrete 

columns. Previously derived stress-strain relationships for compressed concrete 

confined by various 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 



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

plastic-hinge regions of reinforced concrete colulnns 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 reinforccment 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 satisfies 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 a1 [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 

lOOOmm 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 conlpressive strengths of HSC 



varied from 48.3 MPa to 82.7 MPa (7,000 psi to 12,000 psi). The main variables were 

concrete strength (f,), 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 conkilled I-ISC tied columns. Reasonable correlation between the 

predicted and tested results is obtained. 

Hirasawa et a1 [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 a1 [ l  81 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 



proposed to compute the stress in the transverse reinforcement at maximum strength 

of confined concrete. 

Papadopoulos [G71 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. 

2.4.1 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. 

ii) Addition of steel fibres to the concrete in the confined compression zone 
A-' 

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. 



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. 

iv) 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 flexwal 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. 

vii) 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 hund 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 



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 nlembers subjected to flexure or 

axial tension has always been viewed with conccrn. 'L'he 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 reillforcement will be of the order of 0.001 even under service loads. 

Also, reinforcement becomes effective only when thc 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. I-Ience 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 



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 a1 [8] proposed a hdamentally 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 assumcd 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 defo~lnation of the surrounding concrete. Theory of elasticity can be 

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

Based on the test results of 105 beans, BASE et a1 proposed the following 

formula for predicting the maximum crack width on tllc surface of the beam. Their 

studies also revealed that the type of reinforcing steel had a much smaller influence on 

the crack width. 

f ,  h2 
W,,, = 3.3 c (P) 

E, h, 

2.5.4 General theory of cracking 

The studies of BEEBY [l01 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. EIc 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. 



Based on this hypothesis, BEEBY [l01 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 

13roms [ l  l ]  proposed a cracking nlcchanistn based on the elastic anall.sis 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 preexisting cracks. Propagation of 

cracks was related to the sequence of cracking and spacing between cracks. Based on his 

studies, Brolns 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 number 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 analysis of crack width 

observed in the experinlental 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. 



2.5.7 Other studies: 

Desayi and Gunesarz [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 
e 

available in literature. 

Zonjian and Dajun [l051 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 

i) 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 

ii) If d/ p, 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 maximurn 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 

concrete structures. 

Hwan - Oh and Young - Jin Knng [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. 



Ishibashi et a1 [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 surfaccs 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 a1 [l021 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. I11 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 a1 [l031 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 lnakes i t  necessary to exarnine thc 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 



how the longitudinal bars are placed although the bars nearest to the concrete surface 

have do~ninant effects on cracking. 

2.6 International Code Specifications Related to Cracking 

2.6.1 1.S Code - 456 - 1978 1401 

Clause 34.2.2 of 1.S 456 - 1978 Code deals with cracking. It suggests that 

cracking sliould not adversely affect the appearance or durability of the structure. 

Acceptable limit of cracking would vary with the type of the structure and the 

4 -. 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. 

1.S 456- 1978 Code does not suggest any method for computing the crack width. 

Clause 42.1 suggests that the flexural members colnpliance 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 [l21 

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,/ES and the 
42 design surface crack width, which should not exceed the appropriate values given for the 

appearance and corrosion (0.3 mm) as- 



where = distance from the point considered to the nearest longitudinal 

bar 

Em = 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 E,,, is calculated from the equation: 

where E, = strain in steel at the level considered ignoring the stiffening effect 

of concrete in the tension zone 

b t = 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. 

2.63 Model Code 1990 equation [l31 

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

be calculated according to the following expression: 

- where l,,,, - length over which slip between steel and concrete occurs 

- 
E s ~  - average strain in steel within 

&cm - average strain in concrete within Is,,,,, 



- strain of concrete due to shrinkage which has to be introduced Ecs - 

algebraically 

l,,,, is calculated from the following conditions: 

If Psef os2 > fctm(f)( 1 + ae it may be assumed that the stabilised cracking 

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

considered. 

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

time 't' when the crack appeared 

a, = ratio E,/Ec 

p,,f = effective reinforcement ratio ( = 

A,,f = effective area of concrete in tension (area of concrete 

surrounding the tension reinforcement) 

cs2 = steel stress at crack 

1, ,, is calculated from the following equations: 

I . ,  ,l,,, - 
4 

3.6 P,y ,. for stabilized cracking) 

- 
a.'2 4 

I 
l.,, ,,l:lX - - for single crack formation) 

2 rhk 1 + a, P,~,,/ 

. . . . (2.7b) 

where cp = diameter of bar 

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

concrete in tension A,,I. is to be taken as 

= 2.5(11-d)b subjected to a maximum of ((h-x)/3)b 



I11 equation (2.6), &SW - &c111 = ES - P Gsr2 

Where E, = steel strain at the crack 

p = 0.6 for short term 1 instantaneous loading. 

and ~~9 is given by the equation 

2.6.4 ACI Code 318 - 1995 equation [3] 

The specification given in ACI 3 18-1 989 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: 

where CS = side cover measured from the centre of outer bar 

Cb = bottom cover measured from the centre of lower bar 

A = area of concrete surrounding one bar 

d = effective depth of tension reinforcement 



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) (105j 

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

equation ibr tlze maximurn width of cracks in flexural members under short-term load: 

where a, = 

E, = 

\p = 

C = 

d = 

Ptc = 

As = 

At, = 

Y = 

tensile steel stress at the crack 

n~odulus of elasticity of steel 

non uniformity coefficient of tensile steel 

thickness of concrete cover 

diameter of steel bar 

A, 1 A,, 

area of steel 

effective area of tensile steel 

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 is, 

Y = 1.1-0.6.5 J cr 

( P,, 0 . q  ) 

where fct = tensile strength ofconcrete 

If yl 5 0.4, take ' y l  = 0.4 

ty 2 0.4, take yl = 1.0 



2.6.6 Comn~ents 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 are 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 mcthods 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. 

iii) Besides the above, it illay 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 reinforccd 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 



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 co~~vcntionally reinforced concrete flexural 

members with and without confinement. 



CHAPTER 3 

PRELIMINARY STUDIES ON LATEX MODIFIED CONCRETE 

3.1 Introduction 
1 

The efficient use of any material for constn~ction depends on its mecha~lical 

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 

cenlentitious 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. [G8,77]. Also 

recent studies on polymer nlodified 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]. 

I-lowever, only very few atteilipts 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 

preli~ninary investigation was restricted to small specimens like cubes, cylinders and 

prisms, in order to investigate the behaviour of cement concrete when polynlers like 

natural rubber latex was added to it. The findings of the preliminary investigation will be 

usehl in interpreting the behaviour of prototype structural elements like beams when 

latex modified concrete is uscd in it. 

* Rascd on the study prcsctitcd in this Cliaptel, a tcchl~ical papcr ciltillcd " Effect of Latex Modification 
on the Strength and Behrvinur of Confined Concrete Uncler Uni-axial Compression", has bcen 
presented at the Internntionnl Seminar on Construrlio~~ I'ractices in Twenty first Century. held at Roorkee during 
26-28, Feb. 1996, pp.757-764. 



3.2 Natural Rubber Latex 

Hevia Brasiliensis, conl~nonly 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 fionl a milky white liquid known as latex, which is obtained 

form the bark of rubber tree by a process called "lapping". It 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. 'I'hese 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 2.0 - 2.5 ?h 
Resin 1.0 - 2.0 % 
Sugar 1.0 - 1.5 %I 
Ash 0.7 - 0.9 % 
Water 55 -60 % 



Fig. 3. I shows composrtian a f t y p i c a l q  



3.2.2 Molecular structure of latex 

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

Fig. 3.2 Molecular Structure of Natural Rubber Latex 

The rubber latex when extracted from the tree will contain isoprene n~olecules 

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. 



3.2.3 Workability of latex modified concrete 

When natural rubbcr 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 ccmcul coticrcte mix as suggested by Nagaraj et a1 1631. 

To fix the quantity of Superplasticizer to be added for different percentages of 

Dry Rubber Content DRC (i.e., 0.0,0.5, l .O, 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 IIRC 



3.3 Effect of Latex Modification on the Strength of Concrete 

3.3.1 Experinlentnl 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 4.75mtn IS sieve and confirming to zone 

111 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. 



Table 3.2 Details of Cement Used 

Normal Consistency 

Initial Setting time 

Final Setting time 

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

240 ~ * / k ~  





Table 3.4 

Properties of Natural Rubber latex 

Superplasticizer: The Superplasticizer used in this experimental study is CONPLAST 

1'21 1 and the dosage used for dill'crent percentages of DRC is given in Table 3.1. The 

mixing procedure is as fbllo\vs: 

* 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 aggregate 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%, OS%, l%, 1 S%, 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. Afler 24 hours of casting, the 



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 5 16-1959. The load was gradually applied at a rate of 145 kglcm2/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 51 6-1959. The strains were computed for each loading stage using a 

compressometer of 200mm-gauge length fitted with a dial gauge of 0.Olmrn least count 

and lOmm travel. The load was gradually applied at a rate of 145 kglcm2 /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 5 16-1 959. 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. 



Table 3.5 
Overall Dimensions of Specimens 

3 Prisms 150x 150x700 2 1 
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 

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

iii) Fig. 3.5 Flexural strength variation for different values of percentage DRC 



Fig. 3.3 Cube strength variation for different pereen tage 



6.00E3 
Strain 

Fig. 3.4 Stress Strain Cuwe in Compression for 
different DRC (016) 



Fig. 3.5 Flexural Strength variation for different percentages of DRC 



3.3.4 Discussiol~ of test results 

Referring to Fig. 3.3 it may be noted that, addition of smaller percentages of 

DRC (0.5%) improves the cube compressive 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. 

l .  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 ductility are 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 (E,) of the specimen was found to be higher when 

DRC increases and the values of E, for useful values of DRC namely OS%, 1.0% 

are 0.0046 and 0.00.38 which are significantly higher than that given by the 

conventional plain concrete specimen (E, = 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 



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 f io~n 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 
i 

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 magnification. These photographs were taken at the Regional 

a/ Research Laboratory (RRL) 'Trivandruln. 



Fig. 3.6 Scanning Electron Microscopic studies 
( 1000 tix11e.s magnified) 

DRC 

DRC 

DRC 



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 ITig.3.6b . This in turn improves 

the density of the specimen. Fig. 3 . 6 ~  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 cement 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. 

3.4 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. 



A more practicable method of confining concrete in structurhl members appears 

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

Considering the above, a preliminary experimental programhe is carried out to 

study the effect of confinement on the strength and behaviour of latepc modified concrete 

under uni-axial compression. The outcome of this preliminary expeiimental programme 

has been suitably made use of in the studies on the effect of confinement 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 ~ / r n m ~  have been used for fabricating the spiral, which is used as 

confinement. The overall dimensions of the cylindrical specimens are 150mm diameter 

and 300rnm height. The volumetric ratio of confinement p, which is the ratio of volume 

of binder to the volun~e 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. 



Table 3.6 
Details of Confinement and Latex used in the specimens 

Note: C - Confined and without latex 
UC - Un-confined without latex 
C-L - Confined with latex 

UC-L - Un-Confined with Latex 



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 3001m height was used. Circular spirals of internal 

diameter lO01nm 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 mixcs, it was noticed that, as and when the latex was added to 

the green concrete. the ammonia present in the latex 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 P2 1 1 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 nlould was vibrated on a vibrating table 

for thorough compaction. After 24 hours of casting, the specimens were demoulded and 

i l 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 nlodification 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. 



3.4.4 'Icsting 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 maxinlum and resulted in a complete 

destruction of the specimen. 

3.4.5 Behaviour 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 increased. 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 spa11 off at loads prior to the ultimate load. 

The cover and core concrete was found to be intact even at the ultimate load stage. The 

specimens with 1% DRC were found to give higher values of peak load and strain at 

peak load when con~pared to other specimens with 2% and 3% DRC for a given 

confinement. 



3.4.6 Results and discussion 

From the Table 3.7, it may be noted that 

l .  In general, addition of latex to unconfined concrete did not improve the strength 

of concrete. However with lower quantity of DRC (l%), the strength was found to 

improve marginally. I-Iigher percentages of DRC ( Viz. 2% and 3%), infact, have 

resulted in reduction in strength. 

Table 3.7 

Test Results 



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 modified specimens versus 
I-. 

volumetric ratio of confinement (p,). It can be seen from figure that, at 1% DRC, a 

noticeable increase in the strength could be seen as the value of p, increases. At 2% 

DRC and 3% DRC, infact, a reduction in strength is noticed. This is higher at lower 

values of p,. At higher values of p,, a steep increase in strength can be seen in the case of 

specinlens with 2% and 3% DRC. 'This indicates that by increasing p,, strength could be 

increased even with higher percentage of DRC (2% and 3%). On the other hand, in the 

case of ~m-confined latex modified concrete, as the latex content increases beyond 1 .O% 

of DRC, the strength decreases rapidly. 



1.0% DRC 



An attempt is made to study the conlbined 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 

( I  +Li)(l+Ci) known as Latex Confinement Index (L-C Index) was found to fit the data 

satisfactorily 

where 

and 

D R C  
L !  = 

D R C  
[ l  + (0.5 ) l 

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 

p', = Particular volumetric ratio of confinement when the pitch 

of binder is equal to the least lateral dimension of the 

specimen 

f, = Yield strength or 0.2% proof stress of steel binder 

f, = Ultimate strength of unconfined concrete specimen. 

