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ABSTRACT

Concrete is a brittle material, with low tensile strength and strain capacity. However,

the tensile behaviour of concrete can be significantly improved by addition of fibers.
Glass fibers are fundamentally different and their strength in tension is significantly
higher than that of the host matrix. The fine size of the fibers also allows large volume
fractions to be easily mixed and uniformly dispersed in the matrix. Closely spaced
fibers can then provide effective reinforcing at the micro-cracking level, prevent the

coalescence of micro-cracks into unstable macro-cracks, and increase the strength.

In most cases, fiber reinforced concrete (FRC) contains only one type of fiber. A given
type of fiber can be effective only in a limited range of strength gain, ductility and
toughness. FRC mainly dependent on the fiber properties and dimensions of the
fibers. The combination of one type of fiber with another type of fiber or one length of
fiber with another length of fiber, is commonly known as hybrid fiber reinforced
concrete (HFRC). In hybrid fiber reinforced concrete, different fibers such as steel,
glass and polypropylene etc. are combinedly used as fibers and it improves pre peak

strength and post peak toughness by properly dispersing fibers.

Hybrid fiber reinforced concrete is a research area in which different types of fibers
are combined where the best qualities of each contribute to improve strength and
deformation of concrete. Short length and long length fibers are also combined to
achieve the same benefits of hybrid reinforced concrete. Combining short length and
long length fibers in concrete is named as Graded fiber reinforced concrete. Earlier
research shows that short length fibres primarily control the propagation of micro
cracks, and improve the ultimate strength whereas, long length fibers arrest the macro
cracks and improve the post peak deformation of concrete. Thus different
combinations of short and long length fibers would help in arresting the micro as well
as macro cracks to improve both pre and post peak performances of concrete.
Synergy between Short fiber-long fiber hybridization is realised but not investigated at

length.

The present research work is carried out in two phases and are explained briefly. The
first phase of investigation is aimed to understand the behaviour of Mono Glass Fiber

Reinforced Concrete (MGFRC). The main variables of this study are length of fiber



and volume fraction. Four different fiber lengths 3mm, 6mm, 12mm and 20mm and
five different volume fractions 0.1%, 0.2%, 0.3%, 0.4% and 0.5% are used to study.

This work is carried out with the two grades of concrete (M30 and M50).

The second phase of study is aimed to understand the behaviour of Graded Glass
Fiber Reinforced Concrete (GGFRC). Two or more length of fibers are mixed to form
Graded Fibers. When the mixture consists of 3mm and 6mm is named as Short
Graded Fiber (SGF), mixture consists of 12mm and 20mm is named as Long Graded
Fiber (LGF) and mixture of all the four lengths 3mm, 6mm, 12mm and 20mm is named
as Combined Graded Fiber (CGF). The main variables of this study is short graded
fibers (3mm+6mm), long graded fibers (12mm+20mm), combined graded fibers
(3mm+6mm+12mm+20mm) and total volume fraction (0.3%, 0.4% and 0.5%). In this
study mixing of fibers is done in proportion of 20%+80%, 40%+60%, 50%+50%,
60%+40% and 80%+20% to obtain graded fibers. This work is carried out with the two
grades of concrete (M30 and M50).

Phase-I: Study on Mono Glass Fiber Reinforced Concrete (MGFRC)

In this investigation, the experimental work was carried out under uniaxial tension and
uniaxial compression for M30 and M50 grade of concrete with the 0.1%, 0.2%, 0.3%,
0.4% and 0.50% fiber volume of Mono Glass Fibers (3mm, 6 mm, 12 mm and 20 mm
length fiber). In order to understand the workability of Mono Glass Fiber Reinforced
Concrete (MGFRC) the slump test was conducted. As volume of fiber and length of
fiber increased from 0.1% to 0.5% the slump decreased. However, 0.4% and 0.5%
volume of fibers led to bundling, balling and hence significant reduction in workability
is observed in composite. Hence, Workability of MGFRC decreased with increase in
fiber length and volume fraction. The specimens with 0.3% fiber volume content has

shown the maximum improvement in compressive strength.

The tensile and compressive stress strain curves are analysed to obtain the initial
slope, strengthening factor, ductility factor, strain hardening slope and Strain softening
slope of the composite. Specimens with long length fibers (12mm and 20mm)
exhibited higher ductility factor, energy absorption capacity than that of short length
fibers (3mm and 6mm). Specimens with short length fibers showed higher
strengthening and initial slope compared to the long length fibers.



Specimens with Short length fibers (3mm and 6mm) have given higher tensile strength
than the specimens with Long length fibers (12mm and 20mm). Specimens with long
length fibers (12mm and 20mm) have contributed more post crack deformation
capacity than the specimens with short length fibers (3mm and 6 mm) in tension.
Specimens with Short length fibers (3mm and 6mm) have given higher peak strength
than the specimens with long length fibers (12mm and 20mm). Specimens with long
length fibers (12mm and 20mm) have contributed more post peak deformation
capacity than the specimens with short length fibers (3mm and 6 mm) in compression.
Hence, the short fibers are more effective in improving the strength by delaying the
formation of micro cracks and long fibers are more effective in increasing the

deformations by bridging the macro cracks in both tension and compression.

Tensile properties of fibre concrete are governed mainly by the number, dispersion
and orientation of fibres in the cracking area, as well as dispersion characteristics of
fibres. Several techniques (Yang Y, 2002; Yilmaz Akkaya et al, 2001 and Bang Yeon
Lee, 2009) including image analysis, transmission X-ray photography, and Advanced
CCD Imaging Spectrometer (ACIS) are available for evaluating the fibre distribution in
a composite made of cement matrix and steel, carbon, glass, or organic fibres; i.e.,
these techniques can be employed to determine the degree of fibre dispersion and
orientation in the composite. Among these techniques, image analysis is the most
applicable and trusted method to evaluate the distribution characteristics of fibres in a

composite.

Fiber dispersion and fiber orientation at fracture plane of specimens is examined
through optical microscope. The strength of the fiber reinforced composite is
influenced by the fiber length coefficient (n), fiber orientation coefficient (ne) and fiber
dispersion coefficient (nd). Higher the fiber dispersion coefficient and fiber orientation
coefficient higher the strength of composite due to homogeneity of fiber dispersion and

fibers performs efficiently across the fracture plane.

Normal compressive stress generates transverse tensile strain. As the compressive
stress reaches peak stress, dilation of concrete initiates and lateral deformation
increases. Presence of fibers restrain the lateral deformation. Degree of resistance
offered to lateral deformation is proportional to volume of fibers and the fibers come

into action after cracking in concrete in compression which is similar to the action of



fibers in concrete after the onset of cracking in tension. The fibers present in concrete
will participate by resisting dilation of concrete only after sufficient mobilization of
dilation of concrete. That is why there is a remarkable improvement in strain softening

of concrete in compression with the increase in fiber content

Strain softening in compression and strain hardening in tension is noticed. Irrespective
of length of fiber, specimens with 0.3%, 0.4% and 0.5% have exhibited strain
hardening in tension and corresponding strain softening is noticed in compression. It
is noted that strain hardening in tension is not observed for specimens with 0.1% and
0.2% and corresponding strain softening in compression is not significantly present.
The amount of deformation and slope in the strain hardening and strain softening
region are directly influenced by the volume of fiber and length of fiber. In order to
understand the complementary behaviour of strain hardening behaviour in tension and
strain softening behaviour in compression, the normalised stress and normalised
strain at the onset of strain hardening and at the inflection point of strain softening is

taken for a given fiber length (Lr) and volume of the fiber (Vr).

Reinforcing index (RIwF) is defined as product of volume fraction (Vr) and aspect ratio
of fiber (L#/Dr). Tensile and compressive stress strain behaviour is predicted for
different reinforcing indexes. In order to correlate tensile and compression data for
various Reinforcing Index (RIwr = Vi (L#/Dr)) of MGFRC, a relationship between
Reinforcing Index and strain hardening in tension, strain softening in compression is
proposed. Specimens with Short fibers i.e. Rlvr of 0.64 and 1.29 producing low strain
hardening in tension and strain softening behaviour in compression, where as in
specimens with long fibers i.e., Rlwr of 2.57 and 4.29 exhibited significant strain
hardening in tension and strain softening behaviour in compression. As the reinforcing
index (RIvr) of mono fibers increases the strain hardening in tension complements

strain softening in compression.

A model is developed for predicting stress—strain curves of MFRC in tension and
compression. All properties required for the generation of compressive stress-strain
curves are estimated using the reinforcing index (RIvr). A material parameter B is
developed for predicting stress—strain curves of MGFRC. The analytical curves show
good correlation with experimental test results of MGFRC in both tension and

compression.



Phase-Il: Study on Graded Glass Fiber Reinforced Concrete (GGFRC)

In this investigation combination of different lengths of mono fibers are considered and
named as Graded fiber reinforced concrete to distinguish from Hybrid fiber reinforced
concrete. Inspiration is obtained from concrete mix proportioning where in different
sizes of aggregates are combined to obtain well graded aggregates. Similar synergy
with well Graded fibers of different lengths may improve strength and deformation of
concrete. In the present work four lengths of AR glass fibers 3mm, 6mm, 12mm and

20mm are combined in different proportions to form Graded Glass Fibers.

MGFRC results shows that the given length of fiber can be effective only in a limited
range of strength gain, ductility and energy absorption. To further improve the
properties (strength and ductility) of the composite simultaneously different lengths of
fibers are mixed together with different fiber volume combinations and named as
Graded Fibers. In this investigation, two or more length of fibers are mixed to form
Graded Fibers. When the mixture consists of 3mm and 6mm is named as Short
Graded Fiber (SGF), mixture consists of 12mm and 20mm is named as Long Graded
Fiber (LGF) and mixture of all the four lengths 3mm, 6mm, 12mm and 20mm is named
as Combined Graded Fiber (CGF). In this present work, an attempt has been made to
study the effect of addition of Graded Glass Fibers with different fiber length and
volume fraction in Glass Fiber Reinforced Concrete. The experimental work was
carried out under uniaxial tension and uniaxial compression for M30 and M50 grade
of concrete with the 0.3%, 0.4% and 0.50% total fiber volume of SGF, LGF and CGF.

In order to understand the workability of graded fibers, slump test was conducted for
M30-GGFRC and M50-GGFRC with 0.3%, 0.4% and 0.5% volume fraction. It can be
concluded that, there is significant difference existed in the loss of the slump for mono
glass fibers. The slump loss was small in the concrete with graded fibers. Hence,

graded fibers improves workability.

Compression test was conducted on cube specimens of M30-GGFRC and M50-
GGFRC with 0.3%, 0.4% and 0.5% volume fraction. Results shows that different fiber
volume combinations of SGF mixes showed that cube compressive strength of SGF
with 40%3mm+60%6mm is greater than all other short graded fibers whereas in LGF
mixes showed LGF with 40%12mm+60%20mm is greater than all other long graded

fibers and in case of CGF mixes showed that cube compressive strength of CGF with

\"



40%SGF+60%LGF is greater than all other combined graded fibers. In any given
volume fraction (0.3%, 0.4% and 0.5%), among all the mixes shows that CGF have
given the best improvement in terms of cube compressive strength compared to MGF,
SGF and LGF. It can be concluded that the combined graded fibers (CGF) improves

the cube compressive strength of concrete.

In order to understand the tensile and compressive stress strain behaviour of Graded
fibers (SGF, LGF and CGF). Uniaxial tensile and uniaxial compression test was
conducted on dog-bone and prism specimens of M30-GGFRC and M50-GGFRC with
volume fractions of 0.3%, 0.4% and 0.5%. Irrespective of volume of fibers i.e., 0.3%,
0.4% or 0.5%, the specimens containing the 40%3mm + 60%6mm of SGF has given
the best benefit of improvement in both strength and deformation compared to all other
short graded fibers and specimens containing the 40% 12mm + 60% 20mm of LGF
has given the best benefit of improvement in both strength and deformation compared
to all other long graded fibers. Specimens containing the 40% SGF + 60% LGF of CGF
has given the best benefit of improvement in both strength and deformation compared

to all other combined graded fibers.

Short graded fibers are more effective in improving the ultimate strength by delaying
the formation of micro cracks and long graded fibers are more effective in increasing
the deformations by bridging the macro cracks. The combination of short graded and
long graded fibers forms the combined graded fibers. It can be concluded that the
combined graded fibers (CGF) has given the best benefit performance in terms of
strength and deformation compared to SGF and LGF. Irrespective of volume of fibers
i.e., 0.3%, 0.4% or 0.5%, different lengths of fibers have controlled the different levels
of cracking thus contributing to increases in strength and deformation of Graded Glass

Fiber Reinforced Concrete.

In all, irrespective of volume of the fiber (0.3%, 0.4% and 0.5%) and grade of concrete
(M30 and M50), long graded fibers (LGF) exhibited higher ductility factor, energy
absorption capacity than that of short graded fibers (SGF). Short graded fibers showed
higher strengthening and initial slope compared to the long length fibers. Hence, the
combination of SGF and LGF i.e., CGF have exhibited the higher strengthening factor,
ductility factor and energy absorption capacity than that of SGF, LGF and MGF in both

tension and compression.

Vi



Fiber dispersion and orientation are the two important parameters to understand the
tensile behaviour of the composite. These parameters are examined on fracture plane
of M30-GGFRC and M50-GGFRC specimens with 0.3%, 0.4% and 0.5% volume
fraction. It shows that the composite with SGF has more the fiber density at the center
and less at the edges and corners. Where as in long graded fibers, the fiber density is
more at the edges and corners and less at the center. Composite with CGF (containing
SGF + LGF) showed the almost uniform distribution. The results of image analysis
shows that graded fibers with different fiber volume combinations disperse
homogeneously avoiding clumping or balling. Graded fibers showed the higher fiber
dispersion coefficient and higher fiber orientation coefficient when compared to the

mono fibers.

An equation is proposed to arrive at Rlcr for graded fibers. This is developed on
observing of stress strain behaviour and fiber density variations of GGFRC with
different fiber volume combinations. The composite tensile strength and
corresponding composite tensile strain of GGFRC is calculated based on the Ricr.
The predicted composite tensile strength and composite tensile strain values are
closer to the experimental values. A model is proposed to predict the tensile and
compressive stress strain behaviour. All properties required for the generation of
stress—strain curves are estimated using the reinforcing index (Rlcr). A model is
developed for predicting compressive stress—strain curves of MGFRC and GGFRC.

The analytical curves show good correlation with experimental test results.

The strain hardening in tension and strain softening in compression phenomena is
noticed in the stress strain behaviour of GGFRC which is similar to that of MGFRC.
Degree of resistance offered to lateral deformation is proportional to grading of fibers
(SGF, LGF and CGF) and volume of fibers (0.3%, 0.4% and 0.5%), and the fibers
come into action after cracking in concrete in compression which is similar to the action
of fibers in concrete after the onset of cracking in tension. With well grading of fibers,

the strain hardening in tension complements strain softening in compression.

In order to understand the strain hardening behaviour in tension and strain softening
behaviour in compression for M30-GGFRC and M50-GGFRC, a relationship between
Reinforcing Index (RlerF) and strain hardening in tension, strain softening in

compression is proposed.

vii



The gradient of increase of strain hardening in tension is similar to the gradient of
strain softening in compression for the specimen with the same Rlecr and it is
influenced by Rlcr. It was observed as the value of Rlecr decreased, the strain

softening in compression increased and also increase in strain hardening in tension.
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Chapter-1

Introduction

1.1 General

Concrete is a brittle material, with low tensile strength and strain capacity. However,
the tensile behaviour of concrete can be significantly improved by addition of fibers.
Historically, Joseph Lambot’s idea of using continuous fibers in mesh form to create
new building materials led to the development of Ferro-cement and reinforced
concrete. Romualdi et al (1963) used short randomly oriented fibers in order to
improve tensile strength of concrete. Nowadays, several types of reinforcing fibers, in
various shapes and sizes, such as steel, polymer, glass, carbon, or natural fiber, are
produced and used widely. Based on type of fibers, different fiber reinforced concretes
(FRCs) were developed, namely steel fiber reinforced concrete (SFRC), carbon fiber

reinforced concrete (CFRC) and glass fiber reinforced concrete (GFRC) etc.

In most cases, fiber reinforced concrete (FRC) contains only one type of fiber. A given
type of fiber can be effective only in a limited range of strength gain, ductility and
toughness. FRC mainly dependent on the fiber properties and dimensions of the
fibers. The combination of one type of fiber with another type of fiber or one length of
fiber with another length of fiber, is commonly known as hybrid fiber reinforced
concrete (HFRC). In hybrid fiber reinforced concrete, different fibers such as steel,
glass and polypropylene etc. are combinedly used as fibers and it improves pre peak

strength and post peak toughness by properly dispersing fibers.

The advantage of using discontinuous fibers in brittle matrices, such as a cementitious
matrix, is usually realized only after the matrix cracks. The fibers can prevent a sudden
loss in load-carrying capacity of the cracked composite by providing a load transfer
mechanism across the crack, resulting in a pseudo-ductile response. In conventional
concrete, micro-cracks exist even before the structure is loaded because of drying
shrinkage and other causes of volume change. Use of short fibers in concrete matrix
reduces the drying shrinkage cracks and increases the flexural toughness of concrete
structure. When the structure is loaded, the micro cracks open up and propagate which
may lead to inelastic deformation in concrete. Micro or short randomly dispersed fibers
in concrete help to resist the opening of marco cracks by arresting the micro cracks



and enhancing the pre crack strength. Moreover, the small fibers dispersed and
distributed randomly in concrete help to bridge the internal micro cracks thus improve
concrete properties in all directions (L.R. Betterman et al 1995). However addition of
higher volume of fibers leads to practical problems such as bundling, balling, reduction
in workability, strength and toughness.

In a given volume, shorter the length of fiber, number of fiber will be more, closer will
be the spacing of fibers and will be as near as possible to the micro cracks. These
fibers may initially contribute to delay the formation of cracks but may be pulled out
after micro cracks transformed into macro cracks (Fig.1.1). Thus long length fibers
bridge the macro crack and improves the post peak deformations of concrete. As the
length of fiber increases, resistance to post peak deformations increases. Hence,
Combination of short length and long length fibers forms the synergy, improvement in
both the pre peak stress and post peak toughening can be expected (Amon Bentur et
al. 1990; Banthia et al. 1990).

Microfibers P
1 Large fibers
Microcracks }\ '
s
')
Stress l‘ P

Short microfibers

e Large fibers

Plain matrix

Strain

Fig.1.1 lllustration of different sizes of fibers on crack bridging (L.R. Betterman, 1995)

The improvement of such mechanical properties can be achieved through the addition
of a moderate amount of properly distributed and orientated fibres. This improvement
can be maximized by controlling the alignment and dispersion of fibres in the matrix.
Short fibers are dispersed randomly in all directions so as to exhibit isotropic
behaviour. However, the real fibre distribution is strongly influenced by various factors

such as fiber characteristics (diameter, length, and volume fraction), the fluidity of the



matrix, placing method, and shape of the form (Bang Yeon Lee et al, 2009; Yilmaz
Akkaya et al, 2000).

Su-Tae Kang et al. 2011 and Burcu Akcay et al 2012 have focused on the systematic
approach with special interest in the fiber orientation and distribution. Their
approaches were limited to analytical studies with the assumption of an idealized fiber
distribution and did not consider the actual fiber distribution, which is affected by
diverse factors such as placing method, form shape, and fiber geometry. In order to
guantify the fiber characteristics, a systematic approach is followed from microscopic
to macroscopic view, that is, from the bond behaviour of individual fiber distributed in
the composites to the tensile behaviour of a fiber reinforced composite and its
structural performance.

1.2 Background of Glass fibers

The Use of glass fibers in concrete was first attempted in the USSR in the late 1950s
It was established that ordinary E-glass fibers to an alkaline environment leads to
rapid deterioration process which involves strength and weight losses, and reduction
in the filament diameter. This process can be attributed to breaking of the Si-O-Si
bonds in the glass network, by the OH- ions which are highly concentrated in the

alkaline pore solution is shown in Fig.1.2.
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Fig.1.2 Schematic structure of glass (Bentur et al. 1990).

To overcome this problem, special alkali-resistant glass formulations (AR glass fibers)
was developed and properties of E-glass and AR-glass are given in Table 1.1 and 1.2.
In this AR glass fibers, Zirconium content is about 16% due to which it prevents the

deterioration of glass fibers by controlling the alkali silica reaction between cement



paste and glass. Due to the presence of ZrO2 in AR glass fibers it imparts stability to
the glass structure by serving as a diffusion barrier to reduce the rate of further attack
in the alkaline environment. This led to a considerable number of commercialized
products nylon and polypropylene fiber are contemporary to glass or steel fibers (ACI

549.3R-09, 2009 and ACI 544.1R-96).

Table 1.1 Mechanical properties of E and AR glass (Amon Bentur et al. 1990).

Property E glass AR glass
Density (Kg/m3) 2540 2780
Tensile strength (MPa) 3500 2500
Modulus of elasticity (GPa) 72.5 70.0
Elongation at break (%) 4.8 3.6

Table 1.2 Chemical composition of E and AR glass (Amon Bentur et al. 1990).