Figure 3.8 shows thc 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, 

Ultintore Strength ( f ,- c ) = 6.1 * (L - C  ~ n d e x ) ~  96 

with a correlation coefficient of 0.8 



L 4  lndex 

Fig. 3.8 Ultimate Strength versus L- C lndex 



This empirical equation could be used for predicting the ultimate sti'ength 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 energfr 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 co~icrete 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 con~posite 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 



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. 



CHAPTER 4 1 
LATEX MODIFIED STEEL FIBRE REINFORCED CONCRETE 

FLEXURAL MEMBERS 

4.1 Introduction 
* 

Strength and ductility are the two iniportant factors to be considered in the 

design of structures subjected to seismic and dynanlic 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. 

~ncorporation of steel fibres into the cementitious materials like mortar and concrete has 

been found to improve the structural properties like ductility, energy absorption 

capacity/toughaess, post crack resistance, dimensional stability etc. of the composite 

[ l  ,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 

co~nbined effect of latex and randomly oriented steel fibres on the strength and 

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

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

I . "Latex Modified Slccl Fibre Reillforced 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.S-I to 5-10. 

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

3 Prediction of First Crack Load arid 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 2 1-22 May 1998, ppTS2-33-41 



made in the recent past to study the combined effect of steel fibres and polymers on the 

first cracking load and ultiniate 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 flexura11.nembers. 

4.2 Experimental Prograttin~e 

The experimental programme 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 750rnm from the end supports so that a minor span (flexural span) Of 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 or  these sixteen beams, 12 beans were 

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

(I) Three different valucs of percentage of volume fraction (Vf) of steel fibres. (0.5, 

l .O & 1 .5%) 

(ii) Three different valucs of percentage volunle fraction of dry rubber content 

(DRC) of latex (0.5, l .O 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 

12rnrn diameter in the tension side and 8mm diameter in the conlpression zone. The 

shear reinforcement was designed so that the shear capacity of the specimen is higher 

than the flexural strength. 



Longitudinal Section of bcam 

Section AB 

* All dimensions in mm 

Fig. 4.1 Details of cross section of beam and reinforcement used. 



Table 4.1 
Details of variables used 

Note : L. represents beams without DRC 
LI -+ 0.5% DRC, L2 -+ l .O% DRC, L3 1.5% DRC, 
F. represents beams without steel fibres 
FI -+ 0.5% Vf , FZ -P l .0% Vl., F3-+ 1.5% Vf , 



This is done in order to ensure flexural failure. I11 the shear span 2 legged 6mrn dia. 

stirrups were given at 75n1m centres. At the middle the spacing was at 150mm centre to 

centre. The steel fibres had a dianleter of 0.88tnm and were obtained by chopping G1 

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 81 12-1989 was used. River said passing through 4.75nm IS 

sieves confirming to grading zone I11 and crushed stone with a nominal maximum size 

of 20mm and having a fineness nlodulus of 6.8 wcre used as aggregates. It may be 

noted that as per the ACI 544123 guidelines the maxi~nu~n 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 pc)lymers. It may be noted that in 

practice, in all these conventional structurai elements, the maximum size of the coarse 

aggregates used will be norlnally 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 

nlolecules uniformly in concrete, a water reducing superplasticizer (CONPLAST P2 1 1 )  

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. 



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 rnin 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 polyiner 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 

0.88mrn fibres 

4.3 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 W) was used. A special steel frame arrangement called rotation meter was 

fabricated to measure thc longitudinal strains. Three linear variable differential 

transducers (LVDT) were used for measuring the longitudinal strains (at top, bottom, 



and middle). l'lie longitudinal deformations at the top were measured using an LVDT 

with a range of rt: 0.5mm and a resolution of 0.Olmtn. This LVDT was placed at 25mm 

from the extreme compression fibre. The deformations at the middle was measured 

using an LVDT of rt: l .O mm range and a resolution of 0.001rnrn and was positioned at . 

75111111 from tlic extreme compression fibrc. 'flic bottom measurements werc made 

using an LVDT of range + 10 mm range and a resolution of 0.0 lmm and was placed at 

25mm fiom the extreme tension fibre. The vertical deflections were measured using a 

dial gauge of 50111111 and a least count of 0.0 lmm. 

The beams were supported on two rollers (30rnrn 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. Tivo 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 photograpli 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 

ii) LVDT readings at 25mm, 75mm and 175rnm from the extreme 

colnpression fibre of the specimen. 

All the control specimens viz. Cubes, cylindcrs and prism were tested. The 

compressive strength, stress-strain behaviour of concrete and flexural strength have been 

obtained from the testing of control specimens. 



Fig. 4.2 TEST SET UP 



Fig. 4.3 Photograph of the test setup 



4.4 Behaviour of the Specimen Under Load 

I11 the case of reinforced concrete specimens without latex and steel fibres, 

cracks appeared as the loading reached the lirst 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 ultiniate stage, most of the cracks traversed up the top face of the 

bean1 and the steel bar in the compression zone in between the loading points appeared 

to be buckled and spat ling of' compression concretc took place. In the case of specimens 

additionally reinforced with stcel fibres, a larger number of finer cracks developed. At 

ultimate stage, all the cracks travcrscd 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. 



Fig. 4.4 Photograph of tested beams 



Fig. 4.4 Photograph of tested beams 



(e) 

Fig. 4.4 Photograph of tested beams 



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 

Note : Strength gain factor = Ultimate load of the specimens 

IJltimate load of the specimen BLo Fo 



Table - 4.4 

Test results of control specimen 



Referring to Table 4.3, the following points may be noted. 

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

about 15% on an average. 

. . 
11. In the case of specimens with latex alone, thc addition of small percentages of 

latex viz.,0.5%, improved the first crack load and ultimate load significantly. The 

ultitnate 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 cenlent proceeds and the water in the pores drain out, 

the polynler particles f i l l  the micro pores. Ultimately, the removal of water by cement 

hydration, the closely packed polyn~er and cement particles coalesce into continuous 

films. Thus a monolithic network is formed in which the polyn~er and cement hydrate 

phases inter-penetrate 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 bee11 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 bcttcr 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. 



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. I-Ience 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-6 plots. Fig. 

4.5 to 4.9 show the load dellection plots for : 

1. Plain beam and SFRC beams (Fig. 4.5) 
. . 
11. Plain beam and latex modified beams (Fig. 4.6) 
. . . 
111. Latex modified SFRC beams with VrO.5% (Fig. 4.7) 

iv. Latex modified SFRC beams with V r l  .O% (Fig. 4.8) 

v. Latex modified SFRC beams with V r 1  .5% (Fig. 4.9) 

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

1. 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 ultitnate load. I11 the case of conventionally reinforced concrete specimen a sudden 

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

rate. 



Fig. 4.5 Load versus Deflection plot for beams 
with steel fibres 



Fig. 4.6 Load versus Deflection plot for beams 
with dierent 9g DRC 



Fig. 4.7 Load versus Deflection plot for beams 
with 0 . 5 %  and different DRCK 

. . 



20.00 30.00 40.00 50.00 
Defl-n (mm) 

Fig. 4.8 Load vensus deflection plot for beams 
with W1.096 and different DRG I%) ' 



Fig. 4.9 Load versus deflection plot for beams 
with Wt.536 anb-different BRC(%) 



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 

improvenlent 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. 

. . 
11. 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. 

iii. Referring to Fig. 4.5, it may be noted that the peak load, deflection at 

peak load, the area undcr the P-6 curve are found to be higher than that of the 

conventionally reinforced concrete specimen. The specimens with Vf=1.5% fibres 

exhibit better behaviour than other specimens. 

iv. Fig. 4.6 indicate that speci~nens 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% 

margitiaily improve the above behaviour. 

v. Figs. 4.7, 4.8 ancl 4.9 show the load deflection plots of latex modified 

steel fibre concrete conventionally reinforced concrete specimens with different 

combinations of volwne 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 VrO.SO/o and DRC=l .O% has shown better performance in terms of peak 

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

4.6 Analysis of Test Results 

4.6.1 Variation of ultimate load wit11 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 



concrete. Ilence 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 

Vf and DRC, a parameter called Latex Fibre Index was developed and is given by 

LFi = (l+DRC) + (1 + Vr ) . . ..( 4.1) 

Since the amount of compaction, type of mixing, s~nall variation in the water- 

cement ratio affect the ultimate load, it is normalised by dividing it by a factor bdfck. 

Then the normalised ultimate load is given by 

P N  
Normalised P, = - 

bdJk 

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

P,l 
compressive strength. The values of - were plotted against the values of LFi as 

bdJk 

P" 
shown in Fig.4.10. Froin the figure it may be noted that, - increases as the value of 

bd!k 

LFi increases in a nbn linear form up to LFi = 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 

From the above equation for a give value of LF, , P, can be determined. 



Fig. 4.10 Plot of normalised ultimate load versus 
Latex fibre index (Pi) 



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 temi "Energy absorption capacity" of a given material could be obtained 

only from the full Load versus Deflection (P-6) curve of the specimen. But due to the 

inherent liriiitations of the testing machine, the load (P) and the deflection (6) 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- 6 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-6) curve 

for each specimen and are given in Table 4.5 

From Table 4.5, it can be seen that the values of energy absorption capacity (U) 

computed from the P- 6 curve using 80% of the post peak load as cut-off point, for all 

the specimens indicatc that, as the values of Vs and DRC increases, energy absorption 

caj'acity increases siguilicantly 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 first 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 ternled as Toughtless Index i.e., 



Area under the post peak P- F curve up to 0.8 P, 
Toughness Index = .......................................................... . . . . . . . (4.4) 

Area under the P - F 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 thc addition of latex improve the 

toughness index of conventionally reinforced concrete beans. The beam with 0.5% 

DRC has shown higher toughness index compared to 1 .O% 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 spotslinterfaces and crack originate from 

these locations and propagation of the same cause immediate failure leading to reductioil 

in ultimate load, toughncss 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 volun~e 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. 



Table - 4.5 

Energy Absorption Capacity (U) and Toughness Index (T-I) of Beams 

Note : Values of relative = Energy absorption 1 Toughness of specimen 

Energy absorption / Toughness of Specimen B 4  F. 



4.6.3 Ductility factor : 

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

inelastic deformations beyond the initial yield defoi~nation with no decrease in the load 

resistance as shown in Fig. (4.1 1). 

The ductility of a member can be measured using load - deformation response. 

The defor~nation may be strain / rotation / curvature / deflection etc.. The ratio of 

ulti~nate deforlllation to thc deformation at the first yield is defined as ductility factor. 

Deflection 

Fig. 4.11 Typical load versus deflection plot for determination 
of ductility Fdctor 



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 6, 
- Ductility factor = - ----- ... (4.5) 

Deformation at first yield F, 

Since the addition of steel fibres and latex impart high ductility to concrete, an 

attcnlpt was mttde to obtain the ductility factor for the specimens tested in this study. 

The value of 6, were obtained for each specimen from the test results. For obtaining 6,, 

the load at which the steel yields (P,) has to be calculated and then from (P-6) curve, 6, 

is obtained. 

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

adopted. 

From the elastic cracked section theory [20,7 l], assuming that the steel was not 

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

M E.r .'. f i  = -- ( d  - X )  -- 
Icr Ec 

At yielding f, = f, and the above equation becomes 



From the geometry of the loading scheme (Fig. 4.2) 

where I,, = Cracked moment of Inertia of the transformed section 

m = modular ratio 

My = moment at which yielding starts 

P, = load at which yielding starts 

X = depth of neutral axis 

d = effective depth of beam 

The values of load P, at which steel starts yielding were con~puted using 

equation (4.1 1). Then the deflection corresponding to this load at which steel starts 

yielding (ay) was obtained fiom the load deflection curve of the specimen. Using 

equation (4.5) the values of ductility factor for the speci~llens tested were obtained. A 

relative conlparison of ductility factor is give11 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 l .O 

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 f~~rther  propagation. This in turn increases the load carrying capacity 

and deflection at ultimate load. 



Table - 4.6 
Ductility Factors 



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 wcak spots and cause immediate 

failure. Also higher percentage of volume fraction of steel fibres (i.e., V,=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 

ulti~iiate 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 Vf = 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 (TI) and ductility factor (DF) with the values of latex fibre index (LFi ) 

Fig.4.12,4.13 and 4.14 shows the plots relating to U, TI and DF with LFi. It may be seen 

from these plots that U, TI and DF varies in a non linear form and increases as the value 

of LFi = 4.1, 3.9 and 3..0 respectively. Beyond these value, U, TI and DF decreases. This 

is mainly due to the addition of higher percentages of DRC which causes reduction in 

the strength of specimens and has been already discussed in section 3.3.4. The 

regression equation obtained for these plots are as follows 



Fig. 4.12 Plot of energy absorption capacity versus 
Latex fiibre indax (LFi) 



W x  n k e  Index (LFI) 

Fig. 4.13 Plot of Toughness index v w u s  
Latex fibre index (LFi). 