Composition E glass AR glass
SI02 52.4% 71%

K20 + Na20 0.8 11
B203 10.4 --
Al203 14.4 18
MgO 5.2 -
CaO 16.6 --
ZrO2 -- 16




1.3 Manufacturing of Glass Fibers

Manufacturing of glass fibers is shown in Fig.1.3 and it contains mainly three
processing units. The raw materials are mixed in a required proportions by weigh batch
and these materials are transferred into the batch charging at a temperature of about
1700 °C. The molten glass flows directly to the furnace and then transported into a
remelting chamber. Bottom of the remelting chamber contains series of electrically
heated platinum bushings each of which has large number of holes. The bushing
allows a molten glass pass through holes under gravitational force and drawn
filaments of 8 to 15um diameter mechanically downwards at a speed of 1000
meter/minute or more. The molten glass is rapidly cooled by sprayed water at the
bushing to prevent crystallization and formed into glass fibers by a process known as
fiberization. The diameter of the glass fiber depends upon the molten glass viscosity,

gravity, length and diameter of the nozzle and the speed of the winding.

Sorting, grading

Batch Silos feeding SPatnee .
BlitCh- at of?,,:}gz{o} Remelting in
charging EARL :
Furnace [f&' » marble bushing
Melting Refining :
Filament

formation

\ /]
¢ 1 ¥
Gl /
| SRN

/ ‘_"‘— "-—'—: '7 ﬁ’" Strmd application
) Marble VA ’ /f? ) " formation 1]
AR G /‘/// A ( [~ Traversing
W'eighing — machine ://\/(/L_\ /‘/ o j Y
SERCE N . , |_|] \IE:IM “[I m Winding
b S o,%:c{ugggun{,
Tt Transport

To curing and
secondary processing

Fig.1.3 Flow chart of Glass Fiber Manufacturing Process

1.4 Role of Glass Fibers in Concrete

Use of Alkali Resistant (AR) glass fibers in concrete presents an area of opportunity
to utilize the strength and stiffness of fibers in reinforcing the brittle matrix. Concrete
materials produced with short randomly distributed AR Glass fibers would be superior
to other FRC (Fiber Reinforced Concrete) materials for several reasons. In comparison

to steel fibers, the small diameter of the individual glass fibers ensures a better and
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more uniform dispersion. In addition, the high surface area and relatively small size of
glass fibers offer significant distribution capability and crack bridging potential as
compared to steel fibers. The glass fibers are randomly distributed offering efficiency
in load transfer. Furthermore, the bond strength of the glass fiber is far superior to the
polypropylene fibers, thus increasing the efficiency of fiber length so that there is
limited de-bonding and fiber pull-out (Tejal Desai et al. 2003). Length and Orientation
of fibers in the matrix plays a major role in arresting the crack propagation .Glass fibers
can be incorporated into a matrix either in continuous lengths or in discontinuous
(chopped) lengths (Amon Bentur et Al.1990).

1.5 Methods of Mixing

It is very important that the fibers are dispersed uniformly throughout the mixture. This
must be done during the batching and mixing phase. Several mixing sequences have
been used (ACI 544.1R-96 and ACI 549.3R-09), some of them are presented below.

In normal method, all required fine and coarse aggregates are mixed in the truck
mixer, with water. Then fibers are added in a clump free state to the mixer hopper
at the rate of about 45 kg/minute and mixture rotating with a full speed for 40 to 50
revolations. Fibers can be added manually by emptying the containers into the truck
hopper or via a blower or conveyor belt

In another method, In order to prevent the fiber clumping, fibers are added manually
on top of the aggregates on the charging conveyor belt. The aggregate stream in

the batching plant before the aggregate is added to the mixer.

1.6 Applications of GFRC

Glass fiber reinforced concrete (GFRC) was first introduced to the building industry in
the early 1970’s in the United Kingdom. Today, it is one of the most popular and
innovative building materials used throughout the United States, Europe, Middle East
and Asia. The single largest application of GFRC has been in the manufacture of
exterior building facade panels. This application makes up to at least 80 percent of all
GFRC architectural and structural components manufactured in the U.S. Since the
introduction of AR-glass in the 1970s, growth in applications has been appreciable.
According to the Precast Concrete Institute, over 60 million square feet of GFRC

architectural cladding panels have been erected from 1977 to 1993. Initial problems in



controlling panel warpage were solved using steel-stud frames, which also facilitated

efficient attachment to building structures.

Another application for GFRC is as a plasticized or sprayed coating in surface bond
masonry, where masonry blocks dry stacked, with mortar used only to minimize the
necessary to keep them plumb, are coated on both vertical faces with a hand plastered
or sprayed layer of GFRC.

At present, GFRC is predominantly used in small units including roof tiles, cable trays,
drainage channels, decorative facade units and cladding panels. GFRC is also finding
applications in the building and bridge construction industries for the production of
permanent formwork systems since it is easy to prefabricate, allows for the creation of
complex shapes, and has superior durability, aesthetic appearance and low self-
weight (G B Kim 2010).

GFRC products are easy to transfer and can be produced in desired shapes and are
good noise and sound barriers. They are widely used in urban areas and roads to

reduce noise pollution.

GFRC is very light in weight than steel reinforced concrete and also have high tensile
strength. Hence they are used in structural purposes to reduce building weight and

consequently lateral loads of earthquake and structural drift.

1.7 Advantages of GFRC
The main advantages of GFRC in comparison to concrete are as follows:
» Higher flexural strength, tensile strength and Impact Strength than plain
concrete due to the presence of the glass fibres.
> No cover requirement to be provided thus resulting in thinner sections.

Y

Fibres are lightweight that minimizes the load added to existing structures.

Y

Improved Chemical Resistance, for example GFRC exhibits better chloride
penetration resistance than steel.

It does not rust or corrode.

Good acoustic properties

Low permeability that increases water or air pollution resistance

YV V VYV V

It is Recyclable and environment friendly.



1.8 Thesis organization
The present thesis is organised in the following way

Chapter-1: An introduction to development of fiber reinforced concrete (FRC), hybrid
fiber reinforced concrete (HFRC), role of AR- glass fibers, factors effecting properties
of glass fiber reinforced concrete (GFRC) and applications in various fields of

construction industry is presented in this chapter.

Chapter-2: The second chapter consists of collection of literature on the mechanical
and stress strain behaviour of FRC, HFRC and GFRC in tension and compression.
Pull-out behaviour of different types of fibers are presented. Mechanism for the
maximum pre crack strength and post crack deformation of FRC and HFRC, and the
influence of randomly dispersed and orientation of fibers on tensile behaviour of

composite are presented. Different stress strain models of FRC are described.

Chapter-3: The third chapter is the scope and objectives of investigation is stated.

Chapter-4: The fourth chapter describes the experimental program for behaviour of
Mono Glass Fiber Reinforced Concrete (MGFRC) and Graded Glass Fiber Reinforced
Concrete (GGFRC) under uni-axial tensile and compression test. Specimen
preparation (cubes, prisms and dog-bone), testing procedure, equipment setup and

parameters of investigation are given.

Chapter-5: This chapter is focused on behaviour of Mono Glass Fiber Reinforced
Concrete (MGFRC) with varying volume fractions of different lengths of glass fibers.
In this investigation uni-axial tension and compression tests are performed on dog-
bone specimens and prismatic specimens respectively. This study is aimed at
understanding the effect of volume fraction and fiber length on the properties in fresh
and hardened state of MGFRC. Results of stress strain behaviour of MGFRC in

tension and compression are presented.

Chapter-6: This chapter is focused on behaviour Graded Glass Fiber Reinforced
Concrete (GGFRC) with varying volume fractions of different grading of glass fiber
lengths. In this investigation uni-axial tension and compression tests are performed on
dog-bone specimens and prismatic specimens respectively. This study is aimed at

understanding the effect of grading of fibers and different percentage of fiber volume



combinations on the properties in fresh and hardened state composite. Results of

stress strain behaviour of GGFRC in tension and compression are presented.

Chapter-7: Finally, in the seventh chapter consist of conclusions, along with a
discussion on the limitations of the present study are presented. The scope for further

research and references are also presented.



This page is intentionally left blank

10



Chapter-2

Literature Review

There is a wide range of research is going on in the field of fiber reinforced Concrete.
In the present study, many of the important publications were reviewed to get an
overview on fiber reinforced concrete. This section presents a state of art report on the
development of FRC, Factors affecting the properties of FRC, modelling of Stress

Strain behaviour of FRC. A brief report of the literature study is presented below.

2.1 Literature review on Glass Fiber Reinforced Concrete (GFRC)

Zollo (1982), Proposed the E-glass fibers can be used as reinforcement for cement
matrix. The combination of cement paste with E-glass fibers helps in producing flat
sheet material. Over a period of time, these E-glass fibers are chemically attacked by
the strong alkaline environment of cement paste and it contributed to loss of strength
in GFRC. Glass fibers are chemically coated with zirconium content (alkali resistant
glass fibers) and it reduced the exposure of GFRC to high humidity of environment.

Hence, the loss of strength can be eliminated by using alkali resistant (AR) glass fibers.

Marsh and Clarke (1985), investigated, the influence of AR-glass fibers on the
mechanical properties of glass fiber reinforced concrete (GFRC). Addition of AR-glass
fibers has improved the flexural strength of GFRC by 4.8 times and compressive
strength increased from 20 to 25% compared to the plain concrete flexural and

compressive strength.

Tejal Desai et. al, (2003), studied the effect of different lengths of AR-glass fibers on
strength and ductility of concrete. Results have shown that concrete with 12mm fiber
length exhibits higher flexural strength and toughness compared to other lengths. The
ductility of concrete with 12mm length fiber showed 140% higher than the concrete
with 40mm length fiber and the control samples. This may be due to a better dispersion
of the 12mm fiber length compared to the 40mm length fiber in the composite. As the
volume of the fiber increased the strength and ductility also increased, due to ability of

the fibers to maintain the cracked specimen together.

Barluenga et. al, (2007), studied the controlling of cracks in concrete by using

randomly distributed AR-glass fibers of 12mm length with normal strength concrete
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(NSC) and Self-Compacting Concrete (SCC). Both NSC and SCC are prepared with
addition of fiber volumes 600g/m?3, 900g/m?and 1000g/m? of high dispersion AR glass
fibers (dry in paper bags) and W70 glass fibers (supplied wet in plastic bags). Concrete
shrinks at an early age and drying shrinkage cracks are developed. In order to control
crack growth, a little amounts of the AR-glass fibers are added in concrete. Fibers can
control the drying shrinkage cracks and acted as a local reinforcement. At a 600g/m?
of volume fraction, high dispersion glass fibers reduced 95% of crack area whereas
W70 glass fibers produced a reduction of crack area of around 55% in both the NSC
and SSC. The less efficiency of crack reduction is observed at 900g/m?3and 1000g/m3
of fiber content irrespective of type of fiber and type of concrete. Composition with high
dispersion AR glass fibers have shown maximum reduction in crack length than the
W70 glass fiber composition and exhibited less crack area and maximum controlling

on growth of crack.

Tassew et al, (2014), studied the influence of glass fibers on the rheological and
mechanical properties of ceramic concrete. Workability decreased with increased in
fiber content and fiber length. The flexural strength, shear strength of ceramic concrete
increased with increases in the fiber content and fiber length. The flexural strengths of
glass fiber reinforced ceramic concrete were 13 to 30% of the corresponding
compressive strength. The flexure, shear and compressive test results showed that

the fiber failure mode was predominantly by fracture rather than pull-out.

2.2 Literature review on workability and mechanical behaviour of Fiber
Reinforced Concrete (FRC)

Hughes et al, (1976), conducted the slump test to assess the workability of various

fibre-reinforced concrete mixes. Slump decreased with increasing volume fraction,

length, aspect ratio and decreased fibre diameter. Concrete mixes reinforced with

crimped steel fibres resulted in a larger slump than mixes reinforced with deformed or

round steel fibres. That is because of their shape, over-all length and diameter of fibre.

Bing Chen et al. (2005), Studied the influence of steel, carbon and polypropylene
(PP) fiber on workability and mechanical properties of lightweight concrete (LWC). PP
fiber showed the less reduction in slump i.e., 20.8% and steel fiber showed the highest
reduction in slump i.e., 54.2% when compared to the plain concrete slump. Hence the
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PP and carbon fibers produced good workability than steel fibers. LWC with carbon
and steel fibers provide increase in split tensile strength and compressive strength
compared to PP fibers. Compared to all other combinations, the mixture of carbon and
steel fibers gave the best increase in compressive strength and split tensile strength
of 27.64% and 54.2% respectively.

Mustafa Sahmaran et al. (2005), Investigated the influence of different types of steel
fiber on fresh and hardened state of concrete. The hybridization of steel fibers in the
concrete showed increased workability and toughness when compared to the
individual fiber addition in the concrete. In order to achieve maximum workability with
FRC, the quantity of cement paste in the mix must be increased to provide better fiber
dispersion in the composite.

Chaohua Jiang et al. (2014), observed that adding Basalt Fibers into the concrete
significantly improved the flexural strength, tensile strength and toughness index
compared to the polypropylene fiber reinforced concrete, but there is not much
improvement in compressive strength. Moreover, the Basalt fiber (BF) length showed
the beneficial influence on the mechanical properties of concrete. Compared with the
host matrix, the flexural and tensile strength of concrete with 12mm length of Basalt
fiber increased from 6.30% to 9.58% and 14.06 to 24.35 reactively. As the BF length
increased 12mm to 22mm, the corresponding tensile and flexural strength increased
from 7.34 to 10.36% and 14.95 to 25.52%. The preferable quantity of BF in concrete

is 0.3% volume fraction.

Amin Noushini et al. (2014), studied the addition of polyvinyl alcohol (PVA) fibres of
6mm and 12 mm length in concrete. To evaluate the influence of PVA fibers on fresh
and hardened properties of FRC, four different volume fractions 0.12%, 0.25%,
0.375% and 0.5% were considered. It was concluded that the workability of concrete
decreased with increased in fiber content and fiber length. The maximum improvement
in compressive strength was noticed at 0.25% volume fraction. Concrete reinforced
with 6mm PVA fiber length showed 6.5% improvement in compressive strength than
that of 12mm PVA fiber length.

Soylev et al. (2014), investigated the influence of polypropylene, glass and Steel fiber
addition in concrete at low volume fractions on the mechanical, physical properties of
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concrete under two different water—cement ratios (w/c=0.45, w/c=0.65) and two curing
(air and moist curing) conditions. Moist curing was found to be more effective in FRC.
In this study, all types of FRC were tested under compression, split tensile and flexure.
Glass fibers of 12mm length and 0.1% of volume of concrete are added and its
mechanical properties and physical properties are tested. A slight increase of flexural
tensile strength, split tensile strength is observed for both the w/c ratios whereas
compressive strength slightly increased for w/c=0.65 and decreased for w/c=0.45.
Moreover SFRC has the lowest entrapped air content and GFRC has the highest. The
difference of entrapped air content between GFRC and control concrete are 72% and
46% for 0.45-w/c and 0.65-w/c concretes, respectively. Concrete permeability
increased with increased air content and it strongly effected the mechanical properties
of the FRC.

2.3 Literature review on stress strain behaviour of FRC and HFRC

(@) FRC
Banthia et al. (1995), studied the stress strain behaviour of micro fibre reinforced
composite with carbon (diameter: length, 0.018mm: 3mm), steel (0.025mm: 3mm),
and polypropylene (0.004mm: 6mm) fibers under uniaxial tension. The cement matrix
with steel fibers showed higher improvement in ultimate tensile strength compared to
carbon and polypropylene (PP) fibers. Composite with carbon fibers provided better
ductility than that of other fibers and on other hand, PP fibers exhibited better
toughening at large crack openings. Hybridization of carbon and steel fibers provided
considerable increase in both pre peak tensile strength and post peak ductility

compared to other combinations.

Neves et al. (2005), studied the effect of steel fiber diameter i.e., 0.38mm and 0.55mm
and fiber content i.e., 0.38%, 0.75%, 1.13% and 1.50% on compressive stress stain
behaviour of SFRC. In this investigation, compressive strength of concrete 35Mpa and
60MPa were considered. Addition of small diameter fibers enhanced the pre peak
strength of concrete whereas large diameter fibers exhibited post peak deformation of
concrete. As the volume of the fiber increased to 0.38% to 1.50%, the strain at peak
stress and toughness of the concrete significantly increased.

Benjamin A. Graybeal (2007), conducted experiments to investigate the stress strain

response of ultra-high performance fiber-reinforced concrete (UPHFRC). Cylinders
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were tested under uni axial compression and the results were analysed to note the
peak stress, young’s modulus, strain at failure, and complete stress strain response
of UHPFRC. It was concluded that this concrete exhibited an exponential improvement
in compressive strength and significant increase in stiffness compared to plain
concrete. Equations are established for pre peak stress strain behaviour of UHPFRC

and post peak stress strain response.

Wen-Cheng Liao et al. (2015), compared stress strain behaviour of steel fiber
reinforced concrete (SFRC) to the existing FRC stress strain models. Effect of addition
of steel fibers in concrete improved the strain at peak stress slightly but increased the
post deformation capacity more. Effect of bond strength between fiber and matrix
along with fiber volume fraction and aspect ratio are introduced in the development of
stress strain curve. The proposed stress strain model was applied to predict stress-
strain relationship of SFRC with compressive strength ranging from 70 to 115 MPa.
The post peak response of SFRC was well defined by taking into account of bond
strength. Restraint of steel fibers for lateral deformations is treated as similar to the
lateral confinement.

Tehmina Ayub et al. (2015), studied the effect of basalt fibers on stress strain
behaviour of high strength fiber reinforced concrete (HSFRC) in compression. The
strength of the concrete ranging from 70 to 85MPa with volume fraction from 1 to 3%.
The addition of basalt fibers showed the less improvement in compressive strength.
The advantage of basalt fibers in concrete mainly increased the strain at peak stress
from 4.85 to 12.24% and it enhanced the toughness index from 3.8 to 47.15% for all
HSFRC with different fiber volume combinations. Reinforcing Index (RI) is the
combination of volume fraction and aspect ratio of the fiber (length/diameter) and it
influenced the stress strain behaviour of HSFRC. An equation is proposed considering
the Rl and compressive strength of the concrete. The predicted stress strain values

are in good correlation with the experimental values.
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(b) HFRC

Betterman et al. (1995), investigated the effect of fiber-matrix interaction in
microfiber-reinforced mortar. Mortar reinforced with PVA fiber lengths of 4mm and
12mm were tested under uniaxial tension. Pull-out test is conducted for different
embedded lengths. The results showed that 12mm length fiber exhibited better peak
load than 6mm fiber length. Composite with 4mm length fiber increased the pre crack
strength and 12mm length fiber improved the post cracking strength. The combination
of 4mm and 12mm length fiber exhibited higher pre crack, post crack strength and
strain capacity compared to that of composite with single fiber length.

CK. YI, et al. (2001), the cracking process and crack fiber interactions that lead to the
guasi-brittle behaviour of composites were investigated. The strength and toughness
enhancement is associated with crack wake mechanisms. Aggregate bridging and
pull-out and secondary crack formations associated with microfiber bridging sites are
predominant during the strain hardening regime. Multiple secondary micro cracks
perpendicular to the fiber-matrix interface is the dominant failure mode beyond peak

load in the strain softening regime.

Banthia et al. (2003), Studied the effect of hybrid fibers on resistance against the
crack growth in the cement composite. Two types of each steel (continuously crimped
fiber and flattened ends with round shafts fiber) and PP fibers (monofilament and
fibrillated fiber) were investigated. Based on the single fiber pull-out test and flexural
test, the crimped fibers showed the better pulling capacity and toughness compared
to the other steel fiber. It is clearly observed that the monofilament pp fibers exhibited
better performance compared to the fibrillated pp fibers. Composite with steel fibers
addressed the larger cracks and micro PP fibers controlled the propagation of the
micro cracks. Addition of small amount of micro PP fibers showed maximum
effectiveness in increasing the efficiency of steel fibers in composite. It was concluded
that the composite with steel and PP fibers enhanced the resistance against crack

growth compared to single fiber alone.

Banthia and Gupta (2004), investigated the fiber hybridization. In this study, concrete
compressive strength of 85 MPa was considered. Companion, single fiber, two fiber
and three fiber hybrid composites were cast with micro and macro fibers of

polypropylene (PP), carbon and steel. At any volume fraction, composite with steel

16



fibers exhibited better flexural toughness than any other single fiber. The composite
with crimped PP macro-fiber with micro-fibers of carbon and PP showed higher
synergy compared to all other combinations. The combination of two micro-PP fibers
clearly showed more synergy when compared to single micro-PP fibers alone. The
effectiveness of the composite with two micro-PP fiber is further increased when

carbon fiber is added as a third fiber.

Banthia et al. (2007), Studied the hybridization of different diameter of crimped steel
fibers on strength and toughness of concrete. Smaller diameter of fibers are dispersed
easily and closer together in the composite than that of long length fibers. Composite
containing smaller diameter fibers, delay the formation of macro cracks by arresting
the micro cracks thus provided the strength of the composite. Whereas, large diameter
fibers bridged the propagation of macro cracks and improved the toughness of the
concrete. The hybridization of smaller diameter fiber with larger diameter forms the
synergy and therefore substantial amount of improvement in strength and toughness

of the composite was noticed.

Vandewalle (2007), studied post cracking behaviour of hybrid steel fiber reinforced
concrete. In this investigation two short steel fibers of 6mm and 13mm length with
diameter 0.16mm, one long hooked end steel fiber of length 35mm with 0.55mm
diameter were used. Concrete with short fibers able to control the formation of cracks
efficiently and then lead to a higher peak strength because they are in very fine size,
more number present at the crack section and less spacing between them. However,
concrete with large fibers restrains the propagation of large cracks and it provides the
ductility. The combination of short and long steel fibers significantly improved strength
and ductility of concrete.

Sivakumar et al. (2007), studied the influence of steel-polyester, steel—
polypropylene, and steel—glass fibers in the concrete on bending strength. Addition of
lower stiffness fibers (polyester, polypropylene, glass fibers) into concrete enhance
the pre peak region of load deflection curve whereas higher stiffness fibers (steel
fibers) contributed to improve the post peak region of load deflection curve. Polyester,
polypropylene, glass fibers, controlled the smaller cracks lead to a higher peak
strength but once crack width increased, these fibers were not able to resist the

propagation of large crack width and produced poor deflection. The concrete
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containing steel—polypropylene significantly improved the pre peak and post peak
performance of the concrete compare to the other combinations of steel- polyester

and steel-glass fibers.

Machine Hsie et al. (2008), studied mechanical properties of polypropylene hybrid
fiber-reinforced concrete. In this study, coarse monofilament polypropylene fibers of
fiber content of 3 kg/m3, 6 kg/m3, and 9 kg/m3, are used respectively and staple
polypropylene fibers of 0.6 kg/m? fiber content was allowed. The coarse monofilament
fibers have high young’s modulus and it restrains the lateral deformations and
increases the strain capacity. However, the fine size staple fibers dispersed easily
thought the composite and provided the strength of the composite. The combination
of two-fibers in the composite complementing the both the benefits better than the
composite containing single fiber alone. Hybridization of polypropylene fibers
dispersed uniformly throughout the composites and it decreased the drying shrinkage
strains. Compared to the plain concrete properties, polypropylene HFRC improved the

modulus of rupture and splitting tensile strength by 24.60% and 13.35% respectively.

Banthia et, al. (2013), studied the Synergy Performance in Hybrid fiber Reinforced
Concrete. Hooked end steel fiber, double deformed steel fiber and cellulose fiber are
used in this study. There is a clear indication of positive improvement between steel
and cellulose fibers in all combinations. Interestingly, cellulose fiber, which by itself
does not add much to the toughness of plain concrete, is an effective contributor to
toughness in the presence of a steel fiber. Improvement is more pronounced at smaller
crack openings and at smaller dosage rates of steel fiber. Both hooked end and double

deformed steel fibers are effective for hybridization with cellulose fiber.

Yin Chi et al. (2014), Studied the effect of steel and polypropylene fibers on
mechanical properties of hybrid fiber reinforced concrete under direct compression.
Addition of steel fibers in the concrete improved the post peak deformation and
addition of polypropylene fibers increased the pre peak behaviour of the concrete. As
the volume of the fiber increased peak strength, corresponding peak strain and
toughness of the concrete improved compare to the plain concrete. The combination
of polypropylene and steel fibers formed the hybrid fiber reinforced concrete and
enhanced the pre peak and post peak ductility of the concrete compared to the fiber

reinforced concrete with single type fiber. Analytical equations are developed with
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aspect ratio and fiber volume fraction as influencing parameters, to predict the stress

strain relationship of HFRC.

2.4  Literature review on effect of fiber dispersion and orientation on FRC

Shao-Yun Fu et al. (1996), developed an analytical method considering the effect of
fiber orientation and fiber length for predicting the composite tensile strength. The fiber
length distribution and orientation distribution is modelled by using probability density
function. The composite strength is dependent on fiber inclination angle about the
loading direction and critical length of fiber. The tensile strength of composite is
derived as a function of fiber length and fiber orientation. This model is useful to
compute composite strength for a given fiber length, orientation and fiber-matrix
interaction properties

Akkaya et al. (2000), studied the influence of fiber length on flexural and tensile
behaviour of PVA fiber reinforced cement composite. Composite made up of 0.3%
volume fraction by considering the three different fiber lengths of 2mm, 4mm and 6mm.
Composite with 2mm length fibers exhibited higher tensile stress compared to any
other lengths of composite. The results indicated that the composite containing 2mm
short length fibers failed with an enhanced the post cracking tensile stress with multiple
crack, whereas composite containing 4mm and 6mm long length fibers have not
exhibited multiple cracking behaviour. It was conclude that the short length fibers
dispersed better than long length fibers after microstructural examination, and this is
the reason for increased the tensile strength of the composite. Short fibers were easier

to handle during mixing and they dispersed easily in the composite.

Yilmaz Akkaya et al. (2001), investigated the effect of fiber dispersion on the multiple
cracking behaviour of fiber reinforced composites. Microstructural parameters such as
the fiber dispersion and the size of the fiber-free areas plays a key role in the initiation
and order of the composite cracking. Fiber dispersion affects the strength of the
composites by its role in transfer the load to the other parts of the composite. An
effective crack bridging and increase in the toughness of the composite can be
achieved if the fiber dispersion is better at the first crack location. Fiber-free areas is
directly proportional to the cracking strength of the composite. A series of sequential

cracks form depending on the size of the fiber-free areas in the composite. As fiber to
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fiber spacing reduced, the toughness of the composite significantly increased. The
results indicated that the fiber dispersion can also play a great role in the first crack

strength and multiple cracking behaviour of the composites.

Torigoe et al. (2003), given the evaluation method for polyvinyl alcohol (PVA) fiber
dispersion in engineered cementitious composites (ECC). Estimating the fiber
dispersion in ECC was a conundrum because of the lower contrast of the PVA fiber in
the composite. To surmount this quandary, an incipient evaluation technique was
developed for the dispersion of PVA fibers in ECC. Fluorescence technique is used to
detect PVA fibers as green to yellow spots in the composite cross section. After
capturing the fluorescence image with a CCD camera through a microscope, the
image was divided into minuscule units of the congruous pixel size. The degree of
dispersion was computed with the deviation from the average fiber numbers in one
unit. Authors proposed a relationship between the degree of dispersion and the

ultimate tensile strength of the composite.

Bang Yeon Lee (2008), proposed a method to estimate the fiber distribution by using
digital image processing technique and its influence on the tensile performance of fiber
reinforced composites. The distribution characteristics of fiber were quantitatively
estimated by calculating coefficients predicated on the coordinates of fibers and the
shape of the fibers on a plane. A high-resolution camera was used to obtain the images
on fracture plane. Images were uploaded in the image J software for processing. The
shinning objects were first selected and the images were made binary based on a set
threshold object detection method. Binary image was divided into equal square units
which is equal to the number of fibers present on the image. The number of fibers
were counted in each unit. An expression is proposed and degree of fiber dispersion

is quantitatively calculated.

Su-Tae Kang et al. (2011), studied the influence of the fiber distribution and
orientation on the pre cracking and post cracking tensile behaviour of the composite.
Experimental results showed that the as fiber orientation coefficient increased, the first
cracking strength increased whereas post cracking strength increased effectively.
Fiber dispersion effects the toughness of the composite by transferring the loads to
the other parts of the composite. It was observed that higher the fiber dispersion in the

composite higher the first cracking strength. Analytical method is proposed to predict
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the tensile strength of the composite by considering the fiber orientation and length
distribution in the composite. The predicted tensile strength results are verified with

the experimental results, and it showed the satisfactory results

Burcu Akcay et al. (2012), investigated the effect of fiber dispersion on mechanical
behaviour of self-compacting concrete with hybrid steel fibers. In this study, three
different types of steel fibers i.e., high strength straight steel fiber (length: diameter,
6mm: 0.15mm), normal and strength hoked steel fibers (30mm: 0.55mm), and two
different volume fractions (0.75% and 1.5%) are considered. Hybrid combination of
high strength short steel fibers with long steel fibers contributed to improve the
toughness of composite compared to the hybrid combination of high strength short
steel fibers with normal strength long steel fibers. Based on the microstructural studies
it was formed that the hybrid fibers are more vertically oriented and homogeneously
dispersed in the composite than that of composite containing single fiber. It was
concluded that the homogeneous dispersion and uniformly oriented fibres have effects

on the mechanical properties of the composite.

Irem Sanal et al. (2013), investigated the effect of fiber orientation. It was found that
fiber orientation strongly effects the mechanical behaviour of high performance self-
compacting fiber reinforced concrete. The fibers of 6mm length are more effectively
aligned in the direction of flow compared to the fibers of 13mm length. Short fibers
showed higher fiber orientation, good flow ability compared to long length fibers. It is
reported that this is due to the short fibers are mixed and movement easily compared
to long length fibers. Composite with short fibers significantly improved the load
carrying capacity and long length fibers exhibited deflection hardening.

Kamile Tosun-Felekoglu et al. (2014), studied the effect of fiber dispersion on tensile
strength and ductility of PVA-engineered cementitious composites (PVA-ECC) using
image analysis. Results showed that the homogeneous fiber dispersion lead to
enhance the tensile strength and corresponding strain capacity of the composite. In
this investigation two approaches (Torigoe and Lee) are used to estimate the fiber
dispersion on fracture plane of PVA-ECC and compared the two methods. Of the two
methods, Lee approach is found to be a better presentation of fiber dispersion
compared to Torigoe approach. The lake of sensitivity in Torigoe approach is observed

while computing the fiber dispersion.
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Irem Sanal et al. (2016), studied the influence of fiber dispersion and orientation on
SFRC using advanced digital image analysis. Results showed that the SFRC with
6mm and 13mm length fibers exhibited better fiber orientation and density than that of
35mm and 50mm length fibers. It was observed that the short steel fibers (6mm and
13mm) controlled the propagation of micro cracks thus lead to improve the first
cracking strength whereas long length fiber bridged the macro cracks and it increased
the post cracking ductility. Moreover, the number of cracks increased with an increase
in length of fiber. It showed greater multiple cracking capacity and accordingly strain
hardening behaviour. Long length steel fibers produced higher energy absorption

capacity than the short steel fibers.
2.5 Literature review on pull-out behaviour of fibers

Wang et al. (1987), studied the pull-out tests on polypropylene and nylon fibers
emended in cement composites. Experimental results indicated that the Pull-out load
increased with increase in embedded length. During the pull-out experiments,
scanning electron microscope revealed the increased shear resistance between the
fiber-matrix exhibiting the fiber surface abrasion. The fiber surface abrasion was
increased with increase in fiber slippage in the matrix. For establishing the possible
relationship between the pull-out load and displacement a theoretical model was
developed based on the fiber-matrix interaction as a function of slippage distance. The
model showed the good correlation with the experimental results.

Shah and Jenq (1987), studied the interfacial bond behaviour between fibers and
matrix by conducting the pull-out test. The bonding between fiber and matrix was
assumed to be perfect before the pull-out load is applied. It was observed that the
major contribution of energy absorption due to the addition of fibers is mainly provided
by interfacial frictional forces during fiber pull-out. Results indicated, for achieving the
high-energy absorption capacity, fiber fracture in fiber reinforced composite should be
avoided.

Gopalaratnam and Cheng (1987), investigated the stability of the de-bonding
process by varying the basic properties of the fiber-matrix interface, the fiber diameter
and fiber embedment length. Later strain restraint due to fiber matrix interface stress
is treated as confining stress. Change in volume restrained under multiaxial stress has

a similar effect. Lateral stress effects the resistance to frictional slippage. Hence, the
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load transfer (matrix to the fiber) problem is occurred due to the all anteriorly
mentioned effects i.e., Poisson’s effect, de-bonding, frictional slip and elastic shear

transfer.

Youjiang Wang et al. (1988), reported the theoretical analysis of fibre pull-out from a
cement matrix. Fiber pull-out is often modelled by considering elastic bond strength
and a frictional bond strength for the fibre-matrix interface. However, the frictional bond
strength generally varies with the fibre slippage distance relative to the matrix. In this
investigation, a theoretical model for the pull-out test has been developed which takes
into account the variation of bond strength during fiber pull-out. Good predictions of
the experimental load vs crack separation relations are reported for pull-out test with

polypropylene, nylon and steel fibres.

Naaman et al. (1991), investigated the bond-stress-slip relationship between smooth
fibers and cement composites. Relationship between the bond strength and local
slippage at the fiber-matrix interface is developed. Moreover, it is very difficult to
measure the stains in short randomly distributed fibers and made unmanageable to
develop the experimental bond strength versus slip curves for short randomly
distributed fiber reinforced composite. To overcome this problem, a complete pull-out

model is developed and predicted by assumed bond-slip relationship.

Jamal Shannag et al. (1997), studied comprehensive experimental program on pull-
out tests of steel fiber embedded with different lengths (i.e., 6mm, 12mm and 18mm)
in cement matrix. Increase in embedment length of fiber from 6 to 18 mm, resulted in
a remarkable increase in the peak pull-out strength. This is due to the increase in the
fiber de-bond surface area. Hence, the maximum pull-out load has not appeared to be
directly proportional to embedded length of fiber. The frictional bond strength values

are reported to be more stable for 12 and 18 mm embedment lengths.

Sehaj Singh et al. (2004), experiments were conducted to understand the pull-out
behaviour of polypropylene fiber with embedded lengths (i.e., 19mm, 25mm and
38mm) from a cementitious matrix. It was concluded that the peak pull-out load
increased with increased embedded fiber length in the cement matrix. This gain can
be impute to the increase in friction between the fiber and matrix due to the fiber
abrasion as it slips out of the matrix. The abrasion effect tends to increase with the
increase in embedded fiber length. Fiber pull-out properties changed with increase in
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the embedded fiber length in the cement matrix. A new method for improving the
interfacial bond between polypropylene fibers and cement mortar matrix is developed.
In this investigation, mechanical depression were created on the fiber surface by
pressing the fibers between two hardened steel surfaces having projections with a

pressure of 200, 500 and 700 kPa. Depression at 700 kPa gave the best performance.

Di Maida et al. (2015), studied the effects of nano-silica treatment on the bonding
characteristics of polypropylene (PP) fibers with embedded lengths (20mm and 30mm)
in a cement matrix. It was concluded that the peak pull-out load increased with
increase in embedded length. Sol-gel technique was used to coat the nano silica on
the surface of PP fibers. Surface morphology of PP fibers was observed before and
after the pull-out test. Peak pull-out load and interfacial stress increased for treated
fibers than that of untreated fibers.

Doo-Yeol Yoo et al. (2017), studied the influence of fiber type and concrete strength
on the fiber pull-out behaviour of high performance fiber-reinforced cementitious
composites (HPFRCC). Three different concrete strengths and two different steel
fibers, i.e., hooked and straight steel fibers were used. Fiber pull-out capacity
increased with increase in strength of the concrete. At lower slippage, the hooked end
steel fibers exhibiting the higher bond strength and peak pull-out load than that of
straight steel fibers. Straight steel fibers were more efficient in improving the pull-out
performance with increasing matrix strength, compared to that of hooked steel fibers.
The shorter straight steel fibers were most efficiently improved in average bond

strength and long straight steel fibers significantly increased the peak pull-out load.

2.6 Literature review on stress strain models of FRC

Fanella et al. (1985), proposed an analytical model to predict the compressive stress-
strain curve of fiber-reinforced composite by considering the fiber geometry and
volume fraction. Different parameters are used to define the ascending and
descending portions of the stress strain curve. Four constants were used to represent
the ascending region and four more to determine the descending region. These
constants were obtained from empirical relationships obtained from the experimental

curves.
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Ezeldin et al. (1992), studied the normal and high strength fiber-reinforced concrete
under compression. Compressive strength ranging from 35 to 85 MPa, three fiber
volume contents (Vf) of 30, 45, and 60 kg/m3 and aspect ratios (L/D) of 60, 75 and
100 are considered. Effect of reinforcing index parameter (Vf. L/D) on the peak stress,
strain at peak stress, modulus of elasticity, energy absorption of concrete and the
shape of the curve are reported. Previously developed empirical equation is modified

and proposed a simplified equation to predict the complete stress strain curve.

Nataraja et al. (1999), Proposed the model to predict the compressive stress strain
curve for the compressive strength ranging from 30 to 50MPa. Two crimped steel
fibers of aspect ratios of 55 and 82 with three different volume fractions of 0.5%, 0.75%
and 1.0% were considered. Addition of fibers to the concrete improved the main
parameters of the stress strain curve i.e., peak stress, corresponding strain, energy
absorption capacity. A simple stress strain analytical model is proposed to predict the
pre peak and post peak region of the stress strain curve. Predicted stress strain curves
have good correlation with the experimental stress strain curves. Equations are also
proposed to quantify the influence of fibers on peak strength, strain at peak strength

and energy absorption capacity of FRC with respect to the fiber reinforcing index.

Barros et al. (1999), investigated the flexural stress strain behaviour of SFRC.
Compressive strength of plain concrete varied from 32 to 56 MPa. The aspect ratios
of hooked end steel fibers with reinforcing index (RI) varied from 0.23 to 0.57 were
considered. As the reinforcing index increased the peak stress, strain at peak stress
and energy absorptions increased. An analytical stress strain model is developed to
formulate both the ascending and descending parts. These analytical results showed
the good agreement with the experimental results. Equations are also proposed with
respect to the fiber reinforcing index for computing the peak strength, strain at peak
strength and energy absorption capacity of FRC.

Ou et al. (2012), investigated the effect of high reinforcing index on stress-strain
behaviour of steel fiber-reinforced concrete (SFRC) under uniaxial compression.
Hooked-end steel fibers of various lengths and aspect ratios i.e., 50 and 60 were
considered. The fiber reinforcing index for short and long hooked end streel fibers
varied from 0.4 to 1.7. It was reported that addition of hooked steel fibers exhibited a

little influence on the compressive strength and modulus of elasticity of SFRC. Long
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hooked end steel fibers and fibers having a lower aspect ratio showed a significant
improvement of the toughness of SFRC. Based on this observation, a models of the
stress-strain curve in compression and toughness of SFRC with respect to a fiber
reinforcing index up to 1.7 are proposed.

Aref Abadel et al. (2016), studied the mechanical behaviour of hybrid fibre-reinforced
concrete (HFRC). HFRC was made up of different proportions of plain Kevlar, crimped
polypropylene and hooked-ended steel fibres with a total fibre volume fraction of 1-2%
and 1-4%. Experimental results indicated that the concrete with hybrid fibers slightly
improved the compressive strength and significantly increased the energy absorption
capacity. A model is proposed for predicting the stress strain curves of HFRC. Major
parameters required for generating the stress strain curve are computed by using fiber
reinforcing index. The predicted stress strain curves showed good coincidence with

experimental results and considerable improvement over the existing FRC models.

2.7  Literature review on Strain Hardening and Strain Softening behaviour of
FRC
Tetsushi Kanda et al. (2000), studied a new theoretical approach for predicting the
tensile stress-strain relation of random short-fiber-reinforced cement composites
showing pseudo strain hardening. This approach is based on micromechanics theory,
considering pseudo strain hardening phenomenon in terms of constitutive properties
of the fiber, matrix, and fiber/matrix interface. The proposed model requires theoretical
treatment of an inelastic strain due to multiple cracking, and it is achieved by employing
a probabilistic description of initial flaw size distribution, which should be known for
predicting the stress-strain relation. A comparison with the test data indicates that the
proposed model is capable of reasonably reproducing the stress strain relation of

“similar” composites.

Fantilli et al. (2009), Investigated the strain hardening behaviour of High Performance
Fiber-Reinforced Cementitious Composite (HPFRCC). Strain hardening initiated after
composite cracking. Multiple cracks are developed and it formed single unstable
tensile crack in the post cracking region before complete failure. These cracks are
restrained by the fibers present in the composite and improved the post cracking

strength. Strain hardening of HPFRC increased with increased in fiber length and
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volume fraction. A model is proposed to predict the spacing of the cracks and design
of FRC.

Ahmed et al. (2008), Studied the multiple cracking behaviour and strain hardening
performance of hybrid fiber reinforced concrete with different fiber volume fractions of
polyethylene and steel fibers of 12mm and 18mm lengths. The peak tensile strength
and corresponding strain capacity of the composite is found to increase with increased
in length (18mm) and content of polyethylene fiber, however higher fiber content
showed decrement in tensile strength. Composite with steel fibers improved the post
cracking strength and ductility of the composite. The hybrid combination of 1% steel
fibers with 0.25% of polyethylene fibers (18mm length) improved the strain hardening
behaviour compared to the composite containing 1% steel and 0.2% polyethylene
fibers (12mm length). Higher volume fraction and increase in length of polyethylene
fiber resulted in multiple cracking, 1.5 times increase in strain capacity and enhanced

the strain hardening behaviour of composite.