Latex fibre Index (W) 

Fig. 414 Ptot o f  Ductility' factor (E) versus 
Latex fib= index (LFi) 



4.7 Prediction of First crack load and Ultitnate Moment of Resistance 

An attempt is made to predict the first crack load and ultimate mome!jf 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 Mcr of any flexural member can be determined using the 

followiilg equation 

Where fr = Modulus of rupture of tlie material used 
= Moment of inertia of the gross transformed section 

Yl = Distance of extreme tension fibre from the neutral axis 

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 fr in latex 

modified steel fibre concrete. An attempt is made to obtain a relation between fr and 

other physical parameters such as volume fraction of steel fibres (Vt), Dry Rubber 

Content (DRC) etc. The value of fr 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 Vt . 

After trying several combinations of DRC and Vr , a parameter called Latex- Fibre 

Index LE was obtained which is given by the equation 
' 

LF, = ( I  + DRC) * ( I  -1- V I )  



Fig.4.15 shows the plot of. C, versus 1.,I7i. The best fit equation for the plot is given by 

.f, = 0.U167(1,1~7,)2 - 0.19 ( L F , )  1- 4.79 

The values of fr for different combinations of DRC and Vr can be determined 

from the equation (. 4.14). After determining the values of fi, Mcr can be found from 

the equation (4.12). Then the first crack load (Pcr ) is con~puted for the loading scheme 

considered in this study as follows. 

For the given loading scheme, 

The computed values of Pcr(ko) were compared with the experimental values of 

Pcr(ex,~. The comparison is given in Table 4.7. It may be noted from Table 4.7 that, the 

ratio of Pcrcaeo) 1 Pcrcexr) ranges from 0.8 15 to 1.63. The average value of the ratio 

Pcrcheo) I Pcrcexp) is 1.1 17 and the coefficient of variation is 22.1 %. This shows that the 

proposed method overestinlates 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. 



Fig. 4.15 Plot of Modulus of Rupture (fr) versus 
Latex Fibre Index (LFI] 



Table - 4.7 

Co~nparison of theoretical with experime~ital First Crack Load 

Average 1.117 
cov 22.10 % 



4.7.2 Ultinlate nlor~lellt of resistance 

An attempt is made to predict the ultimate nloment of resistance of latex 

modified steel fibre reinforced concrete flexural members. Referring to literature it 

was noted that Paramasivam et a1 [681 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 a1 

[68] as follows. 

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

expression for ultimate moment and is 

bhh, A.> f ,  
M,, = 011, p 

+ ---- 
2 2 (h + h 0  

. . . 

where ot~ = ultimate tensile strength of composite and is given by 

where 771 = length efficiency factor 

r10 = orientation factor due to the realignment of fibres 
bridging the crack 

Vr = volume fraction of fibres 

b = length of fibre 

ZC = ultimate bond stress 

r = radius of fibre 

The length efficiency factor is calculated based on the following 

71 = 0.5 for l f < l c  

q~ = 1-(lc/21r) for 1r > IC 

lc is the critical length of fibre and is given by 
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tlo = orientation factor due to the realigl~nel~t of fi bres bridging the crack and is 

give11 by 

P 0 1 I cos e cos p o'e dp 

Where E) = sin-'(h&) 

p = sin-'(b/lf) 

ht = depth of zone under tension and is given by 

A., f 
a, a,,, d - 

h, = 
b 

( a ,  a,,, + c,,, ) 

where' a1 = 0.9 for fibrous concrete 

o,,, = ultimate bond strength (=2.0 from CP: I I0 Part-1)[14] 

The values of M, computed using the above equations are compared with the 

experimental values. The coillparison is given in Table 4.8. It may be seen form the 

'Table 4.8 that the method proposed by Paramasivam et a1 [68], under-estimates the 

Mu (rlwo) 
ultimate momeilt by 2 I %. 'The coefficient of variation of the ratio - is 7.27%. 

M u ( e x p )  



Table - 4.8 

Comparison of theoretical with experimental moment of desistance 

Mean 0.79 
COV 7.27 O h  



Hence there is a discrepancy between the predicted values and the experimental 

values of ultimate moments. 'I'his discrepancy may be due to the following reason. The 

method propose by Paramasivam et a1 [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 experitnental and theoretical values. Hence 

further attempts have been made to modify the method proposed by Paramasivam et a1 

[68] taking into account the effect of latex lnodification for the reinforced fibrous 

concrete flexural members. 

4.7.3 Modification proposed : 

This method follows the one proposed by Paramasivam et a1 earlier for reinforced 

steel fibre concrete flexural members with suitable n~odifications in order to account for 

the addition latex along with steel fibres. 

In the above .equation (4.18) the otu (the ultimate tensile strength of the 

con~posite) was suitably modified in order to account for the addition of latex in this 

study and is given by 

The calculated value or  tensile strength of con~posite was substituted in the 

equation (4.17) to find the ultimatc monicnt of resistance Mu The values of Mu 

computed using the above equations are compared with the experimental values. The 

comparison is given in l'able 4.9. Referring to Tablc 4.9, it may be noted that the ratio 

of M,~rl,eo~ 1 Muc,,,) ranges rrom 0.750 to 1.024. The average value of the ratio Mu(theo) 1 

Mu(ex,, is 0.930 and the cocIficicnt of variation is 7.44 %. This shows that the proposed 

lliethod estimates the ultimate moment of resistance satisfactorily. 



Table - 4.9 

Comparison of theoretical with experi~nental moment of rekistance 
(after modification) 

Mean 
cov 



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 

spanI250. The total deflectio~l is the sun-r of short-term and long-term 

deflectiotls. 

b! The deflection obtained from the experilnel~t is short time or immediate 

deflection F i  , long term deflection F,, is calculated as [71] 

where F i  is the short time deflection and 

Asc. 
(2.0 - 1.2----)6 > 0.60 

As7 

where As, = Area of steel in compression 

AsI = Area of steel in tension 

c) ?'he total deflection (6,) of tlie speci~uen is cqual to the sum of short time 

deflection 6, and long time deflection 6, 

The values of 61 obtained form equation (4.25) is equated to (spanl250) and F i  is 

computed. Corresponding to this F i  , the load P& is obtained form the experimental 

plots. 



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

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 seen that the load fixtor 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. 



Load factor with respect to limit state of deflection 



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 .O'Yb DRC) improve the first crack 

load and the ultimate strength of flexural members. 

2. The addition of stccl fibres to latex rnodified concrete flexural members 

improve the cracking behaviour significantly. I-Iowever. the load carrying capacity is 

only marginally inlproved. 

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 .O% and steel fibres up to a volume fraction of 1 .O% 

4. The overall ilnprovenlent 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 

reinforced coi~crete is an appropriate material in the case of structures which are 

sulbjected 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. 



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 Ibr concrete structures located in 

seismic zones, the in~provement 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 lcvel 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 firther 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 becn presented at the Sixth NCB International 
Seminar on Cement and Building Materials held at New Delhi during 24-27, Novenlber 1998. 



natural rubber latex to concrete improve the ductility, energy absorption capacity and 

other durability paranleters. 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 rapdomly distributed in the con~pression zone. The variables 

considered in this study were: i) Volumetric ratio of confinement (ps) ii) Volume 

fraction of steel fibres (Vf ) 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. 

5.3 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 1800rnm. Hence the shear span in this 

case is 750mrn. By providing higher value of shear spanfdepth 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. 



Longitudinal Section 

Section AB 

* All dimensions in mm 

Fig. 5.1 Overall dimensions of specimens and details of reinforcement 



In the present investigation, 16 rectangular beams were cast and tested under two 

point loading. The volumetric ratio of confinemelit 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 Materials 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 201nm 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 8mn1 dia HYSD bars. The shear 

reinforcement consisted of 2 legged vertical stirrups made of 6.58rnrn 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. It was provided for a length of 650rnm 

(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. 



Table 5.1 

Details of Latex, Fibre and Confinement used in the beams 

CoLoFo 

CoLlFo 

CoLzFo 

CoL3Fo 
ClLoFl 

C I LoF2 

C I LoF3 

C I L ~ F ~  

CiLlFz 

C I L I F ~  

ClLzFl . 

C 1 L2F2 

C I L2F3 

C I L ~ F I  

C I L3F2 

C1 L3F3 

3 Volume of binder 
Note : 1. Volumetric ratio of confinement p, (%) = 

Volume of core concrete 

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

3 .  CO + without confinement, Cl -+ confinement with ps 4 . 3 3 %  

4. Lo + without latex (DRC), LI DRC=0.5 % , L2 * DRC=1.0 %, * DRC=1.5 % 

5. FO + without fibres (Vt=O.O%), F I  + Vp0.5%, F2 -) Vf=l.O% , F, * V ~ 1 . 5 %  



Fibres : The fibres used were galvanized steel fibres of diameter 0.88rnm 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 .O 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 l%, 

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 n~oulds of 125 X 200 X 2000rnm inner 

dimension were made to cast the specimens. Smooth alulninum sheets were nailed to the 

inner surfaces of the nloulds 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. 150rnm cubes, 

150 X 3 0 0 m  cylinders and 150 X 150 X 700mm size prisms were also cast. 



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 m3. The dry 

materials were mixed thoroughly and then the required quantity of water was added to 

the mix (wlc 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 film 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. 

5.4 Test Setup and Testing Procedure 

Test setup: All the specimens were tested in a universal Compression Testing 

Machine of capacity 300 tonnes (2942 M). 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 



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 

k5mm and a resolution of 0.001mm. This LVDT was placed at a distance of 25mm 

fiom the extreme compression fibre. The deformations at the middle was measured 

using an LVDT of * lmm 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 klOmm with a resolution of 0.Olmm 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.Olrmn. 

The beams were supported on two rollers (30mrn 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 

v- 
machine to the two locatiotls through the rollers. 

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

the following readings have been noted: 

i) Deflection at the mid span of the specimen. 

4 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 0.02nin1 was used. 



'I'he above readings/measurcments 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, by c, d & e) shows the 

crack pattern of the tested specimens. 

All the control specitnens viz. cubes, cylinders and prisms were tested according 

to IS 516-1959. The colnpressive strength, stress strain behaviour of concrete and 

flexural strength have been obtained fiom 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 CoLoFo 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 &er the ultimate 

load was reached. They deformed considerably before the load came down. This 

h 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. 



(b) 

Fig. 5.3 Photograph of tested beams 



Fig. 5.3 Photograph of tested beams 



- - 

(e) 

Fig. 5 3  Photograph of tested beams 



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 relating 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 conipressive 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 appears) 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 polynler 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 

strength of concrete. I-Iowever, as the latex content increased, the excess latex will 

lead to the formation of weak spots in the specimen due to air entrainment and 

i 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. 



Table 5.2 

Test Results 

Ultimate load of the specipen 
Note : Strength gain factor = 

Ultimate load of specimen @OLOFO 



ii) 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 ultimate load has been noticed. This is mainly due to the balling effect of 

fibres at higher percentages and difficulty experienced in hlly 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. I 

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.. 

2% 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 : 
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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 l%, the ultimate load and 

deflection at peak load also increases. Beyond Vf =l% i.e. at Vf =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 Vf. 



fig. 6.4 Lord Deflection plots for Ladbx Modified Bgams 
( without stwl fibres)- 



Fig. 6.6 Load Deflection pints for bemm with 
ennfinsnunt and 8-1 Fibres 



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% Vr are significantly higher than those of 

the plain beam. 'The confined specimens with Vf=I% and 1.596 have given lower 

values of ultimate load than the specimens with Vf=0.5%. This may bc due to the 

following reasons. As mentioned earlier, when the quantity of latex added is s~nall (of 

the order of I % DRC), the concrete mix becomes denser and hence higher load carrying 

capacity is obtained. Addition of small quantities of steel fibres (Vr =OS%) 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 (Vr =l% and 1 S%), 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 Vf=0.5% and 1.5%. 

v) Referring to Fig. 5.8, when the value of DRC is 3% the confined speci~nen 

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 

ultimate stage. This indicates that the latex modification and the provision of confined 

SFRC in the compression zone improves the ductility markedly. The computation of 

ductility factor were given in the subsequent sections. 
l 



Fig. 5.6 Load Deflection plot for Latex Modified 
SFRC Baams 



DRC 2.0% 

Fig. 5.7 Load Deflection plots for Latex modified 
SFRC Beams 



Fig. 5.8 Load Ddleotion Plots for Latex Modiid 
SFC3CGhm!$ 



5.6.1 Variation of ultimate load with volume fraction of steel fibre 

Several paranleters 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 Pu by bdfck. The normalised 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 VI. = 0.5% and DRC = 1 .O% or in general, for a range of 

Vf = 0.5% to 1 .O% 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 deflectiol~ at ultimate load (6,,) 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 6, , 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 6" is noticed as Vf 

increases. The specimens with 3.0% DRC gave low value of 6,,. In the case of 

specimens with 1.0% DRC, 6u decreases slightly as Vf increases from 0.5% to 1.0%, 

then onwards it increases as Vf reaches 1 S%. Even though the specimens with DRC = 

2.0% give a higher value of 6,,, the ultimate load of these specimens were low compared 

to those with DRC = 1.0%. I-Ience 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% 

inlproves both strength and ductility (Fig. 5.9 and 5.10) 



m. 6.9 Ptot o S t J W m @ e b + m  
Volume fraction ot 8-1 fibres 
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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 steki 

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 itnproved 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. I-Ience 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 satne 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 (P,). Hence the 

energy absorption capacity of the specinlens were calculated from the P- F curve 

considering the area under the ascending portion and upto 0.80 P, in the descending 

portion. 

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

specimens tested in this study. 17rom Table 5.3 it can be seen that in general, the energy 



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. T&e 

maximum value of energy absorption capacity obtained was 2.651 KN-m and is given 

by the specimen with Vr = 0.5% and DRC = 1.0%. 

Table 5.3 
Energy absorption capacity 



Fig. 5.1 1 and 5.12 shows the variation of energy absorption capacity of confined - 
specimens with the volunle fraction of steel fibres and values of DRC respectively. For 

comparison purposes only confined specimens have been considered for these plots. 

Considering both figures 5.1 1 and 5.12, it may be seen that the combination of Vr 

0.5% to 1 .O% and DRC = 0.0% to 1 .O% improve the energy absorption capacity of latex 

modified reinforced concrete flexural members with confined SFRC in the compression 

zone. 

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, workn~anshipl quality of 

work etc. Beyond the first crack stage, multiple cracks develop as the loading increases 

and finally yielding of reinforcement occurs. The (p-6) 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.1). 7hus touglu~ess index is given by: 

area under the P- 6 curve up to 80% of the post peak load 
T I  = .................................................................... . . . . ..(5.1) 

area under the P - 6 curve up to first cracking 



Fig. 6.1 l Energy Absorption Capaoity versus 
Vdumo Fraction of 8-1 Fibrrrs 



Fig. 5.12 Energy Absorption Copacitp- DRC W) 



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 g e  

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 Vf = 0.5% to 1.0% and DRC = 0.0% to 1 .O% enhances 

the value of T.I. markedly when compared to other combinations of Vf and DRC. 



Table 5.4 

Toughness Index 
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Fig. 6.W Toughness Index versus DRC (%) 



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 16ad 

resistance. The ductility of a member is usually expressed by the ductility factor, which 

is the ratio of the ultimate defori~~ation to the defornlation at the first yield. 

6u 
Ductility factor (D.F) = ------- 

SY 

Where 6" = ultimate deformation (deformation at ultimate load) 

sy = 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 Vf varies form 1 .O% to 1.5% and DRC varies from 0.0 to 1 .O% . 

Fig. 5.1 5 and 5.16 shows the variations of ductility factor of confined specimens 

with volun~e 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%. 



I* 

Table 5.5 Ductility Factor 
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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 (P,), deflection at ultimate load (&), ene rb  

absorption capacity, toughness index (T.1) 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 

This C, is obtained after trying several combinations of p ,  Vf 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, 

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, - 42 1.88 C: - 467.95 

b. Toughness Index (?'I) = 148812.5 C, - 70312.5 C; - 78445 

c. Ductility Factor (DF) = 1 8.52 Cp - 17.09 



Fig. 6.17 Ultimab Load versus Consabtive Parameter 



Fig. 6.1 8 Energy Absorption Capacity (U) versus 
consgStsrw- 



Fig. 6.1 9 Toughness Index (TI) wrsus 
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Fig. 6.20 Ductility Factor versus Constitutive Paramebr 



It may be seen from these figures that as Cp increases the energy absorption - 
capacity (U) and Toughness Index (?'I) increases h r  C, upto 1.05. Beyond these 

points, the value of U, and '1.1 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 high'& 

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 collapse 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 conlpression zone. Load 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 deflectioo or with 

respect to cracking governs the design. The following procedure was adopted to 

calculate the various load factors. 

5,lO.l 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 61 is limited to spanl250. 

The total deflection is the sum of short-term and long-term deflections. 



b) The deflection obtained frorn the experimenl is short time or immediate 

deflection 6i , long term deflection 61 is calculated as 17 l]: - 

61 = ( 2.0 - 1.2 (AsJAst)) Fi ...( 5.1 1) 

provided, 
<. 

( 2.0 - 1.2 (AsJAst)) 2 0.60 .. ...( 5.12) 

c) The total deflection of the specimen is equal to the sum of experimental 

deflection and the deflection obtained from the equation (5.1 1). 

6t = 6i + 61 ...( 5.13) 

= 6i + 6i (2.0 - 1.2 (AsJAst)) 

= & ( 3.0 - 1.2 (AsJAst)) .....( 5.14) 

where As, = area of steel in compression 

Ast = area of steel in te~lsion 

d) The value of 6i is obtained from the equation (5.14) by substituting 

6t = Span 1250 

Corresponding to this 6i , 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 using, 

L.F. = P u / P b  . . ..(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. 



Table 5.6 c. 

Load Factor with respect to Limit state of Deflection 



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 maxinlum 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 

measurelnellts taken during the experiment was used. From this, the load (Pcr) 

corresponding to a crack width of 0.3 mm was found out for each specimen. Then the 

load factor was calculated using the equation 

L.F. = P" / 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 polyliler 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. 

T- 

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. 



Table : 5.7 

I. Load factor with respect to the Limit state of Cracwng 





6. latex n~odification, the incorporation of confinement and the addition of steel fibres 

in the compression zone, enhances tlie 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. 



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 

conlplexity 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 prcsenlcd in this Chapter, tlle following technical papers have been 
published: 

I .  "Comparison of lrlternational Codes for the Prediction of maximum Width of Cracks in 
Reinforced Concrete Flexural Members" Paper published in The Indian Concrete Journal, 
NOV. 1996, pp-635-64 l .  

2. "Prediction of Spacing and Maximum Width of Cracks in Steel Fibre Reinforced 
Concrete Flexural Members", Paper published in the Jourrlal of Structural Engineering, 
SERC Madras. Vol. 24, No.3, Oct. 1997, pp. 143- 148. 



1 10- 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 propose a method for predicting the spacing and lnaximunl width of cracks in 

reinforced concrete flexural members additionally reinforced with steel fibres. Further 

this proposed rnc lod have been extended to predict the spacing and maximum widtkof 

cracks in the cay )F latex modified steel fibre reinforced concrete flexural members. 

6.2 Comparison of I~~ternational Codes for the Prediction of Maximum 

Width of Cracks in Reinforced Concrete Flexural Members 

'i 1 ,  start with, !' Il~ternational equations available in literature for the prediction 

of maximum witlth of cracks in reinforced concrete flexuraI members have been 

C' ' .red and tlle:,e ccluations have been conlpared with the available test results. 

6.3 Test Results 

Test results of I-Iognestad 1351, Clark [l71 and Base et a1 [8] available in 

literature have been used for comparing their experimental maximum width of cracks 

with those prediclcd by International equations. Oniy beams having rectangular cross 

section and reinforced with deformed bars are used. A total of 732 test results are 

considered for con~parison. 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 ~ l m m '  ) to 50000 psi (344.7 ~ l m m '  ) for 

every 10000 psi (68.9 ~ 1 1 n r n ~  ) incrcmer~ts. Out of 36 beams tested, 4 beams were 



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 [l 71 <C 

Clark tested 54 specimens and reported maximum crack width and spacing for 

steel stresses ranging from 15000 psi (103.4 N/mm2) to 35000 psi (241.3 Nlmrn2) at 

every 5000 psi (34.5 N I ~ I I I I ~ )  increment. A total of 250 maxinlunl crack width readings 

are available. Out of these 250 maximum crack widths, the following three first 
X 

maximum crack widths are not used in the analysis. 

(i) 0.01 72 mm (0.00068 in) in the,case of specimen No. 6-7 112-4- 1 at a steel 
stress of 103.4 N1rnrn2 (1 5,000 psi) 

(ii) 0.0373 mm (0.00147 in) in the case of specimen No. 6-12-3-2 at a stress of 
206.8 N/mm2 (30,000 psi) 

(iii) 0.0408 nun (0.00 16 1 in) in the case of specimen No. 6-1 2-3- 1 at a steel 
stress of 24 1.3 ~ / m m ~  (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 recogaition 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 maximu~ii 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. [$] 

Base et al. of Cement and Concrete Association 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 



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 deta'lls 

of the test results used are given in Table 6.1. 

TABLE 6.1 

Details of Test Results Used in the calculations. 

Crack width at 

Crack width at 



6.4 Comparison of International Equations with the Test Results 

- 

The equations available for estin~ating maximum crack width in reinforced 

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

same has been reproduced here for clarity. 

6.4.1 BS 81 10 - 1985 equation [l21 

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,/ES and the 

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

appearance and corrosion (0.3 mm) as 

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

bar 

Ern = 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 E,,, is calculated from the equation: 

b, ( h  - X) (a' - X) 
E", = El - 

3 E ,  A s  ( d  - X) 

where E, = strain in steel at the level considered ignoring the stiffening 

effect of concrete in the tension zone 

bt = width of the section at the centroid of tension steel 



a' = distance from the compressioti face to the point at which the 

crack width is being measured. 

When using equation (6.2), in the case of test results of Iiognestad, E, is calculated as: 
,. 

6.4.2 Model Code 1990 equation [l31 

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

may be calculated according to the following expression. 

Wk 1.r. max ( Esm - Ecnr - Cc,c ) . . . (6.4) 

where l,,, = length over which slip between steel and concrete occurs 

&S, = average strain in steel withill l,,, 

&C, = average strain in concrete within l,,, 

&CS 
'= strain of concrete due to shrinkage which has to be 

introduced algebraically 

l,,,, is calculated from the following conditions 

If p, ,R os2 > fctm(t)( 1 + ps,ef) it may be assu~ned that the stabilized cracking 

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

C - considered. 

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

when the crack appeared 

at2 = ratio &/Ec 

pS,ef = effective reinforcement ratio ( = 

ACef = effective area of concrete in tension ( area of concrete 

surrounding the tension reinforcement) 

o,2 = steel stress at crack 



1, ,,,, is calculated from the following equations: 

(for stabilised cracking ) . . . 

- cJs2 l (for single crack formation ) . . . (6.5 b) 
ls ,max - 

2 Zbk 
4 . 9  

I + a. Ps,g 

where = diameter of bar 

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

concrete in tension A,,' is to be taken as 

- 2.5(h - d) h-X 
Ac.ef - subjected to a ~naxinlum of (-)b 

h 3 

In equation (6.4) &m - Cent - - &S p Esr2 

Where E, = steel strain at the crack 

p = 0.6 for short term / instantaneous loading. 

and E,~Z is given by the equation 

f C,", P) - 
&,v: - ( 1  + a, P,,,/ ) er, d E ,v 

6.4.3 ACI Code 318 - 1995 equation [ 31 

The .specification given in ACI 3 18- 1995 for control of cracking is based on the 

equation proposed by ~ e r ~ e l ~  and 1.utz 1311 and hence this equation is considered for 

con~parison. Gergely and Lutz made an extensive statistical analysis of crack width and 

developed the equations which are as follows: 



The side and bottom crack width are given by : 

where C, - - side cover measured from the centre of outer bar 

Cb - -- 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 

h .  - - 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 assu~ning a linear variation. 

Thus 

(d - X )  
E, = Surface strain 

( h  - X) 



6.4.4 Chinese Code equation (GBJ 10-89 1989)I 1053 

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. 
. * 

where - 
a s  

- 

E, - 

Iv = 

C 
- - 

d - - 

Pie - 

A.r = 

- At,? - 

tensile steel stress at the crack 

modulus of elasticity of steel 

non uniformity coefficient of tensile steel 

thickness of concrete cover 

diameter of steel bar 

As Ate 

area of steel 

effective area of tensile steel 

coefficient related to thc 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- f c, 

( P,, 0 . y  ) 

where fct = tensile strength of concrete 

If v 5 0.4, take v = 0.4 

2 0.4, take = 1.0 

6.5 Results 

Equations (6. l), (6.4), (6.8) and (6.9) were used to compute the maximum width 

of cracks (W,,,) for each specimen. The computed values were compared with the 



experimental values (Wexp). Results of the comparison are given in Table 6.2 to 6.5. 

The value of the average and coefficient of variation of ratio W, J W,,,, are given in 

i. Table 6.2 for the test results of Ilognestad 

ii. Table 6.3 for the test results of Clwk 

iii. Table 6.4 for the test results of'Base et al. 

iv. Table 6.5 for the test results of Iiognestad, Clark and Base et a1 for all the stages 

of steel stress 

The consolidated results are giveil in Table 6.6. The model calculations for 

determining the maximum width of crack using B.S.8 1 10- 1985 equation, Model Code 

1990 equation, ACI 3 18- 1995 equation and Chinese code GBJ 10-89 equation are given 

in Appendix - 11. Fig. 6.1 to 6.12 gives the comparison of calculated crack width with 

the experimental values for all the equations. 



Table 6.2 

Comparison of Calculated crack width with the test results of Hognestad [3$3 
.- 



Table 6.3 

Comparison of Calculated crack width with the test results of Clark [l71 



Table 6.4 l 

Comparison of Calculated crack width with the test results of B b e  et al [8] 
l 

, . 

1 B.S. Equation 

Model Code 
equation 

Gergely Lutz 
equation. 