Faiz Uddin Ahmed et al. (2011), investigated the effect of hybrid PVA fibers on strain
hardening behaviour of PVA- FRC under bending. The composite with 6mm length
fibers improved the pre crack strength by arresting the micro cracks and composite
with 12mm and 24mm length fibers contributed to increase in post peak ductility. A
matrix of 2% -24mm and 1% - 6mm fiber showed better performance in terms of pre
crack strength and post peak ductility compared to the combination of 2% - 12mm and
1% - 6mm fiber. Improved performance is due to different lengths of fibers controlling

the different scales of cracking in composite.
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2.8 Summary of literature review:

R/
A X4

Workability decreased with an increase in fiber content and fiber length
Fracture in the concrete is a gradual and multi-scale process

Hybridization of fibers is an effective solution for concrete brittleness and early
age shrinkage cracks

Blending of Short and long length of fibers enhances the properties of concrete
at peak strength and post peak deformation of composite

The peak pull-out load increases with the increase in embedded length
Effective fiber orientation increases the first cracking strength slightly and more
efficiently increases the post cracking strength

Fiber dispersion affects the toughness of the composites by its role in
transferring the load to the other parts of the specimen. An effective crack
bridging and increase in the toughness of the composite can be achieved if the

fiber dispersion is better at the first crack location
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Chapter-3

Scope and objectives of the Work
3.1 General

Earlier research shows that short length fibres primarily control the propagation of
micro cracks, and improve the pre crack strength, whereas long length fibers arrest
the macro cracks and improve the post crack deformation of concrete. Thus different
combinations of short and long length fibers would help in arresting the micro as well
as macro cracks to improve both pre and post crack performances of concrete;
a synergistic combination of different fiber properties that cannot be achieved with

either of the fiber type acting alone.

Hybrid fiber reinforced concrete (HFRC) is a research area where the best qualities of
different types of fibers contribute to improve strength and deformation of concrete. To
achieve the similar benefits of HFRC, one type of short length and long length fibers
are combined in concrete and is named as Graded fiber reinforced concrete.
Therefore, an attempt has been made to study the effect of addition of Graded Glass
Fibers with different fiber length and volume fraction in Glass Fiber Reinforced
Concrete.

3.2 Need for the investigation

» Most of the studies were conducted on HFRC using with two different kind of
fibers.

» Synergy between Short fiber-long fiber hybridization is realised but not

investigated at length.

> Need to study the strength and strain in uniaxial state of Glass Fiber Reinforced
concrete by considering the effects of different influencing parameters i.e., fiber

length, Fiber orientation and fiber dispersion.

» Necessity to establish the relationship between the Reinforcing Index (i.e., for
mono and graded fibers) and mechanical properties of Mono Glass Fiber
Reinforced Concrete and Graded Glass Fiber Reinforced concrete in both

Tension and Compression.
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> Need to study the relationship between the strain hardening in tension and
strain softening in compression for Mono Glass Fiber Reinforced Concrete and

Graded Glass Fiber Reinforced concrete.
3.3 Scope of the present investigation:

% Scope of present research is limited to four lengths of AR Glass Fibers 3mm,
6mm, 12mm and 20mm lengths are combined in different proportions to form

Graded glass fibers with normal strength concrete of M30 and M50 Grade.
3.4 Research Significance:

In this investigation combination of different lengths of mono fibers are considered and
named as Graded fiber reinforced concrete to distinguish from Hybrid fiber reinforced
concrete. Inspiration is obtained from concrete mix proportioning where in different
sizes of aggregates are combined to obtain well graded aggregates. Similar synergy
with well Graded fibers of different lengths may improve strength and deformation of
concrete. In the present work four lengths of AR glass fibers 3mm, 6mm, 12mm and
20mm are combined in different proportions to form Graded Glass Fibers. This study
systematically correlate the tensile and compressive properties of Mono and Graded
Glass Fiber Reinforced concrete by considering the Reinforcing Index of mono and
graded fibers.

3.5 Objectives:

» To investigate the influence of Mono-Fibres on the tensile and compressive

properties.
» To study the effect of Graded-Fibres on the tensile and compressive properties.

» To Examine the Fiber distribution, Fiber-orientation & Fiber pull out behaviour
of GFRC with Mono and Graded Fibers.

» To model the tensile and compressive behaviour of Mono-GFRC & Graded-

GFRC with different Fiber length and Fiber volume combinations.

To achieve the above objectives, the investigation is devoted in two phases of work.

The objectives of different phases of work are presented here.
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3.6 Research Methodology

To achieve the above objectives and keeping in view the scope of the research work,
a detailed experimental program is planned and the work is divided into two phases.

3.6.1 Phase-I: Study on Mono Glass Fiber Reinforced Concrete (MGFRC)

The first phase of investigation is aimed to understand the behaviour of Mono Glass
Fiber Reinforced Concrete (MGFRC). The main variables of this study are length of
fiber and volume fraction. Four different fiber lengths 3mm, 6mm, 12mm and 20mm
and five different volume fractions 0.1%, 0.2%, 0.3%, 0.4% and 0.5% are used to
study. This work is carried out with the two grades of concrete (M30 and M50). This

Phase of investigation is divided into four parts and given below.

Part-A: Studies on slump and compressive strength of MGFRC

To assess the workability of the concrete, slump cone test is to be conducted on fresh
MGFRC mixes. Different volume of fibers and different lengths of fiber will have
different effects on the slump. Cube specimens are prepared for the MGFRC and it
will be tested under compression. The variation of compressive strength of MGRC
specimens will be compared with the plain concrete strength.

Part-B: Investigation of strain hardening behaviour (SHB) in Tension

In order to understand the stress strain behaviour of MGFRC in tension, dog-bone
specimens will be cast and it will be tested under uniaxial tension. Initial slope, strain
hardening slope, strengthening factor and ductility factor will be estimated based on
the experimental stress-strain results. Fiber dispersion and orientation can be
guantified for different fiber length and volume fraction of MGFRC.

Part-C: Investigation of strain softening behaviour (SSB) in Compression

In order to understand the stress strain behaviour of MGFRC in compression. Prism
specimens will be cast and it will be tested under uniaxial compression. Initial slope,
strain softening slope, strengthening factor and ductility factor will be estimated based

on the experimental compressive stress-strain results.
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Part-D: Relationship between SHB in Tension and SSB in Compression

After analysing the experimental results of stress strain behaviour of MGFRC in
tension and compression, relationship between Strain hardening in tension and strain

softening in compression will be studied.

3.6.2 Phase-ll: Study on Graded Glass Fiber Reinforced Concrete (GGFRC)

The second phase of study is aimed to understand the behaviour of Graded Glass
Fiber Reinforced Concrete (GGFRC). Two or more length of fibers are mixed to form
Graded Fibers. When the mixture consists of 3mm and 6mm is named as Short
Graded Fiber (SGF), mixture consists of 12mm and 20mm is named as Long Graded
Fiber (LGF) and mixture of all the four lengths 3mm, 6mm, 12mm and 20mm is named
as Combined Graded Fiber (CGF). The main variables of this study is short graded
fibers (3mm+6mm), long graded fibers (12mm+20mm), combined graded fibers
(3mm+6mm+12mm+20mm) and total volume fraction (0.3%, 0.4% and 0.5%). In this
study mixing of fibers is done in proportion of 20%+80%, 40%+60%, 50%+50%,
60%+40% and 80%+20% to obtain graded fibers. This work is carried out with the two
grades of concrete (M30 and M50). This Phase of investigation is divided into four

parts and given below.

Part-A: Studies on slump and compressive strength of GGFRC

Slump cone test is to be conducted on freshly prepared SGFRC, LGFRC and CGFRC
mixes to assess the workability. Grading of fibers with different fiber volume
combinations will have different effects on the slump. Cube specimens will be
prepared for the SGFRC, LGFRC and CGFRC, then these specimens will be tested
under compression. The variation of compressive strength of SGFRC, LGFRC and
CGFRC specimens will be compared with the compressive strength of MGFRC and

control specimens.

Part-B: Investigation of strain hardening behaviour (SHB) in Tension

In order to understand the stress strain behaviour of SGFRC, LGFRC and CGFRC in
tension, dog-bone specimens will be cast and tested under uniaxial tension. Initial
slope, strain hardening slope, strengthening factor and ductility factor will be estimated
based on the experimental stress strain results. The mechanical behaviour of SGF,
LGF and CGF will be compared with the MGFRC. Fiber dispersion and orientation can
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be quantified for different fiber grading and different fiber volume combinations of
GGFRC.

Part-C: Investigation of strain softening behaviour (SSB) in Compression

In order to understand the stress strain behaviour of SGFRC, LGFRC and CGFRC in
compression, prism specimens will be cast and tested under uniaxial compression.
Initial slope, strain softening slope, strengthening factor and ductility factor will be
estimated based on the experimental stress strain results. The mechanical behaviour
of SGF, LGF and CGF will be compared with the MGFRC. Fiber dispersion and
orientation can be quantified for different fiber grading and different fiber volume
combinations of GGFRC.

Part-D: Relationship between SHB in Tension and SSB in Compression

After analysing the experimental results of stress strain behaviour of GGFRC in
tension and compression, relationship between Strain hardening in tension and strain

softening in compression will be studied.
The parameters of investigation consist of

< Strength of concrete 36.01MPa (M30 grade), 57.02MPa (M50 grade)
« Volume fraction - 0.1%, 0.2%, 0.3%, 0.4% and 0.5%

¢+ Mono glass fibers

« Graded glass fibers - Short graded fibers (3mm+6mm)
Long graded fibers (12mm+20mm)

Combined graded fibers (3mm+6mm+12mm+20mm)

A schematic diagram of the research methodology adopted along with the variables

considered in each phase is shown in Fig 3.1.
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STRENGTH AND DEFORMATION OF GRADED GLASS FIBER REINFORCED
CONCRETE

l

Phase-l1: Study on Mono Glass Fiber
Reinforced Concrete (MGFRC)

Part-A: Slump and Compressive Strength

Part-B: Strain Hardening Behaviour (SHB) in
tension, model development

Part-C: Strain Softening Behaviour (SSB) in
compression, Model development

Part-D: Relationship between SHB in tension
and SSB in compression

Variables: Strength of concrete, volume
fraction, length of fiber

Laboratory Test: Slump, fiber pull-out, uni-
axial compression and uni-axial tension

Microstructural Study: Image analysis

|

Phase-1l: Study on Graded Glass Fiber
Reinforced Concrete (GGFRC)

Part-A: Slump and Compressive Strength

Part-B: Strain Hardening Behaviour (SHB) in
tension, model development

Part-C: Strain Softening Behaviour (SSB) in
compression, Model development

Part-D: Relationship between SHB in tension
and SSB in compression

Variables:  Strength of concrete, volume
fraction, Short graded fibers, long graded fibers
and Combined graded fibers

Laboratory  Test:  Slump, uni-axial
Compression and uni-axial tension

Microstructural Study: Image analysis

|

OUTPUT

¢+ Slump and Compressive Strength properties of MGFRC and GGFRC

+¢+ Strain Hardening Behaviour (SHB) in tension and Strain Softening Behaviour (SSB) in

Compression of MGFRC and GGFRC

++ Estimation of fiber dispersion and orientation for MGFRC and GGFRC

+» Prediction of tensile and compressive properties of MGFRC and GGFRC

¢ Development of relationship between SHB in tension and SSB in compression for both

in MGFRC and GGFRC

Fig.3.1 Schematic Diagram of the Research work
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Chapter-4
Experimental Program

4.1 Introduction

Experimental programme is designed to fulfil the objectives stated in the chapter-3.
Two grades of concrete, M30 and M50, are taken to study the effect of variation of
matrix. AR-glass fibers of 14um diameter are obtained from Chemzest Enterprises in
a single lot. Varying the volume of fiber for a fiber length is considered as one type
and combining different lengths in a volume is considered as another type. Above
fundamental variation will focus on addressing the objectives of this research. In the
present work uni-axial tension and compression tests were performed on dog-bone
specimens and prismatic specimens. Scheme of experimental programme is given in
Fig.4.1.

M30 Mono Fibers (MF) Experimental Study Theoretical analysis and
and (3mm, 6mm, 12mm a) uni-axial compression validation with
M50 and 20mm) b) uni-axial tension experimental results

Short Graded Fibers
(SGF)
(3mm + 6mm)

Long Graded Fibers
(LGF)
(12mm + 20mm)

Combined Graded
Fibers (CGF)
(3mm + 6mm +
12mm + 20mm)

Fig.4.1 Scheme of experimental program
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4.1.1 Experimental Program with mono fibers (MF)

Specimen containing only one length type of fiber is called Mono Fiber (MF). This part
of investigation is focused on Mono glass fiber reinforced concrete (MGFRC) with
varying volume fractions of different length Glass Fibers. Variables in MF specimens
are volume of fiber 0.1%, 0.2%, 0.3%, 0.4% and 0.5% and length of AR-glass fibers
3mm, 6mm, 12mm and 20mm. There are 21 mixes in total which includes 1 mix of
plain concrete and 20 mixes (four lengths and five volume fractions) of MGFRC. For
each mix, three cubes, three prisms and three dog-bone specimens are cast for M30
and M50 grade of concrete. Details of experimental program is given in Table 4.1.
Alphabet a, b, c, d, e stands for volume of fiber, the numbers 3, 6, 12, 20 stands for

length of fiber.

Table 4.1 Details of experimental program for MGFRC

Specimen Glass Fiber Length No. of Specimens
S. No. Designation Vi(%) | 3mm | 6mm | 12mm | 20mm C p D*
(F3) (F6) (F12) | (F20)
1 MFO0-0 0 - - - - 3 3 3
2 MF3-a 100% - - - 3 3 3
3 MF6-a 0.1 - 100% - - 3 3 3
4 MF12-a (a) - - 100% - 3 3 3
5 MF20-a - - - 100% 3 3 3
6 MF3-b 100% - - - 3 3 3
7 MF6-b 0.2 - 100% - - 3 3 3
8 MF12-b (b) - - 100% - 3 3 3
9 MF20-b - - - 100% 3 3 3
10 MF3-c 100% - - - 3 3 3
11 MF6-c 0.3 - 100% - - 3 3 3
12 MF12-c (c) - - 100% - 3 3 3
13 MF20-c - - - 100% 3 3 3
14 MF3-d 100% - - - 3 3 3
15 MF6-d 0.4 - 100% - - 3 3 3
16 MF12-d (d) - - 100% - 3 3 3
17 MF20-d - - - 100% 3 3 3
18 MF3-e 100% - - - 3 3 3
19 MF6-e 0.5 - 100% - - 3 3 3
20 MF12-e (e - - 100% - 3 3 3
21 MF20-e - - - 100% 3 3 3
Total 63 63 63
Grand Total 189
C* = Cubes, P* = Prisms, D* = Dog-bone
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4.1.2. Experimental Program with Graded Fibers (GF)

Specimens containing two or more length of fibers are mixed to form Graded Fibers.
This part of investigation is focused on graded glass fiber reinforced concrete
(GGFRC) with varying volume fraction and mixture of different length glass fibers.
When the mixture consists of 3mm and 6mm is named as Short Graded Fiber (SGF),
mixture consists of 12mm and 20mm is named as Long Graded Fiber (LGF) and
mixture of all the four lengths 3mm, 6mm, 12mm and 20mm is named as Combined
Graded Fiber (CGF).

There are 45 mixes of GGFRC in total which includes 15 mixes (three volume fractions
i.e., 0.3%, 0.4% and 0.5% with five different grading of fibers) of SGF, LGF and CGF
each. For each mix, three cubes, three prisms and three dog-bone specimens are cast
for M30 and M50 grade of concrete.

Alphabet #c, #d, and #e stands for volume of fiber 0.3%, 0.4% and 0.5% respectively,
the numbers 3, 6, 12, 20 stands for length of fiber. The mixture of different lengths of
fibers are designated by roman numbers | to V, where | stands for 20% + 80%, I
stands for 40% + 60%, Il stands for 50% + 50%, IV stands for 60% + 40%, and V
stands for 80% + 20%. Of the percentage of fibers in the mixture of different length,
normally the first percentage refers to shorter and second percentage refers to longer

of two. Details of experimental program is given in Table 4.2.

Table 4.2 Details of experimental program for GGFRC

S. . No. of
No. Specimen Designation (22‘) Glass Fiber Length Specimens
3mm | 6mm | 12mm | 20mm | C* P* | D*
1 SGF-l#c 20% | 80% - - 3 3 3
2 SGF-ll#c 40% | 60% - - 3 3 3
3 SGF-lll#c 0.3 | 50% | 50% - - 3 3 3
4 SGF-IV#c 60% | 40% - - 3 3 3
5 SGF-V#c 80% | 20% - - 3 3 3
6 LGF-I#c - - 20% 80% 3 3 3
7 LGF-ll#c - - 40% 60% 3 3 3
8 LGF-lli#c 0.3 - - 50% 50% 3 3 3
9 LGF-IV#c - - 60% 40% 3 3 3
10 LGF-Vic - - 80% 20% 3 3 3
11 | CGF-l#c = 20%SGF- +80%LGF 8% | 12% | 32% 48% 3 3 3
12 | CGF-ll#c= 40%SGF- +60%LGF 16% | 24% | 24% 36% 3 3 3
13 | CGF-lll#c= 50%SGF- +50%LGF | 0.3 | 20% | 30% | 20% 30% 3 3 3
14 | CGF-IV#c= 60%SGF- +40%LGF 24% | 36% | 16% 24% 3 3 3
15 | CGF-V#c= 80%SGF +20%LGF 32% | 48% 8% 12% 3 3 3
16 SGF-l#d 0.4 | 20% | 80% - - 3 3 3
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17 SGF-lI#d 40% | 60% - - 3 3 3
18 SGF-llI#d 50% | 50% - - 3 3 3
19 SGF-IV#d 60% | 40% - - 3 3 3
20 SGF-V#d 80% | 20% - - 3 3 3
21 LGF-l#d - - 20% 80% 3 3 3
22 LGF-l1#d - - 40% 60% 3 3 3
23 LGF-Il#d 0.4 - - 50% 50% 3 3 3
24 LGF-IV#d - - 60% | 40% 3 3 3
25 LGF-V#d - - 80% 20% 3 3 3
26 | CGF-l#d = 20%SGF- +80%LGF 8% | 12% | 32% | 48% 3 3 3
27 | CGF-lli#d= 40%SGF- +60%LGF 16% | 24% | 24% 36% 3 3 3
28 | CGF-lll#d= 50%SGF- +50%LGF | 0.4 | 20% | 30% | 20% 30% 3 3 3
29 | CGF-IV#d= 60%SGF- +40%LGF 24% | 36% | 16% 24% 3 3 3
30 | CGF-V#d= 80%SGF +20%|.GF 32% | 48% | 8% 12% 3 3 3
31 SGF-l#e 20% | 80% - - 3 3 3
32 SGF-ll#e 40% | 60% - - 3 3 3
33 SGF-lll#e 0.5 | 50% | 50% - - 3 3 3
34 SGF-IV#e 60% | 40% - - 3 3 3
35 SGF-V#e 80% | 20% - - 3 3 3
36 LGF-l#e - - 20% 80% 3 3 3
37 LGF-ll#e - - 40% 60% 3 3 3
38 LGF-lll#e 0.5 - - 50% 50% 3 3 3
39 LGF-IV#e - - 60% | 40% 3 3 3
40 LGF-V#e - - 80% 20% 3 3 3
41 | CGF-l#e = 20%SGF- +80%LGF 8% | 12% | 32% | 48% 3 3 3
42 | CGF-ll#e= 40%SGF- +60%LGF 16% | 24% | 24% 36% 3 3 3
43 | CGF-lli#e= 50%SGF- +50%LGF | 0.5 | 20% | 30% | 20% 30% 3 3 3
44 | CGF-IV#e= 60%SGF- +40%LGF 24% | 36% | 16% 24% 3 3 3
45 | CGF-V#e= 80%SGF +20%LGF 32% | 48% | 8% 12% 3 3 3
Total 135|135 | 135
Grand Total 405

C* = Cubes, P* = Prisms, D* = Dog-bone
Short Graded Fiber (3mm+6mm) & Long Graded Fiber (12mm-+20mm)
Combined Graded Fiber (SGF(40%3mm+60%6mm)+LGF (40%12mm+60%20mm))

4.2 Materials
The materials used in this investigation are Ordinary Portland cement (53 Grade), Fly
ash, Fine Aggregate, Coarse Aggregate, Water, Super plasticizer SP430 and AR-
Glass Fibers.

4.2.1 Cement

Ordinary Portland cement confirming to 1S12269 of 53 grade (compressive strength of
53MPa) were used in this entire experimental study. Procured cement was stored
properly. Specific gravity of cement varies from 3.12 to 3.14 for the consignment
obtained.
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4.2.2 Fly Ash

Fly ash was brought from Ramagundam Thermal Power Plant, India and it was stored
properly. The specific gravity of fly ash is 2.17. The chemical composition of Fly ash
(% by mass) was SiO2 = 60.11%, Al203 = 26.53, Fe203 = 4.25, SO3 = 0.35, CaO =
4.00, MgO =1.25, Na20 =0.22, LOI = 3.25.