Chinese Code 
equation. 



Table 6.5 . . 
Comparison of Calculated crack width with the test results for all the stages of 

steel stress 



Table 6.6 

Comparison of Calculated crack width with all the reported test results 

2 Model Code Eq. 728 0.467 0.297 62.66 

3 (a) 1 GerW:,YL:keq- 721 1 0.951 1 0.373 1 39-22 

nu:-:-- 



* R M fs = 20,000 psi 
0 a 4 fs = 30,000 psi 
+ + + + fs = 40,000 psi 
m * fs = 50,000 psi 

Fig. 6.1 Comparison of calculated crack width using BS 8110 
equation with the experimental crack width of Hognestad 



x * M fs = 15,000 psi 
R a a fs = 20,000 psi 
+ + + + fs = 25,000 psi 
m 9 fs = 30,000 psi 
a A A fs = 35,000 psi 

Fig. 6.2 Comparison of calculated crack width using BS 8110 
equation with the experimental crack width of Clark 



* * Stage 1 
n o o Stage 2 
-4- .t -t + Stage 3 

m Stage 4 
h A Stage 5 

Fig. 6.3 Comparison of calculated crack width using BS 8110 
equation with the experimental crack width of Base et al 



r * * * fs = 20,000 PSI 

a o CI o fs = 30,000 PSI 

+ + + + fs = 40,000 psi 
m R m fs = 50,000 psi 

Fig. 6.4 Comparison of calculated crack width using Gergely - Lutz 
equation with the experimental crack width of Hognestad 



* fs = 15,000 psi 
a n 0 fs = 20,000 psi 

-t + + fs = 25,000 psi 
R r 1 a fs = 30,000 psi 
A A fs = 35,000 psi 

Fig. 6.5 Comparison of calculated crack width using Gergely - Lutz 
equation with the experimental crack width of Clark 



+ * Stage 2 
o n n o  Stage 3 
t + ++  Stage 4 
m U a 8 Stage 5 

Fig. 6.6 Comparison of calculated crack width using Gergely - Lutz 
equation with the experimental crack width of Base et al 



* fs = 20,000 psi 
a L> a U fs = 30,000 psi 
+ -t -t  4 fs = 40,000 psi 
r fs = 50,000 PSI 

Fig. 6.7 Comparison of calculated crack width using Model Code 
equation with the experimental crack width of Hognestad 



* W fs = 15,000 psi 
a Q fs = 20,000 psi 

t + + + fs = 25.000 psi 
a 6 h fs = 30,000 psi 
8 * m fs = 35,000 p s ~  

Fig. 6.8 Comparison of calculated crack width using Model Code 
equation with the experimental crack width of Clark 



3 * v Stage 2 
U a a Q Stage 3 
+ + * + Stage 4 

Stage 5 

Fig. 6.9 Comparison of calci~lated crack width using Model Code 
equation with the experimental crack width of Base et al 



W- r fs = 20.000 psi 
n n a a fs = 30,000 psi 
+ + + -t fs = 40,000 psi 
m r m m fs = 50,000 psi 

Fig. 6.10 Comparison of calculated crack width using Chinese Code 
equation with the experimental crack width of Hognestad 



Fig. 6.1 1 Comparison of calculated crack width using Chinese Code 
equation with the experimental crack width of Clark 



* Stage 2 
a a Q Stage 3 

+ + + + Stage 4 
m m Stage 5 

Fig. 6.1 2 Comparison of calculated crack width using Chinese Code 
equation with the experimental crack width of Base et al 



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 ~ / m m ~ .  1-lowever 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., J3.S equation ('Table 6.5) has given the average ratio of 

WcaI/We,, 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% ; WcaI/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 WcaI/Wexp is 62.66%. 

3. ACI : 318-1995 Code equation over estimates the values of crack width (i) in the 

case of test results of IIognestad at the steel stress level 137.9  nun^ (ii) 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 ~ / m m ~ .  In the case of test results 

of Base et al, the average of the ratio of WcaI/Wexp at steel stress 46.9 ~ / m m ~  is very 

low viz., 0.301 and the coefficient of variation is 71.3 1%. 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 ~ / m m ~ .  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 Wca~/WeX, is 3 1.63 %. 



However with all the 72 1 test results the equation under estimates the crack width by 

4.9% and the coeficient of variation of Wd/Wexp 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% 

; WCaI/W,,, is 0.61 3 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 whep 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 
v 

to be developed for estimating the width of cracks in reinforced concrete members. 



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]. Reccnt 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 already existing in the matrix and control them from 

enlarging. Test results reported by Swarny et a1 [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 [G81 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 
F 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 



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 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 sane method has been extended 

to predict the spacing and width of cracks in latex modified SFRC flexural members 

with suitable modification. 
1 

Results obtained using the equations available in litcrature for predicting the crack 

widths in reinforced concrete flexural members have been compare'd 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 comparison, 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 
7- 

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 [S31 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. 



Table 6.7 

Details of specimens and reinforcement [S31 

Note: 1 .  Dimensions of all specimens are 126.0 X 203.2mm 
2. Clear cover = 25 mm 
3. Span = 2200 mnl 



Test Setup 

Cross Section 

Fig. 6.13 Experimental setup and cross section of the beam used 1831 



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 maximum crack width in 

conventionally reinforced concrete members with the test results [83]. The equatidns 

given by BS 8 1 10 [ l  21 ACI equation [3] (Gergely Lutz equation), Model code [l 31 

and Desayi - Ganesan [20] have been used to calculate the maximum crack width (Wcd ) 

and compared with the experimental values. Details of calculation of maximum crack 

width are given in the Appendix 111. Table 6.8 gives the values of average of Wcd/Wexp 

for observations collected from the test data [83]. 
? 

Table 6.8 

Comparison of results from present equations with the test results 

From Table 6.8, it may be noted that equations of BS 81 10 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 

B.S. 8110 1121 

Gergely & Lutz [ 31 

Model Code 1990 [l 31 

Desayi & Ganesan [20] 

97 

97 

97 

97 

0.808 

1.342 

0.832 

1.623 

51.75 

47.50 

5 0.42 

53.19 

L 



of coefficient of variation of W,,I/W,,~ and do not give a satisfactory comparison. These 

equations have been developed to estimate the width of cracks in reinforced concrete - 
flexural members only. 111 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 

cambinations 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 

d 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 the 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. Thcn the next choice is Geregply and Lutz equation, which is purely 



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 1, from an already fumed 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. 





Based on the statistical analysis of a number of test results, they obtained the - 
following equations for spacing and maxi~nunl width of cracks in reinforced concrete 

flexural members. 
. m  

Average crack spacing a, : 

Maximum crack spacing is : 

~ M J '  
k b  fb" LT, 

Maximum crack width at lower extreme fibre Wbt : 

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 c, 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 



The stress in steel (f,) at any moment 'M' after cracking is, 

The strain in steel E, corresponding to the stress f, is, 

E .Y where m = - 
E c  

The computed values of E, 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/Mw 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 ~ l m m ~ .  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 E, . This may be 

due to the following reasons. I11 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. 



Fig. 6.16 Comparison of calculated strain 
*m€mdmmw- 



Equation (6.17) gives the relation between F and the geometrical and mechanical 

properties of the member. 

F = 
h(h - x ) f  c, A, V /  

A., f ,$10" 

In equation (6.17) the contribution of matrix is incorporated in the equation in 

the form of b(h-x)fct 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, Vf and A, respectively. 

As tensile force in steel reinforcement is also another important parameter, it is 

incorporated in the equation by As fs. 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 (&,(,,I, - E,~,,,~) are plotted against F and is shown in Fig. 6.16. The 

best fit line is drawn relating ( &,(,,I, - E,(,,,)) with F and the regression equation thus 

obtained is: 

~.~(cal)  - s,(exp) = nil (F) + C, ......... (6.18) 

Where m, = 1.414 

cl = 2.831 x lo4 

As the experimental strain should be equal to the corrected strain, E,(,,,, is 

replaced on the LHS by E,(,,,, and thus, 

E ~ ( ~ ~ , )  = ~ ~ ( ~ ~ 1 )  - (1 -4 14 ' F + 2.837 ' 1 o-") . ..(6.19) 



Pig. 6.W €S (onl) -€s(exp) versus Correction Fat-r F 



Fig. 6.17 shows the variation of the corrected strain e,(,,,, 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 sofit is 

modified by replacing E, by E,(,,,, and is given as follows: 

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 

W, JWexp and coeficient 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 plot relating the values of WCd with W,,, 

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 

Proposed method 97 0.992 35.30 



Fie  6.37 CompacIson of oorrectmd e a 9 n  M f h o  
experimental s-in 



FSg. 8.1 8 Comparison d calculabd Crack width with 
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Fig. 6.19 Comparison of oaloulated oraok spacing with 
exper4mentahsrrtak spmieqg 



Table 6.10 



Table 6. l l 

Comparison of calculated and experimental maximum spacing of cracks [S31 .- 

Average = 0.96 
COV = 18.12 

Beam No. 

1 
1 
2 
2 
3 
3 
9 
14 
14 
15 
16 
17 
17 
4 
4 
18 
18 
8 
45 
45 
2 1 
46 
46 
13 
13 
2 3 
23 

t 

Spacing (cal) 

(mm) 

134.28 
134.28 
153.89 
153.89 
129.88 
129.88 
143.13 
129.52 
129.52 
137.32 
135.67 
139.15 
139.15 
138.29 
138.29 
128.50 
128.50 
130.76 
144.58 
144.58 
92.68 
106.34 
106.34 
130.16 
130.16 
1 10.22 
1 10.22 

Spacing (exp) 

(mm) 

128.0 
128.0 
144.0 
107.0 
175.0 
175.0 
147.0 
170.0 
170.0 
150.0 
162.0 
150.0 
165.0 
138.0 
138.0 
165.0 
100.0 
137.0 
135.0 
135.0 
110.0 
95.00 
95.00 
176.0 
167.0 
105.0 
105 .O 

Ratio Spacing(car) 
Spacing(e~p) 

1.04 
1.04 
1.06 
1.04 
0.74 
0.74 
0.97 
0.76 
0.76 
0.91 
0.83 
0.92 
0.84 
1 .OO 
1 .OO 
0.77 
1.28 
0.95 
1.07 
1.07 
0.84 
1.1 1 
1.11 
0.73 
0.77 
1.04 
1.04 
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BEAM No. 1 

Fig, 6.20 (a) Variation of crack spacing with calculated steel stress 
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BEAM NO. l3  

Flg. 6.20 (c) Variation of cpck spacing with calculated stml stress 



BEAM No. 15 

Fig. 6.20 (d) VZniamef crack Qx&tg.with taknktd. shhk%a+ 



6.8.7 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 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 concrete (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 6.1 1 give the details of 

-values of ratio of computed mean spacing to the experimental mean spacing and the values 

spacing (C=I) 

of ratio of computed maximum spacing. The average values of values are 0.93 
spacing(exp) 

spacing 
and 0.96. The coefficient of variation of the are 29.22% and 18.12%. The 

above values indicate that the conlparison 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. 



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 E ~ .  If the computed values of E, compare with the experimental values of 

strain in steel, modification is not required. To verify this, the computed values of E, 

have to be compared with the experimental values. Already details of experimental 

4 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 E,. From the plot, it may be noted that, the 

equation for computing the values of strain (eq. 6.16) over estimate the strains. 



Fig. 6.21 Comparison of Experimental strain with 
calculated bffsFkr 



Hence E, 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 E, is corrected as follows : 

In order to correct the computed values of c,, 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. 

1 
where L, = l +  . . . ..(6.22) 

1.5 * DRC 

In the above equation the contribution of matrix is incorporated in the form of 

b(h-x)fct 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, Vf and Ap 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 (E,(,* - are plotted against the correction factor (F) and is 

shown in figure 6.22. The best fit line is drawn relating - E ~ ( ~ ~ ~ ~ )  with F and 

the regression equation thus obtained is: 



O.eeE+O 5.OOE-5 t.M4 "I"' 
Comctkn IWtw (F) 



As the experimental strain should be equal to the corrected strain, E ~ ( ~ ~ ~ )  ,is 

replaced on the LHS by E,(,,,, and thus, 

Fig. 6.23 shows the variation of the corrected strain E,(~,O 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 sofit is 

modified by replacing E, by E,(,,,, and is given as follows: 

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 

WC JWexp and coefficient of variation. It may be noted that tlle 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 W,,, with W,,, and the computed values 

compare satisfactorily with the experimental values. 





Table 6.12 l 

Comparison of Maximum crack width computed usihg 
The proposed method with the test results 1 



W (cal) (mm) 

Fig. 6.24 Cbmpmbn of wxp) with veal) 
&er modification 



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 &er 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 co~lventional concrete. 

In view of the above, the existing equation for spacing of cracks in the case of 

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 (,q 1 Spacing of cracks (,X,) 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 a id  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. 



Table 6. 13 

Co~l~parison of Spacing of cracks computed with the test results 

Fig. (6.26 ) and (6.27) show the plot of spacing of cracks at different stages of 

loading with stecl stress. It is seen from the figure that the ~neasured and calculated 

values of spacings compare satisfactorily except at thc initial stages of loading. This 

discrepancy may be due to the same reason as cxplai~ied in the earlier sectiotls ( Section 

6.8.7). 

Equation 

f'roposed method 

No. of 
Observations 

47 

spacing ( L ~ I ,  

Ratio of spacingcexp) 

Average 

0.04 

~befficient of 
vhation (YO) 

29.25 
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Spacing (Csl) (mm) 

Fig. 6.26 CompadmrrsF Gempubd Crack slaccginq with 
Experimental Crack spadng 
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Fig. 6.26 Variation of crack sapcing with calculabd sbel stress 
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Fig. 6.27 Variation of crack spacing with oaloulated steel stress 



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 (caVexp) 

0.64 
0.75 
0.82 
0.96 
1.25 
0.80 
0.74 
0.8 1 
0.94 
1.30 
0.58 
0.60 
0.72 
0.90 
l .08 
0.81 
0.86 
0.95 
1.14 
0.43 
0.46 
0.53 
0.72 
0.75 
0.53 
0.54 
0.72 
0.96 NOOFTEST RESUIATS = 47 
1.15 AVERAGE OF (Cal l Exp) = 0.94 
1.17 STANDARD DEVIATION = 0.28 
1.08 COEFF. OF VARIATION = 29.25 

1.07 
0.96 
1.30 
1.59 
1 .oo 
1 . 1  1 
1.04 
1.03 
1.36 
1.61 
0.90 
1.05 
1.12 
1.10 
1.05 



6.9.4 Conclusions 

In this study, the tnethod proposed earlier for the predicting the spacing and 

maximum width of cracks in conventionally reinforced concrete flexural members with 

steel fibres has beet1 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. 



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 

coiiventionally reinforced concrete flexural members with and without confinement 

in the compression zone. The conclusions drawn from the above study are 

summarised in this Chapter. 

b 7.1 Preliminary Studies on Latex Modified Concrete 

An experililental progralnlnc 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 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 experinlental investigation, following conclusions are arrived at: 

d 
1 .  The addition of small quantities of DRC (0.5%) marginally improves the 

6 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 simificantlv (by two folds) with the 

addition of DRC. 



3. The energy absorption capacity of the material enhances markedly with the 

addition of DRC within the range of 0.5% to 1.0%. 

4. 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. 

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 composites 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 polynlers 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%). 

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 

PS. 



10. From the study, DRC up to a value of 1 % appears to be a usehl value in 

the case of latex modificd 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 .O% 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 ~nauginally improved. 

3. The addition of latex itnproves 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 .O% 

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 



fibres to conventionally reinforced concrete flexural members indicate 

that the latex modified steel fibre reinforced concrete is an appropriate 

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% DKC the reduction in strength is 

drastic. 



3. Load versus deflection plots indicates that there is considerable 

improvement in the ductility of the specimens upto 1 .O% 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 decrease 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 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. 

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 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. 



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 

nietnbers 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 

comparison it was found that the Gergely Lutz equation predicts the 

width of cracks better when compared to the other equations. 

All the equations available in the International Codes are based on 

certain theories involving strength of materials approach and evaluation 

of empirical collstants 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 



using the proposed method compare satisfactorily with the test results 

available in literature. 

\ 

4. The method proposed earlier for the predicting the spacing and 

maxirnum 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 extentlcd 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 011 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 
(Cylinder strength) 
Volume fraction of steel fibres 
Dry rubber content 
Aspect ratio of Steel fibres 
Length of fibres 
Ultimate tensile strength of fibre 
Ultimate Load 

Elastic Modulus of Concrete 

v f 
DRC 

A, 
If 

Ofu 

Pu(exp) 

0.5% 
0.5% 
5 0 
44mm 
330.0 N/mm2 
67.62 KN 
0.9 for fibre concrete 
18077.77 N/mm2 

To find the First Crack Load P,, : 

Neutral Axis (N-A) was calculated form the expression 

h h 
hlt(Nd - -) 1 ( m ,  - l)(Nd - d 2 )  + (m, - I )  V ,  bh(Nd - -) 

2 2 

Here b = 1 2 5 m m ,  h = 175mm, 
Esmm = 1.923 X 105 El2,, = 2.127 X 105 
Efibre = 0.30 X lo5 ECC = 1 8077.77 N/mm2 
m8 = E~~nrn 1 Ecc m12 = E12mm Ecc 
mf = Efibre ECC A,, = 108.4 mm2 
A,, = 352.0mm2 Vf = 0.51100 



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. 

Gross M.I. = M.I.concrete + M.I.steer + M.IeFibres 

Gross M.I. = 0.109 x 10' mm4 

M ~ ( ~ i b r e )  = (m,  - I) X A F x  (105.27 - 100.0)' 

Modulus of rupture of Latex Modified SFRC flexural members is given by : 

f ,  = 0.0167 (LFl )' - 0.19 (LF,) + 4.79 

Where LFi = ( l  + DRC) X ( I  + V F )  

= (I + 0.005) X (1 + 0.005) = 1.01 0025 



f,. 1, - - -  
4 . 6 0 ~  0 . 1 0 9 ~ 1 0 ~  

M,,. = 
Yt (200 - 105.27) 

Pcr Experimental 1 1 -76 kN 

Ratio Pc, 1 Pc, = 1.198 

Ultimate Moment of Resistance (M,) 

Method proposed by Paralnasivanl et.al. : 

The ultimate moment of.resistance (M,) is given by 

bhh, A, f Y + h,) 
MU = 0 1 1 1  - + --- 

2 2 
Where o = ultimate tensile strength of composite and is given by 

and h, is the depth of zone under tension and is given by : 

A .  f y  
a, a,, d --- 

h, = 
b 

( a ,  a,, + atu ) 

Here qo is the orientation factor and is given by 

1; c COS 6 COS p dB dp 
% = -  I; I: do df  



111 is the length efficiency factor and is calculated based on the following 

111 = 0.5 for If < 1, 

1 l-(1,121) for If>], 

Where 1, is the critical length of fibre and is given by 

For the available data 

Here If is less than l, ,  Hence 111 = 0.5 

Orientation factor qo = 0.405 ( after integrating the equation between the 

limits (0 to 7~12) 

Cls nren of jibre 0.6084 - o.22 r = - -p- 
peremerer of fibre 2.7657 

Ultimate tensile strength of composite is given by 

0.5 0.5 2 
a,,, = 0 . 5 ~ 0 . 4 0 5 ~ - X -  X- 

100 100 2x0 .22  



Depth of zone under tension h, is give by : 

Ultimate Moment M, and Ultimate load P, is given by : 

125x 175x 129.68 + 353.00 X 4 70.0 
M,, = 0.000022 7 X - 

2 2 
(1 75 + 129.68) 

Ratio P,(the,, I Pu~e, ,~ = (67.39 l 67.62) = 0.997 



APPENDIX -11. 
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 ( @ ~ . e t a ~ - C 8 1 )  

? Stage - l 

Depth L 

t 

v 

C 

bar 
dia 
(in) 

1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
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 
0.50 
0.50 
0.875 
0.875 
0.875 
0.875 

A--- 

Beam 
No. 

l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
2 1 
22 
2 3 
24 
25 
26 
27 
2 8 
29 
3 0 
3 1 
32 
3 4 
3 5 

& .  

- 
No. Side 

cover 
(in) 

bottom 
cover 
(in) 

Cube 
streng. 

(psi) 

5050 ' 5400 
5350 

' 4980 
I 5180 
1 4580 

4500 
4520 
4550 
4600 
4840 
4910 
4810 
4940 
4880 

. 4910 
4780 
4750 
4870 
4830 
4380 
4410 
4300 
4340 
4440 
5490 
5540 
5450 
5580 
5740 
4175 
4203 
4216 
3800 

in steel 

0.27 
0.27 
0.26 
0.22 
0.26 
0.25 
0.25 
0.22 
0.30 
0.25 
0.23 
0.23 
0.32 
0.21 
0.32 
0.30 
0.25 
0.27 
0.33 
0.27 
0.23 
0.32 
0.23 
0.23 
0.32 
0.25 
0.25 
0.25 
0.32 
0.27 
0.33 
0.36 
0.30 
0.27 

Crack 
width 
( X  lo") 
(in) 

2.20 
2.49 
2.2 1 
1.25 
2.05 
1.93 
2.16 
1.82 
2.16 
2.10 
2.05 
1.59 
1.59 
1.36 
2.27 
2.27 
2.73 
2.27 
2.05 
2.05 
1.82 
2.05 
1.59 
2.50 
2.05 
1.59 
1.82 
1.36 
1.36 
1.14 
1.82 
2.50 
2.50 
1.59 



Beam 
No. 

36 
3 7 
3 8 
39 
40 
4 1 
42 
43 
44 
4 5 
46 
47 
48 
49 
50 
5 1 
52 
53 
5 4 
5 5 
5 6 
57 
58 
5 9 
60 
6 1 
62 
63 
64 
6 5 
66 
67 
68 
69 
70 
7 1 
72 
73 
74 
7 5 
76 
7 7 

breadth1 bar I No. 
dia 
(in) 

--- 

Side 
cover 
(in) 

2.750 
1.750 
1.750 
0.500 
0.500 
0.500 
1.375 
1.625 
0.500 
1.375 
1.625 
1.375 
1.375 
l .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 

bottom 
cover 
(in) 

1.375 
1.375 
1.375 
l .375 
1.375 
0.688 
1.563 
3.250 
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 
2.250 

Cube 
streng 

(psi) 

. 

3880 
3950 
4000 
4 190 
4240 
4600 
4800 
4850 
4700 
4950 
5160 
2950 
2985 
4960 
2827 
3475 
4900 
4850 
4775 
5020 
5190 
4960 
4900 
4340 
4150 
4540 
4085 
4048 
4150 
4279 
3410 
4000 
4670 
4360 
4360 
4360 
41 10 
5210 
5300 
5340 
4040 
3 940 

Strain 
in steel 

10'~ 

.- 

Crack 
width 
( x l o " )  

(in) 

2.27 
1.14 
1.36 
0.68 
0.91 
1.25 
1.36 
2.16 
1.14 
1.70 
2.73 
2.73 
2.61 
2.27 
3.86 
3.75 
2.95 
1.93 
2.27 
2.05 
1.93 
2.27 
2.50 
2.05 
2.73 
2.05 
2.27 
1 .S2 
2.50 
3.72 
1.59 
1.59 
2.61 
0.00 
1.59 
2.16 
1.14 
0.68 
1.59 
1.14 
0.00 
0.91 



Stage - I1 

Depth 
(in) 

Beam 
No. 

1 
2 
3 
4 
5 

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 
1 7  125 

-- 

4 

' 

* 

6 
1 7  

8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
2 5 
26 
27 
2 8 
29 ; 

31 30 1 
32 1 
3 3 
3 4 
3 5 
3 6 
3 7 
3 8 

39 1 
40 
4 1 
42 
43 

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 
8.00 

-- 

bottom 
cover 
(in) 

bar 
dia 
(in) 

1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
1.25 
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 
0.50 
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 

No. 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
12 
12 
12 
12 
12 
12 
12 
12 
12 
12 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

269 

Cube 
streng. 

(psi) 
- 

5050 
5400 
5350 
4980 
5 180 
4580 
4500 
4520 
4550 
4600 
4840 
4910 
48 10 
4940 
4880 
49 10 
4780 
4750 
4870 
4830 
4380 
44 10 
4300 
4340 
4440 
5490 
5540 
5450 
5580 
5740 
4175 
4190 
4203 
42 16 
3 800 
3880 
3950 
4000 
4 190 
4240 
4600 
4800 
4850 

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 
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 



Beam 
No. 

Depth 
(in) 

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 
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 
8.00 
9.75 
6.25 
9.75 
-- 

bar 
dia 

(in) 

No. 

- 

4 
4 
4 
4 
4 
4 
4 
4 
4 
12 
9 
6 
4 
4 
4 
12 
9 
6 
4 
4 
4 
4 
4 
4 
4 
4 
4 
6 
12 
12 
12 
6 
6 
- 

Side 
cover 
(in) 

bottom 
cover 
(in) 

Cube 
streng 

(psi) 

Strain 
In steel 

10" 

Crack 
width 
( X 10-~) 

(in) 



Stage - I11 

eff. Depth 
(in) 

---.p- 

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 

Beam 
No. 

Depth 
(in) 

bar 
dia 
(in) 

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 

Strain 
in steel 

10" 

. 

Crack 
width 
( 10-~)  

(in) 

7.79 
7.27 
7.2 1 
5.64 
6.82 
7.05 
6.59 
7.27 
7.16 
6.40 
7.27 
7.05 
5.46 
7.27 
6.81 
8.75 
7.27 
7.05 
7.73 
5.68 
5.91 
6.25 
5.23 
6.36 
6.59 
6.82 
5.34 
5.23 
5.23 
5.00 
4.32 
4.32 
8.64 
8.18 
5.45 
6.36 
4.55 
4.77 
2.50 
2.73 
3.86 
4.77, 



I 

f 

Side I bottom1 Cube Beam 
No. 