4.2.3 Fine Aggregate

Fine aggregate conforming to Zone-Il according to IS 383-2016 was used. The Fine
aggregate used was obtained from a nearby river source. The sand obtained was
sieved as per IS sieves (i.e. 2.36, 1.18, 0.6, 0.3, and 0.15mm). Sand retained on each
sieve was filled in different bags and stacked separately for use. To obtain required
fineness modulus of sand consistently, sand retained on each sieve is mixed in
appropriate proportion. The bulk density, specific gravity, and fineness modulus of the
sand used were 1.41 g/cc, 2.68, and 3.25 respectively. Fineness Modulus of fine

aggregate is used in this entire experimental study and given in Table 4.3.

Table 4.3 Fineness Modulus of fine aggregate

Sieve size Mass retained % Cumulative % Cumulative %
(mm) (gm) Retained passing retained
10 0 0 100 0
4.75 0 0 100 0
2.36 125 25 75 25
1.18 95 19 56 44
600um 100 20 36 64
300um 140 28 8 92
150pum 40 8 0 100
Total 500 Total 325

Fineness Modulus = 325/100 = 3.25

4.2.4 Coarse Aggregate

Crushed granite was used as coarse aggregate. The coarse aggregate was obtained
from a local crushing unit having 16mm nominal size. 16mm well graded aggregate
according to IS 383-2016 was used in this investigation. The coarse aggregate
consists of 40% passing through 16 mm and retained on 12.5 mm sieve, 30% passing
through 12.5 mm and retained on 10 mm sieve, and 30% passing through 10 mm and
retained on 4.75 mm sieve. The material retained on each sieve was filled in bags and

stacked separately. The bulk density, specific gravity, and fineness modulus of coarse
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aggregate used were 1.41 g/cc, 2.68, and 7.1 respectively. Fineness Modulus of
coarse aggregate is used in this entire experimental study.

4.2.5 Water
Potable water was used in the experimental work for both mixing and curing as per IS
456 2000.

4.2.6 Super Plasticizer
Conplast SP430 of FOSROC chemicals was used for all mixes.

4.2.7 Glass fibers

AR-glass fibers obtained from Chemzest Enterprises, Channai, India is shown in
Fig.4.2. Glass fibers used in the present study have tensile strength-1700 MPa,
Modulus of elasticity-73 GPa, Specific gravity 2.6.

(@) 3mm (b) 6mm

() 12mm (d) 20mm
Fig.4.2 Different lengths of Glass Fibers
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4.3 Mix Design proportions
M30 and M50 mixes were designed as per IS 10262-2009 and the proportions are

given in the Table 4.4 per cubic meter of concrete.

Table 4.4 Mix Proportions for M30 and M50 Grade of Concrete.

. Coarse Fine Cement | Fly-ash | SP430
Mix aggregate | aggregate ka/m? ka/m? (lim?) wW/B
kg/m?3 kg/m?3 g g
M30 1145 764 300 100 1.0 0.43
M50 1004 669 430 100 2.0 0.37

4.4 Moulds and Equipment

4.4.1 Cube moulds

Standard moulds of 2700mm X 100mm X 100mm made of cast iron were used to cast
as controlled cube specimens for M30 and M50 grades of concrete for obtaining
compressive strength of concrete.

4.4.2 Prism Moulds

Cast iron moulds of size 200mm x 100mm x 200mm were used for casting of the
concrete prisms and testing the specimens for M30 and M50 grades of concrete
developing the compressive stress strain curves.

4.4.3 Dog-bone Moulds

The geometry of dog-bone specimens for uniaxial tension test is shown in Fig.4.3 and
the section of tensile specimens used is 80mm X 40mm and the gauge length of the
specimens is 150mm. The sample has a shoulder at each end and a gauge section in
between. The shoulders are wider than the gauge section. Dog bone sample is
designed to ensure the highest probability that the sample will fail in the gauge section.
The dog-bone specimens were used for casting of the concrete prisms and testing the
specimens for M30 and M50 grades of concrete developing the tensile stress strain

curves.
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-~
All dimensions are in mm

Fig.4.3 Geometry of dog-bone specimen

4.5 Mixing, Casting and Curing

Coarse and fine aggregates were mixed together into a homogeneous mix. Cement
and fly ash were separately mixed and then glass fibers were dispersed into the
cement-fly ash mixture. The contents were then added into the pan mixer capacity of
100kg mixture. Finally, water was added with super plasticizer and then the contents
were thoroughly mixed. Proper homogenous mixing was ensured by continuous
mixing for 5 to 7 minute. Slump test was conducted to ensure workability of plain
concrete mix and each GFRC mix before casting. The concrete batch was then poured
into each mould and compacted on a vibrating table. All the test specimens were
removed from mould after setting, and then cured for 28 days under water. Fig.4.4

shows the steps of preparation of test specimens.
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(c) After curing
Fig.4.4 Stages of preparation of test specimen
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4.6 Testing Procedures for Fresh and Hardened State of GFRC

4.6.1 Slump Cone Test

Freshly prepared plain concrete and GFRC mixes are tested for workability using

standard slump cone apparatus (Fig.4.5). Slump test is conducted strictly as per IS
7320-1974.

Fig.4.5 Slump cone test of GFRC

4.6.2 Compressive Strength Test

The cube specimens are tested on compression testing machine of capacity 2000 kN
is shown in Fig.4.6. The specimen is placed on the machine in such a manner that the
load is applied on the faces orthogonal to the direction of casting the cube. The axis
of the specimen is carefully aligned to the centre of the loading frame. The load is
increased continuously at a constant rate until the resistance of the specimen to the
increasing load breaks down and no longer can be sustained. The maximum load
applied on the specimen is recorded. The rate of loading is adopted as per IS 516-
1959.
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Fig.4.6 Testing of cube under compression

4.6.3 Uniaxial Compression Test

The prism Specimen was arranged in the Tinus-Olsen Testing Machine of 2000 KN
capacity. Load Cell of 2 MN was used to measure the load acting on the prism, while
2 LVDTs are placed at the opposite corners to obtain the corresponding displacement
over a gauge length of 200mm. Load cell and LVDTs are connected to the DAC as
shown in Fig.4.7. The axis of the specimen was carefully aligned at the center of the
loading frame and specimen is subjected to gradual increase of load and deformations
are recorded till failure. Three Specimens were tested shown in Fig.4.8 and for each

parameter to obtain average stress-strain behaviour.

/ Prism
Top Frame
Fixing Screw
E "”‘EH:I/_
[~ |-Hanger bar ¥,
DAGS 1 LVDT
Channel

Gauge Length
100 mm
</

2 A j
6 6 Screw [&:
Bottom Frame %

PLAN

ELEVATION

Fig.4.7. Schematic diagram of compression test setup
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4.6.4 Uniaxial Tension Test

Dog bone specimens are used in tensile test. Dog bone specimen is designed to
ensure the highest probability that the specimen will fail in the gauge section. Nuts and
double ring arrangement of test setup ensures to avoid eccentricity (Fig.4.9). Steel
plates and steel grips to hold the specimen will enable self-alignment of specimen
under load. Uniaxial tensile tests were performed with a servo hydraulic testing frame
of 50 KN capacity (Fig.4.10), under displacement control (0.2 mm/sec). Data

acquisition system is used to record the load and displacement continuously.

Nut and ring arrangement
for attaching to U.T.M
I 180 mm |
$5mm Steel Grip plates to hold —F -
SOf concrete specimen
.":;'
150mm 420mm Concrete specimen -
ol
Steel Plate K
50mm
85mm
Specimen Dimension
Front View Side View

Fig.4.9. Schematic diagram of tension test setup
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Data Acquisition
System (DAS)

Fig.4.10 Electro Mechanical Tension Testing Machine

4.6.5 Fiber pull-out Test

Fiber pull-out from a concrete matrix was used to characterize the interfacial bond
between the matrix and the fiber. These samples were cast in 70mm X 70mm X 70mm
iron moulds. Fresh state concrete was poured in the mould, with embedded length of
fiber Le (3mm, 6mm, 12mm or 20mm). The samples were allowed to harden in air for
24 hrs and then placed in a wet bath for a period of 28 days is shown in Fig.4.11, after
which, the pull-out tests were carried out. A schematic of the pull-out sample used in
this study is shown in Fig.4.12.The sample was held on the Electro Mechanical
Tension Testing Machine capacity of 50 kN, and the fiber was loaded in tension until
the fiber failure (slip or snap). The rate of pull-out used in this study was 0.02 mm/s.
The pull-out load and the end displacement of the fiber were continuously recorded.
The results were used to develop pull-out load versus end displacement curves. These

curves were used to obtain the peak pull-out loads.
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Fig.4.12. Schematic test setup and pull-out test
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Chapter-5

Study on Mono Glass Fiber Reinforced Concrete

5.1 Introduction

This investigation is focused on Mono fiber reinforced concrete with varying volume
fractions of different lengths of glass fibers. In the present work uniaxial tension and
compression tests are performed on dog-bone specimens and prismatic specimens
respectively. The study is aimed at understanding the effect of volume fraction and

fiber length on the properties in fresh and hardened state composite.

In order to understand the workability of Mono Glass Fiber Reinforced Concrete
(MGFRC) slump test was conducted and the results are presented. Tensile stress
strain curves and compressive stress strain curves are drawn for each specimen and
average curve of three MGFRC specimens for each parameter are considered. The
parameters that characterize the behaviour of concrete in tension and compression
are peak stress, strain at peak stress, initial slope, energy absorption, strengthening
factor, ductility factor, strain hardening slope and strain softening slope. Values of

these are taken from the stress strain diagram and results will be discussed.

Pull-out test is conducted on different embedded lengths of fibers. The main goal of
the fibre pull-out tests is to understand the fiber matrix interfacial bond strength and
the utilisation of tensile capacity of fibres during their pull-out. The fibre distribution
and orientation is determined from an optical microscope images. The results of the
fibre pull-out tests, fiber dispersion and orientation analysis are used in the analysis of
tensile behaviour of GFRC. A material parameter is developed based on the
experimental results to predict the compressive stress strain behaviour. A relation
between strain softening and strain hardening is proposed.

5.2 Slump of MGFRC

The values of slump for MGFRC of M30 grade concrete is shown in Fig.5.1. It can be
seen that different volume of fibers and different lengths of fiber have different effects
on the slump. For the plain concrete, the slump is 160mm. After adding Glass fibers,
as volume content increased from 0.1% to 0.5% the slump decreased from 126mm to
39 mm. However, at 0.4% and 0.5% volume of fibers led to bundling, balling and hence

reduction in workability is observed in composite. As the length of fiber increased from
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3mm to 20mm the slump decreased from 126mm to 106mm in case of 0.1% volume
fibers and similar decrease is observed in other volume fraction. Moreover, it can be
seen that the addition of short fibers (3mm, 6mm) showed higher slump than that of
long fibers (12mm, 20mm).

M30-MGFRC E3mm ®E6mm 12mm 20mm
Plain concrete Slump is 160mm

S
o
— .
— — O
\_|o B m
— O o
— 4
<t
“mw
0.1 0.2

0.30
Fig.5.1 Slump as a function of Volume fraction for M30-MGFRC

llO
1

Slump Value, mm

Volume Fraction, %

The values of slump for MGFRC of M50 grade concrete is shown in Fig.5.2 and
workability is similar to M30-MGFRC. It can be seen that different volume of fibers and
different lengths of fiber have different effects on the slump. For the plain concrete, the
slump is 160mm. After adding Glass fibers, as volume fiber increase from 0.1% to
0.5% the slump decreased from 134mm to 41mm. However, at 0.4% and 0.5% volume
of fibers led to bundling, balling and hence reduction in workability is observed in
composite. As the length of fiber increased from 3mm to 20mm the slump decreased
from 134mm to 112mm in case of 0.1% volume fibers and similar decrease is observed
in other volume fraction. Moreover, it can be seen that the addition of short fibers
(83mm, 6mm) showed higher slump than that of long fibers (12mm, 20mm). The reason
may be that the long fibres might have resisted free flow of concrete matrix which
might have resulted in the reduction of the slump of the concrete for both M30 and
M50.

50



M50-MGFRC E3mm E6mm ®mI12mm  =20mm
Plain concrete Slump is 160mm

Slump Value, mm
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Fig.5.2 Slump as a function of Volume fraction for M50-MGFRC
Different grades of concrete have different effects on the slump. In M50 grade of
concrete with MF (3mm,6mm,12mm and 20mm) showed lowest effect, when the
slump decreased from 19% to 290%, while in M30 grade of concrete with MF
(3mm,6mm,12mm and 20mm) showed highest effect, which is reduced from 27% to
316%. The reduction of workability is higher for all the GFRC mixes with M30 grade of
concrete when compared M50 grade of concrete. In overall, the slump of MGFRC with
M50 grade concrete is more by 7% than that of MGFRC with M30 grade of concrete.
It was observed that, M50 grade of concrete contained large volume of cement paste
compared to M30 grade of concrete and hence M50 grade might have shown higher
slump compared to M30 grade. Thus it is possible to examine relation between

workability and paste to achieve desired flow with minimum cement content.

At higher volume fraction of 0.4% and 0.5%, the fibers act as a barrier to coarse
aggregates movement reducing the materials mobility (Fig.5.3). So, increasing the
fiber aspect ratio the flow-ability of the material will be reduced. It may be due to the
tendency of fiber to wrap around of aggregate, to reduce the mixture from
seggregation and flow. Fibers present in the matrix restrains the cement paste

reducing the flowability of concrete.
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‘(@) MF3-e (3mm with 0.4% and 0.5%) b

\

 (c) MF12-e (12mm with 0.4% and 0.5%) 4 L (d) MF20-¢ (20mm with 0.4% and 0.5%)

Fig.5.3 Effect of fiber balling in the concrete (a) to (d)

5.3 Cube Compressive strength of MGFRC

The compressive strength results of M30-MGFRC is shown in Fig.5.4. The
compressive strength of plain concrete for M30 is 36.10 MPa. Compressive strength
of specimens with fiber volume fractions of 0.1%, 0.2%, 0.3%, 0.4% and 0.5% varied
from 37.76 MPa to 40.43 MPa. As the volume of the fiber increased from 0.1% to
0.3%, the compressive strength increased from 38.27 MPa to 40.43 MPa and it
decreased from 38.63 MPa to 37.76 MPa for 0.4% and 0.5% fiber volume content.
Thus specimens with 0.3% fiber volume content has shown the maximum
improvement in compressive strength. As the length of the fiber increased from 3mm
to 20mm for 0.1% volume fiber, compressive strength varied from 38.27 MPa to 37.40

MPa. Similar observation can be noticed with other volume fraction.

The compressive strength results of M50-MGFRC is shown in Fig.5.5. The
compressive strength of plain concrete for M50 is 57.02 MPa. Compressive strength
of specimens with fiber volume fractions of 0.1%, 0.2%, 0.3%, 0.4% and 0.5% varied
from 60.13 MPa to 62.22 MPa. As the volume of the fiber increased 0.1% to 0.3%, the
compressive strength is increased from 60.13 MPa to 62.22 MPa and it decreased
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from 60.66 MPa to 58.85 MPa for 0.4% and 0.5% fiber volume content. Thus
specimens with 0.3% fiber volume content has shown the maximum improvement in
compressive strength. As the length of the fiber increased from 3mm to 20mm for 0.1%
volume fiber, compressive strength varied from 60.13 MPa to 58.29 MPa. Similar

observation can be noticed with other volume fraction.

All MGFRC specimens have shown an increase in compressive strength compared to
the companion plain concrete strength. The compressive strength change of M30-
MGFRC and M50-MGFRC ranges from 4% to 12% and 5% to 9% respectively. The
specimens with 0.3% volume fraction showed the maximum improvement in
compressive strength. In M30-MFRC, specimens with same volume fraction, as the
length of the fiber increased from 3mm to 20mm the compressive strength decreased
from 12% to 8% whereas in case of M50-MGFRC the compressive strength reduced
form 9% to 7%. Use of 3mm fibers in concrete showed a larger increase of
compressive strength than that of 20mm fibers. It can be found from the above results
that higher length of fibore may not give beneficial effect on compressive strength. It
may be due to that it is more difficult for fibre to distribute uniformly in cementitious
composites, which adversely effects the development of strength.

M30-MGFRC

E3mm E6mm 12mm 20mm

Plain concrete compressive strength is 36.1 MPa
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Compressive Strength, MPa
37.40

I 38.27
I 38.99
© I 33.77
I 38.63
© I 38.45
I 38.45
© I 38.19

40 50

Fig.5.4 Compressive strength as a function of Volume fraction for M30-MGFRC
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M50-MGFRC m3mm E6mm 12mm 20mm

Plain concrete compressive strength is 57.02 MPa
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Fig.5.5 Compressive strength as a function of Volume fraction for M50-MGFRC
Based on slump and cube compressive strength results, it can be concluded that the
addition of fibers in concrete changes its mobility. The loss of mobility occurs primarily
by the fibers blocking the relative movement of the aggregates and this effect
increases with increase in length of fiber and it may further lead to strength reduction
of hardened MGFRC.

5.4 Tensile stress strain behaviour of MGFRC

Tensile Stress-Strain curves are drawn for each specimen and average curve of three
dog bone specimens for each parameter is shown in Fig.5.6 to 5.10 for M30-MGFRC.
Tensile stress increased with the increase in strain linearly for plain concrete specimen
right up to peak stress and failed suddenly. Specimens with 0.1% and 0.2% volume of
fiber exhibited similar linear increase in stress with the increase in strain right up to
peak stress. There is a little improvement in load carrying capacity and deformation
with reference to the plain concrete as shown in Fig.5.6 and 5.7. Specimen with 0.3%
volume fraction (Fig.5.8) is similar to 0.2% for 3mm and 6mm fiber length specimen

but 12mm and 20mm fiber length specimen showed more deformation capacity.

Higher percentage volume of fiber in the specimen has not contributed to increase in
load carrying capacity but it has improved deformations as can be seen in Fig.5.9 and
5.10 for all 3mm to 20mm length fibers. For any given percentage volume of fibers,

long length fibers of 12mm and 20mm has not contributed to increase in load carrying
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capacity compared to short length fibers of 3mm and 6mm. Similarly short length fibers
has not contributed to increase in deformation capacity compared to long length fibers.
There is definite gradual and progressive improvement in deformation capacity with

increase in length of fiber and volume of fibers.
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Fig.5.6 Tensile Stress-Strain behaviour of M30-MGFRC with Vf=0.1%
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Fig.5.7 Tensile Stress-Strain behaviour of M30-MGFRC with Vi =0.2%
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Fig.5.8 Tensile Stress-Strain behaviour of M30-MGFRC with Vi = 0.3%
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Fig.5.9 Tensile Stress-Strain behaviour of M30-MGFRC with Vi = 0.4%
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Fig.5.10 Tensile Stress-Strain behaviour of M30-MGFRC with Vi = 0.5%
Tensile Stress-Strain curves are shown in Fig.5.11 to 5.15 for M50-MGFRC. Tensile
stress increased with the increase in strain linearly for plain concrete specimen right
up to peak stress and failed suddenly. Specimens with 0.1% and 0.2% volume of fiber
exhibited similar linear increase in stress with the increase in strain right up to peak
stress. There is a little improvement in load carrying capacity and deformation with
reference to the plain concrete as shown in Fig.5.11 and 5.12. Specimen with 0.3%
volume fraction (Fig.5.13) is similar to 0.2% for 3mm and 6mm fiber length specimen

but 12mm and 20mm fiber length specimen showed more deformation capacity.

Higher percentage volume of fiber in the specimen has not contributed to
increase in load carrying capacity but it has improved deformations as can be seen in
Fig.5.14 and 5.15 for all 3mm to 20mm length fibers. For any given percentage volume
of fibers, long length fibers of 12mm and 20mm has not contributed to increase in load
carrying capacity compared to short length fibers of 3mm and 6mm. Similarly short
length fibers has not contributed to increase in deformation capacity compared to long
length fibers. There is definite gradual and progressive improvement in deformation
capacity with increase in length of fiber and volume of fibers. Behaviour of M30 grade
and M50 grade of MGFRC are similar.

57



——M50 —u—0.1%-3mm —+—(0.1%-6mm

0.1%-12mm —%=0.1%-20mm

8
7
6
g
s 5
w4
[72]
£3
« 2 6mm
1 ‘ 12mm Ezn
0 =
0 0.00005 0.0001 0.00015 0.0002

Strain

Fig.5.11 Tensile Stress-Strain behaviour of M50-MGFRC with Vi =0.1%
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Fig.5.12 Tensile Stress-Strain behaviour of M50-MGFRC with Vi = 0.2%
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Fig.5.13 Tensile Stress-Strain behaviour of M50-MGFRC with Vi = 0.3%
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Fig.5.14 Tensile Stress-Strain behaviour of M50-MGFRC with Vi = 0.4%
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Fig.5.15 Tensile Stress-Strain behaviour of M50-MGFRC with Vi = 0.5%

Plain concrete specimen broke into two parts once a tensile crack occurred. But for
the GFRC, the addition of fibre effectively slowed down the propagation of crack, and
thus improved the mechanical behaviour in both M30 and M50 grade of concrete.

It is also observed that the improvement of deformations becomes more prominent
with the increase in volume of fibers in both M30-MGFRC and M50-MGFRC. However,
when the fibre volume fraction increases from 0.4% to 0.5%, a slight drop in peak
stress is noted compared to specimens with fibre volume fraction of 0.3%. It can be
concluded that the volume fraction of 0.3% shows maximum improvement in peak
stress in both M30-MGFRC and M50-MGFRC.

In addition, it can be seen that GFRC with short fibers of 3mm and 6mm shows a better
peak stress than that with 20mm fiber length and it is also observed GFRC with long
fibers of 12mm and 20mm length fibers shows a significant improvement in
deformation compared to short length fibers of 3mm and 6mm. It is to say that, with in
the same volume fraction, there are more number of short fibers at any section to
control formation of cracks and thus helped to improve peak stress capacity. Whereas
Long fibres have shown a stronger anchorage and bridging effect, besides, the
bonding between fibre and concrete matrix, which would contribute to the

improvement of deformation capacity.
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5.5 Mechanical properties of MGFRC in Tension
The properties that characterize the stress strain behaviour of M30-MGFRC and M50-

MGFRC in uni-axial tension are peak stress, strain at peak stress, initial slope,
strengthening factor, and ductility factor and energy absorption capacity. Values of

these are taken from the stress strain diagram and are given in Table 5.1 to 5.2.

An examination of stress strain behaviour of MGFRC with different lengths and volume
fractions for M30 and M50 grade concrete given in Fig.5.6 to 5.15 shows that load
increased with deformation linearly up to a certain point and there is a deviation in the
slope thereafter wherein the increase of load is slow with increase of deformation. This
general behaviour in the initial linear region and deviation thereafter may be attributed
to the onset of cracking in the specimens. In general cracking initiates as the stress at
point in the specimen at any section reaches the tensile strength of concrete. Thus the
deviation in the stress strain diagram at the end of initial linear portion may be treated
as the onset of cracking. This stress at this point of the stress strain diagram may
normally be taken as around the tensile stress of concrete. Comparison of tensile
stress of plain concrete with the onset of cracking shows that for the specimens having
higher fiber content or long length have stress at the onset lower than the tensile
strength of concrete and specimens with shorter length or lower fiber content have
shown stress at the end of initial linear region higher stress than cracking tensile
strength of concrete. In all, the end of initial linear region can be treated as the onset
of cracking in the specimen under tensile loading. This point is noted as P in the
Fig.5.16. Further deformation in the specimen from the point P resulted in a little
increase in load. This amount of increase in deformation and load is directly influenced
by the length of fiber and volume of fiber. Short length and low volume of fiber have
shown less improvement in deformation compared to long length fiber or higher
volume fiber content. The ultimate stress of the specimen is designated as Q as shown
in Fig.5.16 thus the stress strain diagram of MGFRC has two distinct regions normally
the initial linear region OP i.e., pre-cracking and cracking region PQ. After reaching
ultimate stress most of the specimens failed suddenly and specimens with long length
or higher volume content have shown resistance even after the sudden drop in stress.

These points are designated as R and S as shown in Fig.5.16.

Point P is the onset of cracking, point Q is ultimate stress and strain, point R is sudden
drop in stress after peak stress and point S is breaking stress. It may be noticed that
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there is a slow increase in stress after reaching a stress corresponding to point P and
then the specimens have undergone large deformation beyond the point P and up to
point Q. Hence, the P to Q region can be called as strain hardening region. Based on
the above observation, the stress strain curves are analysed to obtain the initial slope
(ratio of peak tensile strength (o) to the corresponding strain (€t)), strengthening
factor (ratio of composite ultimate tensile strength (0%) to the plain concrete peak
tensile strength (omt)), ductility factor (ratio of strain at ultimate tensile strength (<) to
the strain at onset of cracking (€"t)), strain hardening slope (ratio of change in stress
(0%- o) to the change in strain (¢%-€%) in the strain hardening region) of the composite.

The corresponding stress strain values are reported in Table 5.1 and 5.2.
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Fig. 5.16 Salient features of GFRC Specimen in Tension
Initial slope (EY) is computed for M30-MGFRC and M50-MGFRC and given in column
7 of Table 5.1 and 5.2. As the length of fiber increased the initial slope decreased for
percentage volume of fiber (Fig.5.17). As the volume of fiber increased thus initial
slope increased. Hence, as the length of fiber increased the initial stiffness decreased
and as the volume of fiber increases thus initial stiffness increased. Strain hardening
slope (Esn) is calculated for M30-MGFRC and M50-MGFRC and reported in column
10 of Table 5.1 and 5.2. Strain hardening is not noticed for specimens with 0.1% and
0.2% fiber volume for 3mm and 6mm length fibers and it is noticed for 12mm and
20mm length fibers. Specimen with 0.3%, 0.4% and 0.5% for 3mm, 6mm, 12mm and
20mm fiber lengths have exhibited strain hardening behaviour out of which the
specimen with the 0.4% and 0.5% is very noticeable ( Fig.5.18). Strengthening factors
(STFY) and ductility factors (DF!) for M30-MGFRC and M50-MGFRC (Fig.5.19 and
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5.20) are computed and values are reported in column 8 and 9 of Table 5.1 and 5.2.
Strengthening factor increased up to 0.3% volume fraction, thereafter it decreased for
0.4% and 0.5% volume fractions for any length of fiber. However, ductility factor
increased with both increase in volume fractions and increase in fiber length is shown
in Fig.5.20. Energy absorption is computed by tacking area under stress-strain
diagram and given in column 11 of Table 5.1 and 5.2. The variations with respect to
volume fraction is shown in Fig.5.21. As the volume of fiber or length of fiber increased

Energy absorption capacity increased.

Table 5.1 Summary of test results for M30-MGFRC in Tension

EsH

Vv Strain Hardening Region EY (X10%) EAshr
SD o (X10% | STF' | DF! (X102
(%) | o eP o € MPa
D) b t b t MPa | (8) (9) N/mm
(2) | MPa | (X10%) | MPa | (X104 7) (10) (11)

3) (4) (5) (6)

MFO 0.0 | 3.68 1.00 3.68 1.00 3.68 1 1 0.00 0.02

Tensile strength of plain concrete (om) = 3.68 MPa

MF3-a 3.95 1.15 3.95 1.15 345 107 ] 1 0.00 0.025

MF6-a | 0.1 | 3.86 1.20 3.86 1.20 321 |105] 1 0.00 0.025

MF12-a | (a) 3.78 1.30 3.78 1.30 285 [1.03| 1 0.00 0.027

MF20-a 3.48 1.32 3.71 1.60 264 [1.01)121] 0.82 0.035

ME3-b 4.07 1.26 4.07 1.26 323 |110] 1 0.00 0.028

MF6-b | 0.2 | 3.99 1.37 3.99 1.37 290 108 1 0.00 0.030

MF12-b | (b) 3.64 1.59 3.87 1.92 229 [1.05)|121| 0.70 0.044

MF20-b 3.54 1.28 3.77 2.46 277 11.02]192] 0.19 0.069

MFE3-c 4.02 1.11 4.37 1.40 362 119 ]126| 1.21 0.036

MF6-c | 0.3 3.96 1.25 4.21 1.64 3.17 114131 | 0.64 0.041

MF12-c | (c) 3.84 1.23 4.08 2.46 3.13 | 1.11 | 2.00 | 0.20 0.075

MF20-c 3.69 1.17 3.93 3.15 3.17 11.07 270 0.12 0.095

ME3-d 3.87 0.99 4.02 1.45 390 109|146 | 0.33 0.048

MF6-d | 0.4 | 3.75 1.07 3.90 1.69 3.50 [ 1.06 | 158 | 0.24 0.054

MF12-d | (d) 3.29 0.98 3.78 2.63 3.36 | 1.03 | 2.66 | 0.30 0.084

MF20-d 2.89 0.85 3.75 3.27 340 |1.02]3.81| 0.36 0.104

MF3-e 3.14 0.56 3.93 1.54 560 | 1.07]275]| 0.81 0.049

MF6-e | 0.5 | 3.07 0.62 3.85 1.80 495 | 105291 | 0.66 0.055

MF12-e | (e) 2.73 0.72 3.76 2.79 3.79 [1.02|3.89| 0.50 0.086

MF20-e 2.75 0.71 3.69 3.37 3.87 1100474 0.35 0.106

Note:Initial Slope (E') = o®;,/ €7, Strengthening Factor (STF")= 0%/ Om:,

Ductility Factor (DF') = €% / €P;, Strain Hardening slope (Esn) = (0% - o) / (€2%:-€Ft), Energy
Absorption (EAsnr) = Area under the stress strain curve in Strain Hardening Region,

SD = Specimen Designation
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Table 5.2 Summary of test results for M50-MGFRC in Tension

v Strain Hardening Region = (XElSS4) EAsHR
SD (%j) (X109 | STF | DF* | “00 7 | (X107)
(2) 5 o”y, €%t 0%, €% MPa (8) (9) 10 N/mm

@ | MPa| (x10% | MPa | (X104 | (7) 10 | 1)

3) (4) () (6)
MFO 0.0 | 5.63 1.17 5.63 1.17 4.81 1.00 | 1.00 0.0 0.033
Tensile strength of plain concrete (om) = 5.63 MPa
MF3-a 6.22 1.20 6.22 1.20 5.18 1.10 | 1.00 0.00 0.041

MF6-a | 0.1 | 6.10 1.23 6.10 1.23 4.98 1.08 | 1.00 | 0.00 0.041

MF12-a | (a) | 5.98 1.40 5.98 1.40 4.28 1.06 | 1.00 | 0.00 0.046

MF20-a 5.44 1.42 5.79 1.72 3.83 1.03 | 1.21 | 1.17 0.058

MF3-b 6.63 1.28 6.63 1.28 5.17 1.18 | 1.00 | 0.00 0.046

MF6-b | 0.2 | 6.51 1.40 6.51 1.40 4.66 1.16 | 1.00 | 0.00 0.050

MF12-b | (b) | 6.01 1.60 6.32 1.94 3.75 112 | 1.21 | 091 0.072

MF20-b 5.05 1.18 6.17 2.56 3.25 1.10 | 216 | 0.81 0.117
MF3-c 6.25 1.13 6.95 1.44 5.53 123 | 1.27 | 2.26 0.059
MF6-c | 0.3 | 6.38 1.18 6.79 1.68 5.40 121 | 142 | 0.82 0.067
MF12-c | (c) | 6.07 1.22 6.60 2.54 4.97 1.17 | 208 | 0.40 0.125
MF20-c 6.05 1.59 6.44 3.27 3.80 1.14 | 282 | 0.23 0.162
MF3-d 5.80 1.02 6.35 151 5.68 113 | 148 | 1.12 0.078
MF6-d | 0.4 | 5.74 1.06 6.22 1.78 5.41 1.11 | 1.67 | 0.67 0.090
MF12-d | (d) | 4.69 0.99 6.10 2.72 4.73 1.08 | 2.73 | 0.82 0.141
MF20-d 4.53 0.96 5.97 3.41 4.71 1.06 | 3.53 | 0.59 0.176
MF3-e 4.82 0.59 6.05 1.67 8.16 107 | 279 | 1.14 0.079

MF6-e | 0.5 | 4.55 0.66 5.92 1.95 6.89 1.05 | 295 | 1.06 0.092

MF12-e | (e) | 4.31 0.73 5.79 2.98 5.90 1.03 | 408 | 0.66 0.144

MF20-e 411 0.77 5.66 3.69 5.33 1.01 | 479 | 0.53 0.178

Note:Initial Slope (EY) = o,/ €Pt, Strengthening Factor (STF")= 0%/ Om ,

Ductility Factor (DF!) = €% / €, Strain Hardening slope (Esn) = (0% - o) / (€% -7 ), Energy
Absorption (EAshr) = Area under the stress strain curve in Strain Hardening Region, SD = Specimen
Designation

Finally, It can be noted that the strength enhancement for short length fibers (3mm
and 6mm) varied from 1-07 to 1.23 and for long length fibers (12mm and 20mm)
from1.03 to 1.17. The shows that there was a significant improvement in strength for
specimens with short length fibers when compared to the specimens with long length
fibers. A significant enhancement in ductility occurred in the case of the long length
fibers (12mm and 20mm) between 1.21 and 4.79 compared to short length fibers

(3mm and 6mm) between 1.0 and 2.95. Hence the short fibers are more effective in
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improving the peak strength by delaying the formation of micro cracks and long fibers

are more effective in increasing the deformations by bridging the macro cracks.

In overall, long length fibers (12mm and 20mm) exhibited higher ductility factor, energy
absorption capacity than that of short length fibers (3mm and 6mm). Short length fibers
showed higher strengthening and initial slope compared to the long length fibers.
Hence, the short length fibers contributed to improve the strength of the composite

where as long length fibers contributed to improve the deformations of the composite.
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Fig.5.17 Initial slope(E%) as a function of volume fraction for MGFRC in Tension
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Fig.5.18 Strain Hardening slope (Esw) as a function of volume fraction for MGFRC

in Tension.
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Fig.5.19 Strengthening Factor as a function of volume fraction for MGFRC in

Tension
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Fig.5.20 Ductility Factor as a function of volume fraction for MGFRC in Tension
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Fig.5.21 Energy Absorption in strain hardening region (EAskr) as a function of
Volume Fraction for MGFRC in Tension

5.6 Image Analysis

Tensile strength of composite can be estimated using law of mixtures. Contribution of
fiber in composite strength depends on fiber orientation and distribution. Hence, tensile
properties of fibre concrete are governed mainly by the number, dispersion and
orientation of fibres in the cracking area, as well as dispersion characteristics of fibres.
Several techniques (Guild FJ et al, 1993; Yang Y, 2002; Yilmaz Akkaya et al, 2001
and Bang Yeon Lee, 2009) including image analysis, transmission X-ray photography,
and Advanced CCD Imaging Spectrometer (ACIS) are available for evaluating the
fibre distribution in a composite made of cement matrix and steel, carbon, glass, or
organic fibres; i.e., these techniques can be employed to determine the degree of fibre
dispersion and orientation in the composite. Among these techniques, image analysis
is the most applicable and trusted method to evaluate the distribution characteristics

of fibres in a composite.
5.6.1 Specimen preparation and Image Acquisition

In this study, fiber number, dispersion and orientation was estimated on the fracture
plane of the specimen (Fig.5.22 (b)). Three specimens from each of the designation
were selected for the image analysis and care was taken to choose specimens with
fracture surface almost perpendicular to the tensile loading direction. Failed
specimens (Fig.5.22 (a)) were cut close to the fractured surface. The cut cross

sectional surfaces were then polished and cleaned. For each cross-section (80mm X
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40mm), 64 images were captured, as illustrated in Fig.5.23. Polarised optical

microscope (Fig.5.24) is used for capturing images. Images at each grid was taken at

the fractured plane by optical microscope. Image at location 1 is shown in Fig.5.25.

Fig.5.22 (a) Failed specimens

Largest crack

Fig. 5.22 (b) Fracture plane of the specimen

Fig.5.22 Failed specimens and fracture plane of the specimen
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Fig.5.23 Grid notation of the cutting plane and area of each captured image in
comparison with whole cross-section (Small squares represents the area captured by
microscope camera).

Fig.5.24 Polarised optical microscope (Olympus BX Series)
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Fig.5.25 Optical microscopic image about fiber dispersion of specimen with Vi= 0.1%

(for representative element 1 in Fig.5.23)
5.6.2 Detection of fibers

Images were uploaded in Image J software for processing. The shinning objects were
first selected and the images were made binary based on a set threshold object
detection method. Since some aggregates in concrete were also selected by the
program as shining objects, these were extracted manually from the image as shown
in Fig.5.26.

The above method is applied for the binary images of failed specimens with 0.1%,
0.2%, 0.3%, 0.4% and 0.5% volume fractions for mono fibers (3mm, 6mm, 12mm and
20mm). Total number of fibers present at the failed cross section are examined and
the number of fibers present in each location is counted. As stated earlier there are
sixty four locations (Fig.5.23) and the fiber present in corresponding location is given
in Table 5.3. Sum of fibers present in sixty four locations is taken as estimated number
of fibers at fracture plain. The number is doubled to get the total number of fibers (ne)
in the cross-section. In an ideal situation, assuming that all the fibers are aligned and
distributed uniformly over entire volume, number of fibers (Nr) at a cross-section is
estimated for the specimen with a volume fraction. The number (Nf) depends on Vs
only but not length of fiber. Values of Nt is given in Table 5.4. At a section fiber density
factor (fa = Estimated number of fibers (ne) / Number of fibers when aligned uniformly

distributed (Nr)) is calculated and is given in Table 5.4.
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Fig.5.26 Binary image at location 1

Table 5.3 fiber number at each location for 0.1%-3mm For M30-MGFRC
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Estimated number of fibers (ne) = 2 X 4310 = 8620

Table 5.4 Number of fibers and Fiber density factor For M30-MGFRC

Number of Estimated Maximum . .

Fibers when number of fibers Fiber De_nsn/ty Factor
VF, % aligned (Ne) (fa=ne/Ny)

dis?r?l;fl?t:arghéNf) 3mm | 6mm | 12mm | 20mm | 3mm | 6mm | 12mm | 20mm

0.1 20798 8260 | 5926 | 2346 | 1522 | 0.40 | 0.28 | 0.11 | 0.07
0.2 41596 11166 | 6944 | 3942 | 2546 | 0.27 | 0.17 | 0.09 | 0.06
0.3 62394 13718 | 9800 | 6278 | 3696 | 0.22 | 0.16 | 0.10 | 0.06
0.4 83193 10308 | 5964 | 3310 | 2294 | 0.12 | 0.07 | 0.04 | 0.03
0.5 103991 9200 | 4802 | 2718 | 2058 | 0.09 | 0.05 | 0.03 | 0.02
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Fig.5.27 Variation of fibers present along the thickness and width direction for 3mm
length fiber. (a) 0.1%-3mm, (b) 0.2%-3mm, (c) 0.3%-3mm, (d) 0.4%-3mm and (e) 0.5%-3mm
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Fig.5.28 Variation of fibers present along the thickness and width direction for 6mm
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length fiber. (a) 0.1%-6mm, (b) 0.2%-6mm, (c) 0.3%-6mm, (d) 0.4%-6mm and (e) 0.5%-6mm.
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Fig.5.29 Variation of fibers present along the thickness and width direction for 12mm

fiber. (a) 0.1%-12mm, (b) 0.2%-12mm, (c) 0.3%-6mm, (d) 0.4%-12mm and (e) 0.5%-12mm
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Fig.5.30 Variation of fibers present along the thickness and width direction for 20mm

fiber. (a) 0.1%-20mm, (b) 0.2%-20mm, (c) 0.3%-20mm, (d) 0.4%-20mm and (e) 0.5%-20mm.

Fibers are not distributed uniformly across the section. Variation of fibers present in
the concrete is shown in Fig 5.27 to 5.30 for different volume fractions and different
fiber length. Less fibers are present at the corners and edges compared to the center
of cross-section in case of 3mm and 6mm length of fibers (Fig 5.27 and 5.28). Where
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as in case of 12mm and 20mm length fibers, less fibers are present at the center of
cross-section compared to corners and edges (Fig.5.29 and 5.30). However, the
specimens with 0.3% volume of the fibers has maximum number of fibers on fractured
plane. That is why, irrespective of fiber length specimen with 0.3% volume fraction had
maximum slump and maximum strength in fresh and hardened state compared to any

other volume fraction.
5.6.3 Calculation of Fiber Dispersion coefficient (nd)

Bang Yeon Lee et al, 2009, proposed an expression to represent the fiber dispersion

and is given in equation (1). It is used and named as fiber dispersion coefficient (nad).

Ng = expl /Z(xin_l)zl---- -------- (1)

Where n is the total number of fibers on the image and xi denotes the number of fibers

in the i™" unit, which is a square portion allocated to the i" fiber on the assumption that
the fiber dispersion is perfectly homogeneous.

Divide the binary image Fig.5.26 into squares as shown in Fig.5.31. The number of
squares equals to the number of fibers (n). Count the number of fibers in each square
area (xi). Fiber dispersion coefficient (nd) can be obtained from equation (1) for each
location. Values nd in 64 locations is shown in Table 5.5. Then, average of 64 nd is
calculated and taken as average nd for the specimen, which is taken as for the

specimen nd herein after. The na values calculated for each specimen as stated above.