43 
44 
45 
46 
47 
48 
49 
50 
5 1 
5 2 
53 
5 4 
55 
5 6 
57 
58 
5 9 
60 
6 1 
62 
63 
64 
65 
66 
67 
68 
69 
70 
7 1 
72 
7 3 
74 
75 
76 
77 

Depth 
(in) cover 

(in) 
cover 
(in) 

eff. Depth 
(in) streng 

(psi) 

Strain 
in steel 

X loJ 

breadth 
(in) 

Crack 
width 
( 

(in) 

6.59 
3.41 
4.89 
7.16 
7.6 1 
8.30 
5.57 
9.43 
7.95 
6.25 
6.82 
7.27 
7.95 
7.16 
10.2 
8.64 
6.14 
7.73 
12.1 
7.73 
6.25 
7.95 
9.20 
5.80 
11.4 
7.27 
5.68 
5.68 
5.68 
3.18 
1.59 
3.52 
5.00 
1.82 
3.98 

bar 
dia 
(in) 

No. 



Stage - IV 

Side 
cover 

(in) r - 
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 
0.750 
0.750 
1.375 
1.375 
2.750 
2.750 
1.750 
1.750 
0.500 
0.500 
0.500 
1.375 

bottom 
cover I-- 
(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 
1.375 
1.375 
0.750 
0.750 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
0.688 
1.563 

Cube 
streng 

(psi) 

5050 
5400 
5350 
4980 
5180 
4580 
4500 
4520 
4550 
4600 
4840 
49 10 
4810 
4940 
4880 
4910 
4780 
4750 
4870 
4830 
4380 
4410 
4300 
4340 
4440 
5490 
5540 
5450 
5580 
5 740 
4175 
4190 
4203 
42 16 
3800 
3880 
3950 
4000 
4 190 
4240 
4600 
4800 

Strain 
In steel 

xio-3 

Crack 
width 
( x i ~ 4 )  
(in) 



Ilcpf 11 eff. 1)cl)lh 
(in) I (in) 



Stage -V 

- - . - - - - - 

1ki1n1 
No. 

1 
7 

3 
4 
5 
6 
7 
8 

d 9 
10 l 

I 
12 l 

13 1 
I4 
15 

+ \ 

cover 
( i n )  

I~otto~n Cube Strain Crach 
cover streng. l11 steel width 
(in) (psi) x 1 0 3  ( x 1 0 3 )  

(in) 
. 

1.375 
1.375 
1.375 
1.375 
1.375 
1.375 

5050 
5400 
5350 
4980 
5180 
4580 

1.84 
2.02 
2.24 
1.75 
1.77 
1.92 

1.375 4500 
1.375 ' 4 5 2 0  
1.375 14550  

12.6 
l l .  l 
13.0 
9.77 
11.6 
12.7 

1.83 
1.91 
1.89 
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 
1.89 
1.93 
2.02 
9 4  
2.20 
2.03 
2.27 
2.44 
1.95 
2.10 
1.89 
2.36 
2.27 
2.14 
1.82 
2.03 

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 
0.688 
1.563 
3.250 
0.688 

13.3 
12.5 
13.0 
l 1.6 
14.3 
12.5 
10.7 
13.4 
l l .6 
15.7 
13.0 
13.9 
13.0 
11.1 
10.2 1 
8.75 
10.4 
0.00 
11.6 1 
9.09 
9.43 
10.5 
7.73 
0.75 
14.1 
14.5 
10.0 
1 1.6 
7.84 
8.64 
4.43 
6.14 
7.27 
7.5 
10.5 
6.02 

m-- -- 

/ 4600 
4840 
4910 
4810 
4040 
4880 
4010 
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, 



- 

-~ - 

- 

-- 
11c:1a1 
No. 

- 

- 

1)eptll 
(in) 

-~ 

15.750 
15.750 
15.750 
15 750 
15.750 
15.720 
15 750 
15.750 
16.000 
16.000 
16.000 
15.750 
15.750 
15.750 
16.000 

V 

I 

* - 

cff. l)cpth 
(in) 

. 

I? I '5 
l 3  1 '5 
11.195 
13.12 
13.125 
13 .12  
13.125 
13.125 
13.125 
13.125 
13.125 
13.125 
13.125 
13.125 
13.125 

-- 

45 
46 
47 
48 
4 '1 
5 0 
5 1 
52 
5 3 
54 
5 5 
56 
5 7 
5 8 
5 9 
60 
G I 
6 2 
63 
0 4 
6 5 
66 
67 

16.000 
I6000 
I5 750 
15.750 
15.750 
15.750 
15.750 
15.750 
15.150 
15.750 
15.750 
15.750 
16.000 
16.000 
16.000 
16.000 
16.000 
16.000 
- -  - I 

68 
6') 
70 
7 1 
72 
73 
74 

4 75 

-- .--L 

- - - 

Strain 
111 steel 

X 103 

- - -  

Crack 
widtl~ 
( r  l o3 )  

(in) 

- - 

No. 

- - -  - - - - 

- - - 

Cubc 
streng. 

- 

- - - -- 
Side 
cover 

(ill) 

- - -- 

0 
6 
4 

4 
4 
4 
4 
4 
4 
4 
4 
12 
9 
6 
4 
4 
4 
12 

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 

- - 

botto~n 
cover 
(in) 

.. - 

1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
i 375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 

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 

0.500 
0500 
0.875 
0 . 8 7 5 , 4  

0.875 
0.875 
0.875 
0.875 
0.875 
0.875 
0.875 
0.875 
0.500 
0.500 
0.500 
0.875 
0.875 
0.625 
0.500 

13.125 8.00 
13.125 I 8.00 
13.125 1 8.00 

1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1375 
1.375 
I 375 
1 375 
l .375 
0.500 
1.375 
2.250 
0.500 
2.250 
- 

1 S63 
3.250 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
1.375 
l .375 
1.375 
1.375 
1.375 
1.375 

4150 
4510 
4085 
4048 
4150 
4279 
3410 
4000 
4670 
4360 
4360 
4360 
41 10 
5210 
5300 
5340 
4040 
3940 

- 

4950 
5160 
2950 
2985 
4960 
2827 
3475 
4900 
4850 
4775 
5020 
5190 
4960 
4900 
4340 

13.125 8.00 
13.125 
13.125 
13.125 

0.00 
0.00 
0.00 
1.86 
0.00 
0.00 
0.00 
0.00 
1 .80 
0.00 
0.00 
1.95 
1.80 
1 .G1 
2.30 
1.66 
1.81 
1.82 
----p 

2.09 
1.74 
2.36 
0.00 
1.98 
1.89 
2.12 
2.20 
6 4  
1.80 
0.00 
1.86 
0.00 
0.00 
1.86 

8.00 
8.00 
8.00 

0.875 
0.875 
0.875 
0.875 
0875 
0.875 
0.875 
0.875 
0.50 
0.50 
0.50 
0.50 
0.50 
0.50 

0.00 
0.00 
0.00 
12.3 
0.00 
0.00 
0.00 
0.00 
1 1 6  
0.00 
0.00 
10.9 
5.45 
2.84 
6.48 
8.64 
2.84 
6.59 

7.5 
1 1  . l  
12.8 
0.00 
10.0 
12.3 
12.2 
10.5 
12.3 
10.5 
0.00 
11.9 
0.00 
0.00 
10.0 

I 4 
4 
4 
4 
4 
4 
01 
4 
6 
12 
12 
12 
6 
6 

13.125 8.00 
13.125 8.00 
13.125 8.00 
13.125 
13.125 
14.375 
13.125 
13.125 
13.125 
14.375 
14.375 

8.00 
8.00 
8.00 
6.25 
8.00 
0.75 
6.25 
0.75 
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CLARK DATA 

Steel stress = 15,000 I'SI 
t j  ' . . ' 1  

Width 

- - - - .- . -- 

Eff. No. of 
depth bars 
(i 11) 

----. --T Crack width ' 
strength (in) 

(psi) 





Stecl stress = 20,000 PSI 

Cyl. 
strength 
(psi) 

--  -- -- - 

4260 
4140 
3390 
3860 
4180 
3640 
3330 
3720 
3550 
3570 
3810 
3890 
4300 
4100 
3750 
3870 
3850 
3600 
3460 
3330 
3200 
4190 
4500 
3780 
4250 
3980 
3410 
4100 
3690 
3750 

4360 
4240 
3940 
3 890 
3250 
4280 
4210 
4040 
3570 
4160 

Crack width 
(in) 

0.00 
0.000 
0.000 
0.000 
0.000 
0.0014 
0.001 75 
0.00156 
0.00303 
0.00146 
0.00248 
0.00477 
0.00337 
0.00397 

l 
1 

0.00444 I 
0.00417 
0.00499 

! 
l 

0.00608 
0.00497 
0.00440 
0.00432 
0.00391 
0.00407 
0.00496 
0.00531 
0.00298 
0.00749 
0.00476 
0.00464 
0.00459 
0.0044 1 
0.0030 1 
0.00369 
0.00274 
0.00430 
0.00362 
0.0043 1 
0.00568 
0.00659 
0.00739 

- --- 

l 
l 





Cyl. 
strength 
(psi) 

Steel stress = 23,000 PSI 

Crack width 
(in) 

----- 

No. 

-- --. (in) 

1 12 
2 6 12 
3 6 08 
4 6 08 
5 6 7.5 
G 6 00 

m --- 

(:f. -/No. of' 

bar 
depth bars dia 

A 

_ 

.3 

.3 

.3 

.3 

.3 

.3 

.3 
& 

.3 

.4 
.4 
.4 
.6 

.5 
.6 
.6 
.7 
.7 

.7 

.7 

.5 

.5 

.5 

.8  

.8 

.7 

.G 

.7 

.7 
.8 
.8 
.6 
.6 
.6 
.7 
.7 
.7 
.7 
.7 
1 .O 

- - -  

-- 

5.3 l 2 
5.3 1 2 

7 
8 
9 

5.3 1 
5 31 
5.3 l 
5.1 1 
5.3 1 
5.3 1 
5.25 

2 
2 
2 

2 

10 
1 1  
12 
13 

2 
2 
2 
3 
3 
3 
2 

6 09 
6 1 7.5 
6 
6 
6 

Y S 

7.5 
5.25 

7.5 5.25 
7'5 

14 
15 
16 
17 
18 
19 

6 15 1 5.13 
9 1 5.19 

6 I 1 1  5.13 2 
6 
6 
6 
6 

15.0 1 5.06 

7.5 1 

22 

1 23 

-v- 

d 

7.5 ' , 5.06 l 1 7.5 6 5.19 2 

24 
25 
2 6 
2 7 
28 
2 9 
3 0 
3 1 
32 
3 3 
34 
3 5 
36 
3 7 
3 8 
39 

6 
6 
6 
6 

I 7.5 5.19 1 2 ' 
7.5 5.19 2 
9.0 1 5.00 1 
9.0 5 .00 1 

6 6.0 ' 5.00 1 
G 7.5 ' 5.13 
6 9.5 1 5.06 
6 9.5 5.06 2 

6.0 ' 13.0 1 
13.0 1 

2 
6.0 13.38 2 
6 . 0  13.13 2 
6.0 14.06 2 

15 6.0 13.06 2 
15 6.0 13.06 2 
15 6.0 13.06 2 
15 6.0 13.06 2 
15 6.0 12.86 1 1 

- - --. - 





Steel stress = 30,000 PSI 

Width 
(b) 
(in) 

-- 

Eff. 
depth 
(in) 

- .  - 

No. of 
bars 

Crack width 

- . 

- -~ 

- -  - -  

bar 
dia 

-. . -- -- - 

.3 

.3 

1 :: 
l .3 

l .3 
.3 
.3 
.4 
.4 
.4 i .6 

.5 
.6 
.6 
.7 
.7 

.7 

.7 

.5 

.5 

.5 

.8  

.8 

.7 

.6 

.7 

.7 
.8 
.8  
.6 
.6 
.6 
.7 
.7 
.7 
.7 
.7 
1 .0 
1 .o 





Steel stress = 35,000 I'SI 
---W-- -- --* 

Crack width 
depth bars strength (in) 

0.000 
5.3 1 0.00287 
5.3 1 0.00464 
5.3 1 0.00434 
5.3 1 4180 0.00523 
5.3 1 3640 0.00455 
5.3 1 
5.3 1 .3 ' 3720 0.00445 
5.25 2 .4 3550 0.00774 I I 

5.25 2 .4 1 3570 0.00616 
5.25 2 .4 1 3810 0.00637 
5.13 2 3890 0.00888 

5.19 2 .5 i 4300 0.00615 
.6 

5.13 1 2 4100 0.00902 
5.13 1 2 .6 3750 0.00950 

" 

5.06 1 2 .7 3870 0.00563 
.7 3850 0.01093 

5.06 .7 3600 0.00734 
5.06 1 I .7 1 3460 10.00765 
5.19 l 2 .5 1 3330 0.00618 

.5 ' 3200 0.00903 
5.19 .5 4190 0.00657 

.8 4500 0.00793 
5.00 1 2 .8 3780 0.01062 
5.00 ' 2 .7 4250 0.01 109 
5.13 2 .6 3980 0.00651 
5.06 2 .7 3410 0.00793 
5.06 2 .7 4100 0.00924 

I 

13.0 1 .8 3690 0.00947 
13.0 1 .8 3750 0.00980 
13.38 2 .6 4360 0.01075 
13.38 2 .6 4240 0.00649 
13.13 2 .6 3940 0.00799 
14.06 2 .7 3890 0.00557 
13.06 2 .7 3250 0.00883 
12.06 2 .7 4280 0.00666 
1 3.06 2 .7 4210 0.00859 
13.06 2 .7 4040 0.01 170 
12.86 1 1 .O 3570 0.01221 
12.86 1 1 .O 4160 0.01399 

0 - - - -- 

I 





Co~nparison of International ISquations for the Prediction of Maximum width of 
cracks in H.C. Flexural menlbers (Chapter 6) 

IIOGNESTAD DATA : Beam No. 29 

Width of beam = 8 incl~ Total depth = 16 inch 

Effective depth = 15.2 inch Size of bars = 718 inch 

Colicrete cylinder comp. strength = 4030 psi No. of bars = 2 

Clear side cover = 1.3 75 inch Clear bottom cover =0.375 inch 

Masinli~m craclc iiiidtli (measured on the sides of the beam at the centroid of the 

reinfbrcement) corresponding to a steel stress of 50000 psi = 0.0075 inch. 