Fig. 5.31 Binary image dividing the equal square units
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Table 5.5 Summary of the nad at each location for 0.1%-3mm for M30-MGFRC

0.31

0.30

0.32

0.31

0.32

0.31

0.29

0.31

0.32

0.33

0.32

0.32

0.33

0.3

0.32

0.29

0.30

0.33

0.38

0.36

0.34

0.39

0.32

0.30

0.32

0.35

0.35

0.38

0.37

0.32

0.32

0.30

0.32

0.32

0.33

0.38

0.38

0.32

0.30

0.32

0.34

0.36

0.36

0.37

0.35

0.34

0.34

0.30

0.30

0.31

0.32

0.32

0.32

0.33

0.31

0.30

0.29

0.30

0.31

0.33

0.31

0.31

0.29

0.30

Avg na = 0.33

The above method is applied for the binary images of failed specimens with 0.1%,
0.2%, 0.3%, 0.4% and 0.5% volume fractions for mono fibers (3mm, 6mm, 12mm and
20mm). Specimens with 0.1%, 0.2%, 0.3%, 0.4% and 0.5% volume fractions having
the fiber dispersion coefficients for mono fiber specimen 3mm, 6mm, 12mm and 20mm
fiber lengths respectively is given in column 2, 3, 4 and 5 of Table.5.6. If the value of
nd is ‘1’ then fiber dispersion is homogeneous, whereas if the na values tends to ‘0’
then the fiber dispersion is non- homogeneous. Hence higher the fiber dispersion
coefficient higher the homogeneity of fiber dispersion.
Table 5.6 Fiber dispersion coefficient (nd) for M30-MGFRC

Vi, % Nd

1) 3mm 6mm 12mm 20mm

(2 ©)] (4) ©)

0.1 0.33 0.29 0.26 0.24
0.2 0.39 0.35 0.31 0.28
0.3 0.43 0.38 0.34 0.30
0.4 0.36 0.32 0.29 0.27
0.5 0.31 0.28 0.25 0.23

5.6.4 Fiber orientation coefficient (ne)

Each fiber particle in the binary image Fig.5.26 is estimated for its shape and
area. The cross section of a fiber inclined to the loading direction will be ellipse and
the area of such fiber is less than circular cross sectional area of fiber. Hence, the fiber
particles whose area is less than or equal to circular cross sectional area of fiber are
consider and also other are neglected. The orientation coefficient (ne is given in
equation (2)) was determined by the ratio of measured area of the fiber (Am) to the
original area of fiber (Ao) on fracture plane and given in Table 5.7. Values given in

Table 5.8 is the average ne of all the fibers taken on the fracture plane.




Table 5.7 Summary of the ne at each location for 0.1%-3mm of M30-MGFRC

0.59

0.51

0.51

0.51

0.59

0.59

0.62

0.59

0.52

0.51

0.58

0.54

0.57

0.59

0.52

0.58

0.55

0.57

0.53

0.46
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0.45
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0.45
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0.53
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0.55

0.53

0.52

0.52
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0.53

0.51

0.52
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0.52

0.52

0.59

0.6

0.54

0.58

0.54

0.52

0.55

0.51

0.52

0.55

0.54

0.57

0.55

0.53

Avg. no = 0.53

If the orientation coefficient is ‘1’ fibers are aligned perpendicularly to the cracking
plane, which means that fibers can most effectively perform in fracture plane.
Specimens with 0.1%, 0.2%, 0.3%, 0.4% and 0.5% volume fractions having the fiber
orientation coefficients for 3mm, 6mm, 12mm and 20mm fiber lengths respectively is
given in column 2, 3, 4 and 5 of Table 5.8.

Table 5.8 Fiber orientation coefficient (ne) for M30-MGFRC

Vi, % ne

(1) 3mm 6mm 12mm 20mm

(2 ©)] (4) )

0.1 0.53 0.50 0.36 0.31
0.2 0.60 0.56 0.41 0.37
0.3 0.66 0.60 0.45 0.42
0.4 0.56 0.53 0.40 0.38
0.5 0.51 0.50 0.37 0.33

5.7 Summary of the Image analysis for M50-MGFRC

The above method is applied for the M50-MGFRC-images of failed specimens with
0.1%, 0.2%, 0.3%, 0.4% and 0.5% volume fractions for mono fibers (3mm, 6mm,
12mm and 20mm). Number of fibers, fiber dispersion coefficient (nd), fiber orientation
coefficient (ne) at a cross section on a fracture plane is given in Table 5.9, 5.10 and

5.11 respectively.
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Table 5.9 Number of fibers and Fiber density factor For M50-MGFRC

Number | Estimated Maximum number of Fiber Density Factor
of Fibers fibers (ne) (fa=ne / Ny)
Vi, when

% aligned
1) uniformly 3mm | 6mm | 12mm | 20mm | 3mm | 6mm | 12mm | 20mm

gl @ | @ | e | @ | m]® ] © | )

(N) (2)
0.1 20798 8698 | 6100 | 2414 | 1580 | 0.42 | 0.29 | 0.12 | 0.08
0.2 41596 11696 | 7192 | 4170 | 2624 | 0.28 | 0.17 | 0.10 0.06
0.3 62394 14808 | 10174 | 6700 | 3886 | 0.24 | 0.16 | 0.11 0.06
0.4 83193 10838 | 8832 | 3450 | 2374 | 0.13 | 0.11 | 0.04 | 0.03
0.5 103991 9580 | 5080 | 2814 | 2134 | 0.09 | 0.05 | 0.03 0.02

Table 5.10 Fiber dispersion coefficient (nd) for M50-MGFRC

Vi, % d

(1) 3mm 6mm 12mm 20mm

2 (3) (4) (5)

0.1 0.35 0.31 0.28 0.25
0.2 0.41 0.36 0.33 0.30
0.3 0.45 0.40 0.36 0.32
0.4 0.38 0.34 0.31 0.28
0.5 0.33 0.29 0.26 0.24

Table 5.11 Fiber orientation coefficient (ne) for M50-MGFRC

Vi, % ne

(1) 3mm 6mm 12mm 20mm

(2) (3) (4) ()

0.1 0.55 0.52 0.37 0.32
0.2 0.62 0.58 0.42 0.38
0.3 0.68 0.62 0.46 0.43
0.4 0.58 0.54 041 0.39
0.5 0.53 0.52 0.38 0.34

5.8 Calculation of Fiber Length coefficient ()

niis a function of fiber length. If a uniform interfacial shear stress transfer is assumed,
niis given by equation (3) to (6) (C. R. Chiang 1993).

ForLi<Lc mi=Lf/2LC  -----m-mm-mm- (3)

ForLi=2Lc m=1-(Lc/2Lf)  ------m--m-mm-- (4)
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Where Lt is the fiber length and Lc is the fiber critical transfer length.
The fiber critical transfer length (Lc) = (o . Ds) / (2 Otb) ------------ (5)
The bond strength of the fiber (ob) = Fmax / (1. Ds. Le) --------------- (6)

Where o is tensile strength of fiber, Fmaxis fiber pull-out load and Le is embedded

length of fiber.

Different embedded lengths result in a distribution in the resistance of the fiber to pull-
out in a cement based matrix. Pull-out tests were carried out for four different
embedded lengths of 3, 6, 12 and 20mm fibers in a concrete matrix. The rate of pull-
out used in this study was 0.02 mm/s. The pull-out load and the end displacement of
the fiber were continuously recorded. The peak pull-out loads (Fmax) values for different
embedded lengths is given in column 2 of Table 5.12. Fiber length coefficient (n) is
computed from equation (3) to equation (6) and reported in column 5 of Table 5.12. In
similar manner, the fiber length coefficient was calculated for M50-MGFRC with
different embedded lengths of 3mm, 6mm, 12mm and 20mm respectively and is given
in Table 5.13.
Table 5.12 Fiber length coefficient (ni) calculations for M30-MGFRC

Le Fmax (Newton) ob (MPa) Lc (mm) ni
1) ) ®3) (4) (5)
3mm 0.41 3.12 3.81 0.39
6mm 0.45 1.72 6.92 0.43
12mm 0.54 1.02 11.67 0.51
20mm 0.63 0.712 16.71 0.58
Diameter of the fiber (Ds) = 0.014mm,

Tensile strength of the fiber (ow )= 1700 MPa, L. = Embedded length of fiber

Table 5.13 Fiber length coefficient (ni) calculations for M50-MGFRC

Le Fmax (Newton) ob (MPa) Lc (mm) ni
1) ) ®3) (4) (5)
3mm 0.47 3.59 3.32 0.45
6mm 0.52 1.98 6.02 0.50
12mm 0.62 1.17 10.14 0.58
20mm 0.72 0.82 14.53 0.64
Diameter of the fiber (Ds) = 0.014mm,

Tensile strength of the fiber (0w )= 1700 MPa, L. = Embedded length of fiber
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5.9 Variation of na and ne with reinforcing index (RIvF)

Reinforcing index (RIwvF) is defined as product of volume fraction (Vr) and aspect ratio
of fiber (Lt/ Ds). This is well established parameter (Ezeldin A.S 1992; M.C. Nataraja
et al 1999 and Aref Abadel et al 2015). Relationship between Reinforcing Index (Rlwvr)
and the coefficients of fiber composite, viz., fiber dispersion coefficient (nd) and fiber

orientation coefficient (ne) and of concrete is presented in the fallowing paras.

5.9.1 Reinforcing Index (RImr) Vs Fiber dispersion coefficient (na)
Different fiber lengths and volume fractions influences on fiber dispersion coefficient.
The reinforcing index of each mix was calculated and is given in column 4 of Table
5.14. In order to understand the variation of nd with Rlur, points are plotted as shown
in Fig.5.32 (a). An examination of the plot and various trails to arrive at the best fit, led
to understand that na4 varies as power function of RIvr in the form of
nd = k / (RImF)". The power function is modified by multiplying both sides by RIvr. The
modified relation is (RImF) na=k (RIvr) &, Now points are plotted with RIvF as abscissa
and RIvr. ng as ordinate as shown in Fig.5.32 (b). The regression expression obtained
is (RImF) na = 0.3656 (RImF) 2896 with regression coefficient R? = 0.9741. Then the
relation between RIvr and na can be expressed as

Nd = 0.3656.(RIvF) 01044 —oo-- @)
A plot of reinforcing index vs fiber dispersion coefficient for M30 and M50 is shown in
Fig.5.32.

M30-MGFRC EM50-MGFRC M30-MGFRC B M50-MGFRC
0.5 2.0
0.5 1.8
0.4 1.6
0.4 1.4
0.3 =12
2 03 £1.0
0.2 ¥ o8
0.2 0.6 y = 0.3656x0.8956
01 0.4 R2 = 0.9741
0.1 0.2
0.0 0.0
0 5 10 0 5 10
(a) Riyve (b) Rlye

Fig. 5.32 Reinforcing Index (RIvF) Vs Fiber dispersion coefficient (na)
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Table 5.14 n4 and ne for MGFRC

M30-MGFRC | M50-MGFRC
Lt, mm | Dr, mm | Vi, % | RImF . .
) )

Nd Nd
(1) @ 1@ @ e e | e

01 |0.21| 0.33 | 0.53 | 0.35 | 0.55
0.2 |1043| 0.39 | 0.60 | 0.41 | 0.62
3 0.3 |{0.64| 0.43 | 0.66 | 0.45 | 0.68
0.4 |0.86| 0.36 | 0.56 | 0.38 | 0.58
05 |107| 031 | 0.51 | 0.33 | 0.53
0.1 |043| 0.29 | 0.50 | 0.31 | 0.52
0.2 |086| 0.35 | 0.56 | 0.36 | 0.58
6 0.3 {1.29| 0.38 | 0.60 | 0.40 | 0.62
04 |171| 032 | 053 | 0.34 | 0.54
05 |2.14| 0.28 | 0.50 | 0.29 | 0.52
0.1 |0.86| 0.26 | 0.36 | 0.28 | 0.37
0.2 |1.71| 031 | 041 | 0.33 | 042
12 0.3 |257| 034 | 045 | 0.36 | 0.46
04 |343| 029 | 040 | 0.31 | 0.42
05 |429| 0.25 | 0.37 | 0.26 | 0.38
01 |143| 0.24 | 0.31 | 0.25 | 0.32
0.2 |286| 0.28 | 0.37 | 0.30 | 0.38
20 0.3 |429| 0.30 | 042 | 0.32 | 043
0.4 |571| 0.27 | 0.38 | 0.28 | 0.39
05 |714| 023 | 0.33 | 0.24 | 0.34
Reinforcing Index of mono fibers (RIvr)= Vt.(L:/ Dy),

0.014

5.9.2 Reinforcing Index (RImF) Vs Fiber orientation coefficient (ne)
Different fiber lengths and volume fractions influences on fiber orientation coefficient.
The reinforcing index of each mix was calculated and is given in column 4 of Table
5.14. In order to understand the variation of ne with RImr, points are plotted as shown
in Fig.5.33 (a). An examination of the plot and various trails to arrive at the best fit, led
to understand that ne varies as power function of RIvwr in the form of
ne = k / (RImr)". The power function is modified by multiplying both sides by Rivr. The
modified relation is (RIwr) ne = k (RIvr) @™, Now points are plotted with RIvF as
abscissa and Rlwvr .ne as ordinate as shown in Fig.5.33 (b). The regression expression
obtained is (RIvF) ne = 0.4686 (RIvr) %8481 with regression coefficient R? = 0.9577.
Then the relation between Rlvr and ne can be expressed as

ne = 0.4686.(RIvF) 01519 ——mm-—- (8)
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A plot of reinforcing index vs fiber orientation coefficient for M30 and M50 is shown in
Fig.5.32.

M30-MGFRC M50-MGFRC

08 20 M30-MGFRC MM50-MGFRC
0.7
2.5
0.6
o c
0.3 @
1.0
0.2 y = 0.4868x0-8481
01 05 Rz =0.9577
0.0 0.0
0 5 10 0 5 10
(@) Rlve (b) Rlye

Fig.5.33 Reinforcing Index (Rlvr) Vs Fiber orientation coefficient (ne)

5.10 Theoretical analysis for predicting the tensile stress strain behaviour
5.10.1 General Theory

General behaviour of stress strain relation in uni axial tension for MGFRC is observed
to be bilinear as depicted in Fig.5.16. Initial linear region in pre crack region and next
linear region is strain hardening region which is due to resistant to crack propagation.
It is noted from the test that as load increased gradually deformation increased up to
cracking. During this period the resistance to load is offered is only by concrete and
fibers present in the matrix are passive to applied load. Once the stress in concrete is
nearing the cracking stress the fibers present in the matrix become active. The
deviation point from the idealized that deviation point from initial linearity is assumed
to occur at a stress equal to cracking stress of concrete and this deviation point (Om:,
emt) IS marked as shown in Fig.5.34. After the initial linear region stress in concrete at
several points increases to more than cracking stress. In all, such situations and at all
such points the fibers present resist the formation of crack and also propagation of

crack. This situation continuous till the internal cracks are well connected at a critical
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section leading to ultimate resistance. During this region the slope of stress strain
diagram falls drastically. The amount of deformation and slope in this region are
directly influenced by the volume of fiber (V) and length of fiber (Lf). This is the
characteristic region of FRC is treated as strain hardening region. The culmination of

this region is marked as ultimate state (O, €ct) as shown in Fig.5.34.

Ot
y N
Ultimate State
Oct s ataiuiat il Q (Oct, &ct)
i |
£ Oomt p------ f*.Cracking State
w 1
1P (Omt, Emt)
Linear
Elastic : . . .
Regiorf Strain Hardening Region
i G H
o » &t
Emt Strain Ect

Fig.5.34 Idealized Stress Strain Curve in Tension
In order to predict the tensile stress strain behaviour of M30-MGFRC and M50-
MGFRC, the points P (omt, €mt) and Q (Oct, &ct) are needed to be determined. omtcan
be obtained from direct tensile test on different grades of concrete whereas in case of
emt NOt much variation in strain values are observed with variation of concrete strength
(lIvan Markovic 2006 and Supat W. Suwannakarn 2009). From the experimental tensile
test results, in this investigation omt for M30 and M50 grade of concrete is 3.68 MPa
and 5.63 MPa respectively and emt can be taken as 1.18 X 10 for both M30 and M50
grade of concrete. The strength of the composite (Oct) is the combination of matrix
contribution (Vm. omt) and fiber contribution (V:. ow). However, the fiber contribution
mainly depends up on the fiber dispersion, fiber orientation and length of the fiber, this
is explained in article 5.10.2. Finally, the composite tensile strain (&ct) is calculated by
considering the area of strain hardening region as shown in Fig.5.34 and it is given in

article 5.10.3.
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5.10.2 Tensile strength of composite (o)

Rule of Mixture is often used to predict the strength of fibre reinforced composite by
equation (9) and fiber-matrix constant interfacial shear stress is assumed (Su Tae
Kang et al 2011).

Oct=Ne NI Vi Ofu + Vm Omt =--=--=-------- 9)

ne, ni are the fiber orientation coefficient and fiber length coefficient. oct, o and om,
are the composite tensile strength, ultimate tensile strength of the fibre and the matrix
tensile strength respectively. Viis the fibre volume fraction and Vm is the matrix volume
fraction (1 -Vs).

Fiber dispersion is an important property that controls the mechanical properties of
composite. Uniformly dispersed short fibers will be reinforcing micro cracks effectively
in the volume thus improves the strength of composite. Fiber dispersion coefficient
(na) is introduced in to equation (9) to take account of fiber spacing in the fracture
plane. The modified equation is given in equation (10)

Oct=NdNe NI Vi Ofu + Vm Omt ====-=-==------ (10)

nd, Nne and niare computed from equation 7, 8 and 3 or 4. These values are given in
column 4, 5 and 6 of Table 5.15. The strength of fiber reinforced composite (M30-
MGFRC) is calculated based on equation (9) and (10) and the values are reported in
column 8 and 9 of Table.5.15 and these values are compared with the experimental
values given in column 7 of Table 5.15. The ratio of the calculated strength of fiber
composite to that of experimental strength are also shown in column 10 and 11 of
Table 5.15. It can be noted that the composite strength values obtained from equation
(10) are close to the experimental composite strength values compared to the equation
(9).

Similarly for M50-MGFRC, ng, ne and niare computed from equation 7, 8 and 4. These
values are given in column 4, 5 and 6 of Table 5.16. The strength of fiber reinforced
composite (M50-MGFRC) is calculated based on equation (9) and (10) and the values
are reported in column 8 and 9 of Table.5.16 and these values are compared with the
experimental values are given in column 7 of Table 5.16. The ratio of the calculated
strength of fiber composite to that of experimental strength are also shown in column

10 and 11 of Table 5.16. It can be noted that the composite strength values obtained
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from equation (10) are close to the experimental composite strength values compared
to the equation (9).

From the studies of M30-MGFRC and M50-MGFRC on tensile strength, the equation
(10) predicted close to the experimental tensile strength. Hence, it can be concluded

that equation (10) can be used for calculating tensile strength of composite.

Table 5.15 Predicted tensile strength of M30-MGFRC from equation (9) and (10)

Ly Vf, % | RIMr | nd ne n | oMMy | oMFL | oMF2e | Ratiol | Ratio2

1) (2) OREOERORECORNG) (8) ) (10) (11)
0.1 |0.210.39]|0.62 3.95 | 4.09 | 3.88 1.04 0.98

0.2 043 |0.36|0.55 4.07 | 441 | 3.99 1.08 0.98

3mm 0.3 |064|034|052|039|437 | 471 | 4.09 1.08 0.94
0.4 |0.86|0.33|0.50 4.02 | 5.00 | 4.17 1.24 1.04

0.5 |1.070.33|0.48 393 | 5.27 | 4.24 1.34 1.08

0.1 043 |0.36|0.55 3.86 | 4.08 | 3.85 1.06 1.00

0.2 |0.86|0.33|0.50 3.99 | 441 | 3.95 1.11 0.99

6mm 0.3 |129|032|047 043 |4.21 | 471 | 4.03 1.12 0.96
0.4 |1.71|0.31|0.45 390 | 499 | 4.10 1.28 1.05

0.5 | 214 0.30|0.43 3.85 | 526 | 4.16 1.36 1.08

0.1 |0.86|0.33|0.50 3.78 | 3.99 | 3.84 1.05 1.02

0.2 |1.710.31|0.45 3.87 | 424 | 3.93 1.10 1.02

12mm | 0.3 |[257|0.30|042 051|408 | 446 | 4.00 1.09 0.98
0.4 |3.43|0.29|0.40 3.78 | 4.68 | 4.07 1.24 1.08

0.5 [4.29|0.28 | 0.39 3.76 | 489 | 4.12 1.30 1.10

0.1 |143|0.32|0.46 3.71 | 413 | 3.83 1.12 1.03

0.2 |2.86|0.29|0.42 3.77 | 449 | 3.91 1.19 1.04

20mm | 0.3 429028039 058|393 | 483 | 3.98 1.23 1.01
0.4 | 571 |0.27|0.37 3.75 | 514 | 4.04 1.37 1.08

0.5 |7.14|0.27 | 0.36 3.69 | 545 | 4.10 1.47 1.11

oM, = Experimental ultimate tensile Strength (o) of M30-MGFRC is given in column 5 of
Table 5.1, cMFL,; = Calculated ultimate tensile Strength of MGFRC from equation (9), oM
= Calculated ultimate tensile Strength of MGFRC from equation (10), om: = 3.68 MPa, &mn=
1.18 X 10*, ow = 1700 MPa, Ratio1= ",/ oM, , Ratio2= oM,/ oM,
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Table 5.16 Predicted tensile strength of M50-MGFRC from equation (9) and (10)

Ly Vf, % | RIvr | nNd ne n | oMMy | oMFL | oMF2 | Ratiol | Ratio2

(1) (2) @ | @ | B |6 | @ (8) 9) (10) (11)
0.1 |0.21|0.39|0.62 6.22 | 6.10 | 5.86 0.98 0.94

0.2 043 |0.36|0.55 6.51 | 6.47 | 5.99 0.99 0.92

3mm 03 064034052045 | 695 | 6.82 | 6.10 0.98 0.88
0.4 | 0.86 | 0.33|0.50 6.35 | 7.14 | 6.19 1.12 0.97

0.5 |1.07|0.33|0.48 6.05 | 746 | 6.27 1.23 1.04

0.1 |0.43|0.36|0.55 6.10 | 6.10 | 5.83 1.00 0.96

0.2 |0.86 | 0.33|0.50 6.30 | 6.47 | 5.94 1.03 0.94

6mm 0.3 [1.29(032|{047 050 | 6.68 | 6.81 | 6.03 1.02 0.90
0.4 1.71 | 0.31 | 0.45 6.22 | 7.13 6.11 1.15 0.98

05 | 214|030 043 592 | 744 | 6.18 1.26 1.04

0.1 | 0.86 | 0.33 | 0.50 590 | 594 | 581 1.01 0.99

0.2 |1.71|0.31|0.45 6.16 | 6.18 | 5.91 1.00 0.96

12mm | 0.3 | 257 1030|042 |058| 650 | 6.41 | 599 0.99 0.92
0.4 |3.43]0.29|0.40 6.14 | 6.63 | 6.06 1.08 0.99

0.5 [4.29|0.28 | 0.39 579 | 6.83 | 6.12 1.18 1.06

0.1 |1.43|0.32|0.46 574 | 6.13 | 5.80 1.07 1.01

0.2 |2.86|0.29| 042 6.01 | 6,52 | 5.89 1.08 0.98

20mm | 0.3 (429028039 |064 | 6.33 | 6.88 | 596 1.09 0.94
0.4 |5.71|0.27 | 0.37 6.06 | 7.23 | 6.02 1.19 0.99

0.5 |7.14|0.27 | 0.36 566 | 7.56 | 6.08 1.34 1.07

oMF, = Experimental ultimate tensile strength (0%) of M50-MGFRC is given in column 5 of
Table 5.2, oM/, = Calculated ultimate tensile strength of MGFRC from equation (9), o™,
= Calculated ultimate tensile Strength of MGFRC from equation (10), Om: = 5.63 MPa, &mt =
1.18 X 10*, o= 1700 MPa, Ratio1= o“F,/ oVF, , Ratio2= oM,/ oM/,

5.10.3 Tensile strain (gct) at Tensile strength of composite (o)

Tensile strain (ect) mainly depends on the composite tensile strength (o.;) and energy
absorption capacity of the composite. The tensile strain (ect) of the composite is
calculated by using equation (11). This equation is derived from experimental energy
absorption (EAYIR) in strain hardening region, area of area of the trapezium (GPQH)

shown in Fig 5.34.
EASHR = area of the trapezium (GPQH)
0-Ct+ Omt

EA?VI[{FR = -5 (Ect-€mt)
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2EAFHR

Tensile strain of the composite (& =
p ( Ct) (Octt Omt)

EAHR is computed from the stress strain diagram (M30-MGFRC and M50-MGFRC)
given in Fig. 5.6 to 5.15 and is given in column 11 Table 5.1 and 5.2. The reinforcing
index (Rlvr) of each mix was calculated and is given in column 3 of Table 5.17 and
5.18. In order to understand the variation of EAYIR with RIvr, points are plotted as
shown in Fig.5.35 (a). An examination of the plot and various trails to arrive at the best
fit, led to understand that EA3/IR varies as power function of RIvr in the form of EA3AR
= k / (RIvr)". The power function is modified by multiplying both sides by Rivr. The
modified relation is (RIvF) EAYR = k (RIvr)@™. Now points are plotted with Riw as
abscissa and RIwr. EAYIR as ordinate is shown in Fig.5.35 (b). The regression
expression obtained is (RIvr) EAYIR = 2.799 (RIvr) 19235 with regression coefficient R2

= 0.9675. Then the relation between Rlvr and EAYIR can be expressed as.

EARIE = (2.80 . (RImF)®-92%%) -ormmoemoeeo (12)

Energy absorption of the strain hardening region (EAYR) for M30-MGFRC and M50-
MGFRC is calculated from equation (12) and reported in column 4 of Table 5.17 and
5.18.The strain (&ct) at ultimate tensile strength (o) of each M30-MGFRC and M50-
MGFRC is calculated based on equation (11) and the values are reported in column
6 of Table.5.17 and 5.18 and these values are compared with the experimental tensile
strain (gct) values in column 7 of Table.5.17 and 5.18. The ratio of the calculated tensile
strain of fiber composite to that of experimental tensile strain are also shown in column
8 of Table 5.17 and 5.18. It can be noted that the strain at composite strength (&ct)
values obtained from equation (11) are close to the experimental tensile strain (&ct)
values in both M30-MGFRC and M50-MGFRC.
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Fig. 5.35 Energy Absorption (EA3R) Vs Rlur for MGFRC
Table 5.17 Predicted tensile strain of M30-MGFRC
EASHR VIE2 gt Ratio =
Li | Vi, % | Rive | (X10%) (‘)’(10_‘1) (6)/(7)
(1) (2) 3) N/mm 5) Theoretical | Experimental
4) (X104 (X104 (8)
(6) )
0.1 |0.21 0.84 3.88 1.22 1.15 1.07
0.2 | 043 1.49 3.99 1.39 1.26 1.10
3mm 0.3 | 0.64 2.08 4.09 1.54 1.50 1.03
0.4 | 0.86 2.64 4.17 1.68 1.72 0.98
0.5 | 1.07 3.18 4.24 1.81 2.07 0.87
0.1 | 043 1.49 3.85 1.40 1.20 1.16
0.2 | 0.86 2.64 3.95 1.69 1.37 1.23
6mm 0.3 | 1.29 3.70 4.03 1.96 1.75 1.12
04 | 171 4.69 4.10 2.21 2.00 1.10
0.5 2.14 5.65 4.16 2.44 2.42 1.01
0.1 | 0.86 2.64 3.84 1.70 1.33 1.28
0.2 1.71 4.69 3.93 2.24 2.05 1.09
12mm 0.3 | 2.57 6.57 4.00 2.71 2.49 1.09
0.4 3.43 8.34 4.07 3.15 3.11 1.01
0.5 | 429 | 10.04 4.12 3.57 3.75 0.95
0.1 1.43 4.03 3.83 2.08 1.71 1.21
0.2 | 2.86 7.17 3.91 2.89 2.49 1.16
20mm 0.3 | 429 | 10.04 3.98 3.61 3.18 1.14
04 | 571 | 12.74 4.04 4.29 3.86 1.11
0.5 7.14 | 15.34 4.10 4.92 4.53 1.09

€. = Experimental tensile strain (€%) of M30-MGFRC is given in column 6 of Table 5.1,
Omt = 3.68, €m= 1.18 X 10, Ratio = Theoretical (g.) / Experimental (£c).
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Table 5.18 Predicted tensile strain of M50-MGFRC

EARTF gMF2, ot Ratio =

Lt Vi, % | RIvr | (X104) (X104) _ ‘ 6)/(7)
(1) (2) (3) | N/mm 5) Theoretical | Theoretical
@) (X10) (X10%) 8)
(6) (6)

0.1 | 021 | 0.72 5.86 1.31 1.15 1.14
0.2 | 043 | 1.37 5.99 1.42 1.26 1.13
3mm 03 | 064 | 199 6.10 1.52 1.50 1.02
04 | 086 | 2.60 6.19 1.62 1.72 0.95
05 | 1.07| 3.20 6.27 1.72 2.07 0.83
0.1 | 043 | 1.37 5.83 1.42 1.20 1.18
0.2 | 086 | 2.60 5.94 1.63 1.37 1.19
6mm 03 | 129 | 3.78 6.03 1.83 1.75 1.04
04 |171| 494 6.11 2.02 2.00 1.01
05 | 214 | 6.06 6.18 2.21 2.42 0.91
0.1 | 086 | 2.60 5.81 1.64 1.33 1.23
0.2 | 171 | 494 5.91 2.04 2.05 0.99
12mm | 0.3 | 257 | 7.18 5.99 2.42 2.49 0.97
04 | 343 | 9.36 6.06 2.78 3.11 0.89
05 | 429 | 11.50 6.12 3.13 3.75 0.84
0.1 | 143 | 4.17 5.80 1.91 1.71 1.12
02 | 286 | 7.91 5.89 2.55 2.49 1.03
20mm | 0.3 | 4.29 | 11.50 5.96 3.16 3.18 0.99
0.4 | 571 | 15.00 6.02 3.75 3.86 0.97
05 | 7.14 | 18.44 6.08 4.32 4.53 0.95

€. = Experimental tensile strain (€%) of M50-MGFRC is given in column 6 of Table 5.2,

Omt = 5.63, em= 1.18 X 10, Ratio = Theoretical (g.;) / Experimental (&c:).

5.10.4 Experimental Vs idealized Stress Strain diagram for MGFRC

The experimental tensile stress—strain curves of two concrete mixes, namely, M30-
0.3%-3mm and M50-0.3%-20mm are plotted in Fig.5.36 (a) and (b). The predicted
tensile stress—strain values are obtained from equation (10) and (11) for M30-0.3%-
3mm and M50-0.3%-20mm and shown in Fig.5.36 (a) and (b). In the pre-crack region
and post-crack region, the predicted curves shows a lower stiffness in both M30 and
M50 grade of concrete. In the post-crack region, the strain at ultimate strength showed
slightly higher values in case of M30 grade of concrete whereas in case of M50 grade

of concrete strain at ultimate strength showed lower value. Proposed equations have
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shown close correlation with experimental results of both M30 and M50 grade of

concrete.
Theoretical curve Theoretical curve
5 7
6
4
© - 5
o o
s 3 S 4
8 8
0 2 o 3
7] ",
1
1
&
0 0 ©
0 1 2 0 2 4
Strain X 104 (b) Strain X 104

(a)
Fig.5.36. Experimental Vs idealized Stress Strain diagram for MGFRC

5.11 Compressive stress strain behaviour of MGFRC

Compressive Stress-Strain curves are drawn for each prism specimen and average
curve of three specimens for each parameter is shown in Fig.5.37 to 5.46 for M30 and
M50 grade of MGFRC. An observation of each stress-strain diagrams for compression
shows that the stress-strain behaviour of plane concrete and GFRC specimens is
similar and linear nearly up to 85% of peak stress, which means that stress-strain
relation is not influenced by the presence of fiber in the elastic region and up to
formation cracks under compression. Stress strain behaviour is nonlinear from
cracking to ultimate and also beyond till failure. Irrespective of length of fiber peak
stress increased for specimens with 0.3% volume fraction compared to specimens
with all other volume fractions. Strain at peak stress and strain at failure increased with
the increase in fiber content. It may be understood that the fiber action come in to play
when dilation in concrete initiates, that is to say that fiber participate in delaying the
crack formation and bridging of cracks, thus facilitating the concrete to undergo higher
deformation than plain concrete in compression. For any given percentage volume of
fibers, short length fibers of 3mm and 6mm contributed to increase in load carrying

capacity compared to long length fibers of 12mm and 20mm. Similarly long length
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fibers contributed to increase in deformation capacity compared to short length fibers.
There is definite gradual and progressive improvement in deformation capacity with

increase in length of fiber and volume of fibers.
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Fig.5.37 Compressive Stress-Strain behaviour of M30-MGFRC with Vi= 0.1%
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Fig.5.38 Compressive Stress-Strain behaviour of M30-MGFRC with Vi= 0.2%
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Fig.5.39 Compressive Stress-Strain behaviour of M30-MGFRC with Vi= 0.3%
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Fig.5.40 Compressive Stress-Strain behaviour of M30-MGFRC with Vi= 0.4%
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Fig.5.41 Compressive Stress-Strain behaviour of M30-MGFRC with Vi= 0.5%
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Fig.5.42 Compressive Stress-Strain behaviour of M50-MGFRC with Vi= 0.1%
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Fig.5.43 Compressive Stress-Strain behaviour of M50-MGFRC with Vi= 0.2%
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Fig.5.44 Compressive Stress-Strain behaviour of M50-MGFRC with Vi= 0.3%
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Fig.5.45 Compressive Stress-Strain behaviour of M50-MGFRC with Vi= 0.4%
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Fig.5.46 Compressive Stress-Strain behaviour of M50-MGFRC with Vi= 0.5%
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5.12 Mechanical properties of MGFRC in Compression
The properties that characterize the stress strain behaviour of M30-MGRC and M50-

MGFRC in uni-axial compression are peak stress, strain at peak stress, initial slope,
strengthening factor, ductility factor, strain softening slope and energy absorption,.

Values are taken from the stress strain diagram and are given in Table 5.19 and 5.20.

Typical stress-strain pattern for GFRC in compression is presented in Fig.5.47. Point
A is the stress at the onset of cracking, Point B is peak stress, Point C is stress at
inflection in strain softening, and Point D is breaking stress. It may be noticed that
there is a gradual drop in stress after reaching peak stress to the point C and then the
specimens have undergone deformation beyond the point C and up to point D. This
shows GFRC specimens exhibit improvement in post peak deformation up to point C
by stabilization during transition from A to B and B to C in the region of ABC of stress
strain regime of GFRC concrete. Specimen with 0.4% and 0.5% have under gone
considerable deformation from point C up to D. Post peak stress strain behaviour of

GFRC is concave.

GFRC in Compression

>
O

Stress, MPa

Strain

Fig.5.47 Salient features of GFRC Specimen in Compression
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Based on the above observation, the stress strain curves are analysed to obtain the
initial slope (ratio of stress and strain at point A), strengthening factor (ratio of peak
stress (fBu) to the plain concrete peak stress (fo)), ductility factor (ratio of strain at
inflection (£Cip) to the strain at peak stress (gBy)), strain softening slope (ratio of change
in stress (f Bu- f ©ip) to the change in strain (¢Cip - €8y) in the strain softening region) and
energy absorption capacity ( area under stress strain curve) in strain softening region
of the composite. The corresponding stress strain values are reported in Table 5.19
and 5.20.

Initial slope (ESi), Strengthening factor (STF¢), ductility factor (DF¢), strain softening
slope (Ess) and energy absorption capacity (EAssr) for different volume fractions i.e.,
0.1%, 0.2%, 0.3%, 0.4% and 0.5% with various fiber lengths 3mm, 6mm, 12mm and
20mm are computed for M30-MGFRC and M50-MGFRC and values are reported in
column 7, 8, 9, 10 and 11 of Table 5.19 and 5.20 respectively. The variation of these
properties with different fiber lengths and fiber volume fractions are shown in Fig.5.48
to 5.52.

The initial slope (E®i) for each specimen is plotted as a function of volume fraction
shown in Fig.5.48. As the volume of fiber and length of fiber increased the initial slope
decreased, similar behaviour was reported by the some of the researchers (Rossi P
et al. 1990 and R. D. Neves et, al. 2005). The slump of concrete also decreases with
increase in volume of fibers and length of fibers effecting flowability of MGFRC. Hence,
the phenomena of decrease in initial slope in MGFRC with the addition of fibers may
be viewed as insertion of a flaw or disturbance in the uniform matrix (R. D. Neves et
al. 2000). At this point the dilation of the concrete initiates even before the desired
strength and it led to decrease in stiffness of the composite gradually. Hence, as the

length of fiber and volume of the fiber increased the initial stiffness decreased.

The variation of strengthening factor with respect to volume fraction and length of fiber
is shown in Fig.5.49. For any given volume fraction, as the length of the fiber increased
from 3mm to 20mm the strengthening factor decreased. Short length fibers (3mm and
6mm) fibers showed higher strengthening factor compared to long length fibers (12mm
and 20mm). The fibers provided in the concrete can work at both micro and macro
level. The primary purpose of the different fiber lengths in the composite is to resist
the propagation of cracks at different levels. In a given volume, shorter the length of

fiber, number of fiber will be more and closer will be the spacing of fibers and also
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possibly will be near to the micro cracks. Short length fibers may initially contribute to
delay the formation of cracks but may be pulled out after micro cracks transformed
into macro cracks (N. Banthia 1995 and L.R Betterman 1995). Short length fibers
(3mm and 6mm) in concrete helped to resist the opening of marco cracks by arresting
the micro cracks and enhancing the peak stress compared to long length fibers (12mm
and 20mm) and it led to a higher strengthening factor. Irrespective of length of the
fiber, 0.3% volume fraction showed the maximum improvement in strengthening factor
compared to all other volume fractions. Fiber dispersion influence the strength of the
composites by its role in transferring the load to the other parts of the composite. An
effective crack bridging and increase in the strength of the composite can be achieved
if the fiber dispersion is better at the first crack location. Fiber dispersion and
orientation are found to be higher for the specimens with 0.3% volume of fiber
compared to specimens with other volume fractions. Further the balling of fibers is
noticed the specimens with higher volume fractions. Thus the specimens with lower
volume fractions i,e., 0.1% and 0.2% have not enough fibers to improve peak stress
and though there is high volume of fibers for specimens with 0.4% and 0.5%, balling

effect and reduction of slump have not contributed to improve peak stress.

The variation of ductility factor for each specimen is plotted as a function of volume
fraction as shown in Fig.5.50. For any given volume fraction, as the length of fiber
increased from 3mm to 20mm length of fiber ductility factor increased. Ductility factor
increased with increase in volume fraction. Long length fibers (12mm and 20mm)
fibers showed higher ductility factor compared to short length fibers (3mm and 6mm).
Once the micro cracks turns into macro cracks, long length fibers comes in to action
to bridge the macro cracks and it restrains the lateral deformation developed in the
composite. The resistance against lateral deformation increases with increase in
volume fractions. Thus long length fibers provided more ductility compared to the short
length fibers. Further examination of Fig.5.50 shows that short length fibers namely,
3mm and 6mm have almost the same ductility. Ductility factor for all volume fraction
and long length fibers namely 12mm and 20mm have higher ductility factor and
increased with increase in length of fiber and volume of fiber. Thus, it clearly shows
that the long length fibers and higher volume fraction contributed to improvement in

deformation.
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The variation of strain softening slope with reference to volume fraction and length of
fiber is shown in Fig.5.51. Strain softening slope is ratio of change of stress to change
of strain in the strain softening region. It is noticed that change of stress is more for
short length fibers (3mm and 6mm) and change of strain is more for long length fibers
(12mm and 20mm). This means that the strain softening is more for higher fiber
content and length of fiber. For any given volume fraction, as the length of fiber
increased from 3mm to 20mm strain softening increased. Strain softening slope
becomes flat with increase in volume fraction and lengh of fiber. Hence, lower strain
softening slope shows the higher post peak deformations whereas higher strain
softening slope shows the lower post peak deformations.

Energy absorption is computed by tacking area under stress-strain diagram within
strain softening region i.e., B to C and variation is shown in Fig.5.52. As the volume of
fiber and length of fiber increased energy absorption capacity increased. At a micro
level short length fibres (3mm and 6mm) arrest the formation of micro cracks, leading
to higher peak strength rather than energy absorption capacity, whereas at a macro
level long length fibres (12mm and 20mm) controls the propagation of macro cracks
thus it leads to increasing the energy absorption capacity of the composite rather than
strength of the composite. The availability of the fibers increased with increase in
volume fraction, lead to form the dense mix and it helped to transfer the loads to the
other locations of the composite. Thus the energy absorption of the composite
increases.

Finally, It can be noted that the strength enhancement for short length fibers (3mm
and 6mm) varied from 1-09 to 1.20 and for long length fibers (12mm and 20mm) 1.04
to 1.12. This shows that there is a significant improvement in strength for specimens
with short length fibers when compared to the specimens with long length fibers.
Significant enhancement in ductility occurred in the case of the long length fibers
(12mm and 20mm) i.e., 1.82 to 3.27 compared to short length fibers (3mm and 6mm)
i.e., 1.73 to 2.36. Hence the short fibers are more effective in improving the peak
strength by arresting the formation of micro cracks and long fibers are more effective
in increasing the deformations by bridging the macro cracks.

In all, long length fibers (12mm and 20mm) exhibited higher ductility factor, energy
absorption capacity than that of short length fibers (3mm and 6mm). Short length fibers
showed higher strengthening and initial slope compared to the long length fibers.

Hence, the short length fibers contributed to improve the peak stress of the composite
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where as long length fibers contributed to improve the post peak deformations of the

composite.

Table 5.19 