Ec = 57000 J f ,  = 3.62 X l0"si ( 2.496 X lo4 N I I I I ~ ~ )  

111 = lJs/I~, - 8.0 1 A,= 1.203 in2 

Neutral axis depth fivm the cxtrc~lle compression face = 4.965 inch 

B.S. EQIJAI'ION : F ,  =fS /Ec  = 1 . 7 2 4 ~  I O - ~  

- 
h, ( h  - X) (U '  - X) 

c111 - El - 
3 E, A., ( d  - X) 

a,.,. = 1.3 75 irzch c ,,,,,, = 0.375 inch 



CYh, = 
3 Llcr E,,, 

1 + 2 ( U', - C"" ! 
( I ?  - X )  

MODEL C0I)E 1990 ICQUATION 

A,,1(1) = 2.5 (H-d)b = 16.0 in2 

AC5,1(2) = ((H-x)/3) b = 29.42 in2 

:. A,.,, = 16.0 in 2 

er = = 0.0752 

I,,,,,(t) = 6 Jf ,  = 380.9 psi 

p, o s 2  = 0.0752 ~50 ,000  = 3760 

fcllll(t)( 1 + ac DsTer) = 380.9( 1 + 8.01 X 0.0752) 



.- I ,, l,,;,, . - 4 
3.6 R c,, 

I Icrc ( l ) is > (2 )  tlic~.cli)rc st:ibiliscd cracking conctition has been reached 

13 = 0.6 from Table 7.4.2 of Code [ 13 ] 

3 
c,? - p c,,? = 5.1 6 X 1 O-- 

Wk = Is,nlax (Es2 - P Esr2 ) = 5.02 X 1 0 - ~  

Ratio W,, / W,,, = 5.02 X 10'~/0.0075 = 0.67 

ACI CO1)E 318 - 1995 EQUA'TION 

A,,,,-= 2 (h-d)b = 12.8 in2 

A = A,,,r/n = 6.4 in2 

(',= 1.375 + (0.5 X 0.375) = 1 .S125 



W., = 0.091 
VCC.~ A )  

( a, - 5)x I 0-3 

= 7.875~ 10-:' inch 

CIIINESE CODE EQUATION (GBJ 10-89) 

pte = A, 1 At, = 0.094 

fct = 6 If, = 380.9 psi 

Therefore = 1 .OO 



- 3 . 9 9 ~  10." inch 



AI'PENDIX - I11 

I'rediction of Spacing and Maniniuni width of cracks in SFRC flexural members 

Ucaln No.10 IRef. 721 ( Crack measured at the extreme tension face of the 

bcanl) 

17 - 126 117111 (4 96 ill ) Lk 28 43 N/nzn12 (J122.35 psi) 

11 203 .? 111111 (S  0 111 ) /, 432 ~/rlim' (62640 l7si) 

t l  172 2 I I I I ~ I  (0 -9 i l l)  M/Mll - l 20 

4 ,  23 7 52 nlrri- (2- 12111m tlirl) I 200 x 10.' N/r?irtl' 

111 = l$l;c E( - 23120 098 N / I ~ W '  

H/,,,, 0 l 7 111111 M,, = 16.48 x 10" N-mm 

For a cracked section x - 5Y 21 nznz (N A) 

M,, - 8 34 x 10%-mm 

M 10 00 x 10' N-mm 

!C t 34 Y 8  x 1 0"n7nzJ 

1, - 2 79 45 N/mm2 

- J . = I .  78 I 0-3 



Moclel Code Equation 

since (A3. l )  > (A3.2) Stcrbilised Cracking Condition hus reached 

- 1 .  ,,,,X 
.- 4 - 85, J 7t11ni 

3 . 6 ~  P,,,,, 

. . f '  l , l ,  ( 1 - l  111 P ,,,<,, / ) t,' , , : - 

P,,,./, .X E, ,  

Gergely Lutz Equation 

f ;  - 2 79.4 N/lnrn2 (405 I3 p,$ 

T - 31 inn1 (1.22in) 

I 11 2 9  9 t,itn (4.45 in) 



IJesayi and Ganesan IQuation 

bh2 + (m - I) A,, (h - d) 
2 

D,, = hh + (m- I) A,,, 

hl?j h 
lg,,>,$ -- , ,,/I (- - D,, )2 1- A,, (,U - 1) (cl,, - fi - 4 

12 2 



k, k ~ ,  2/3 trr~cl y 0.35 

f;, = 2.2 7 ~ / n ~ m '  

f;,,, ( f i o r i ~  C'P l 10-1 972) = 3.3856 ~ / r l z rn~  

. : (l,,, = I I 9. 77 nln? 

E, =.f?E, = 1 . 3 9 7 ~  I U 3  

Modification PI-oposed 



l s p e ~ - i ~ ~ ~ e r t l : r l  ('rack wicffl~s ob1;lioed fro111 Grwpll. (Ref. 1 831) 





Beam No 





APPENDIX -1V 

Predictiorl of Spacing and Maxin~u~lr width of cracks in Latex modified 

SFRC flexural members 

Beain No.14 ( Width of Crack measured at the extreme tension face of the 

bcarn) 

b = 125 I ~ I I I  Lk = 21.79 N/mm2 

h = 200 ~ n m  h = 4 70 N/mtnr2 

c/ - 169 111111 A,/ = 353 mm2 (3 - 12.24 mnz di(0 

I 2 12- .V 10' N / I I ~ I H ~  1t1 K.JE' 

We,,, -- 0.06 I \ I I J I  M,, = 25.81 KNM 

Pcl. = I J 72 KN (load at which the width of crack is measured) 

Ec = 5 7 , 0 0 0 J E  ...... (FPS units) 

Fck = 21.79 N/mm2 or 3159.55 PSI 

Therefi~re Ec = 286571 1.4 PSI or 19,763.54 ~ / m m ~  

Modzilar ratio (m) = EYEc = 10.76 

A.,. = 0.7 (f,k)"' = 3.2 7 ~ / n z r n ~  

For tlze cracked section depth of NA is calculated as : 

hn' 
- = m A,,, (d - 11) 

2 

Mcr = 0.5 X Pcr X 0.75 = 5.52 KNM or 5.52 X 1 o6 ~ - n ~ m  

bn3 2 - -+ A,,, m ( d  - n )  r i r  - 3 



Strain in steel (gs) = fs I Es = 5.022 X 1 o4 

Experimental Strain (E, ,&) = 0.3 X I 0" 

therefore a,,, = 129.15 m m  

- (h - X) 
WCd - a,, E , ~  --- = 0.084 mm 

(d - X) 

Ratio W,,J W ,  = 0.084 / 0.06 1.4 



Modification proposed 
- 
- ~ ~ ( ~ ~ d  - (I4000 - 5.0 F + 5.5 X 1 o - ~ )  

= 0 . 3 9 6 7 ~  10-3 

where 

1,' = 
b(h - 17) .f,, A ,  L I V ,  

A,, , f ' ,  10" 

and 

Ratio WCaI/ W,,, = 1.12 

............. 



Test results of lntca moclified SFRC Flexurnl members 
ohti~in~xl from the test restllts 

Bei~m F,,, kfltin~ak P DRC Vr Strain W,, 
No. ~ l m m '  Moment KN ( X )  (X) (cap) (mm) 

(KN-M) 

8 32.54 2.5.18 19.62 0.3) 0.50 0.2-W-03 0.05 

8 72 54 ? .?X 20.43 0.50 0 50 0.5OE-03 0.06 

8 72.54 25.28 2 4  0 . 0  0.50 0.i15E-03 0.08 

8 32.54 7 5  ?.H 40.0.5 0.50 0.50 0 1 1 - 0 2  0. t 2 

8 32 .N 2 5 . 2 ~  58.86 0.3) 0.50 0. tt;E-02 0. C4 

0 28.86 24.80 0 .62  1 .OO 0.50 0.35E-03 0.05 

9 28.80 24.XO 29.43 1.00 0.50 0.GOE-03 0.06 

9 28.86 24.80 39.24 1.00 0.50 0.8OE-03 0.08 

9 28.86 24.80 49.05 I.00 0.3) 0. i I E-02 0. kO 

9 28.86 24.80 58.86 1 .OO 0.50 0 E - 0 2  0. 12 

10 22.35 23.56 9 . 2  1.50 0.50 0.30E-03 0.02 

10 22.35 23..M 29.43 1.50 0.50 0.7OE-03 0.04 

l 0  22.35 23.35 39.24 1.50 0.50 0.80E-03 E).Oti 

10 22.35 23.56 49.05 1.50 0.50 0.1OE-02 0.08 

1 0  22.35 23.56 58.86 1.50 0.50 0.14E-02 0.1 1 

I I 29.42 24.8% 19.62 0.50 I . ( H )  O.4OE-03 0.04 

I I 29.42 24.Xli 2 9 .  0.3) i.(lO O.(ilE-03 0.06 

I I 29.42 24.88 39.24 0.50 1 .OO 0.85E-03 0.08 

I I 29.42 24.88 49.05 0.50 1 .OO 0.12E-02 0.1 2 

12 21.79 23.42 19.62 1.00 1.00 0.35E-03 0.02 

l2 21.79 23.52 29.43 1.00 1.00 0.5.E-03 0.05 

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 21.79 23.42 58.86 I.o()  1.00 0. I (iE-02 0. I G 

13 20.08 22.95 14.72 1.50 i.00 0.3OE-03 0.02 

13 20.08 22.05 29.43 1 0  1.00 0.55E-03 0.04 

13 20.08 22.95 39.24 1.50 1.00 0.8.58-03 0.06 

13 7 0 0 %  ??.')S 49.05 1.50 1.00 0. 1 IE-02 0.09 



&?m F& Ultimate P,, W VI Strain W., 
No. ~ lrnrn'  Momcnt KN ( h )  (%) ( ~ ~ 1 1 )  (mm) 

(KN-M) 

1.3 20.08 22.05 58.86 1.50 1.00 0.14E-02 0. l k 

t4 37.91 25.KI 14.72 0.50 l.%) E - 0  

14 77,Ol 25.51 24.53 0.50 1.50 0.5OE-03 0. l0 

1-1 37.01 2.5.HI 2 . 4 3  0.50 1.50 ().(,SE-03 0. 12 

14 77.01 25 H I 39.24 0.50 1.3) 0.85E-03 0 . t4  

14 37.91 25.81 SY.(l5 0:50 t.501 0. IQE-t12 0. G 

14 37.91 2 i  81 58.86 0.50 1.50 0 1 2  0 . 1  X 

15 32.51 25.28 14.72 1.00 1.50 0.35E-03 0.04 

15 72 i :  l i . 2 8  19.62 1.00 1.50 0.SoE-0.3 O.t% 

I $  32 5: -. )<.L% 29.43 1.011 1.50 0.70E413 0. Ill 

15 72 57 2 5 ? 8  70.24 l.00 1.50 0.XSE-03 0.12 

15 32.53 25.28 40.05 1 .OO l .SO 0.1 IE-02 0. I 4 

15 ?2.53 25.28 58.86 1.00 t.3) 0.14E-02 0.16 

16 27.72 25,(i3 1472 t .3 )  [.%I O.GE-03 CO& 

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 l.%) O.!M)E-0.3 0.08 

l 6  27.72 2463 49.05 L.50 i.50 0.1 1 E412 8. U1 

I6 27.72 24.63 58.86 1.50 1.50 0.14E-02 0.12 

Note . I Stratr~\ slt~csobtaiwci fron~ the rdatim wskr at the love1 oFsQcc1 

2 Utti~nate Momcnt Calculated fro111 Wramasivam da l  niethod ill the 



Comparison of calculated crack widtli with experimer~tal crack width of 
latex n~odified SFRC Flexurat mernbers after modification 

Bean1 F%' c ; , ~  W r \ p  Ratio 
NO (111 111) (mm) W rai 1 W cxp 



v:' 

No. of Icst rcsulls : 47 

Avcragc W d W e s p  : 0.87 

Std. Dc\.ialiotl : 0.17 

CoefTicieni of variation : 19.20 


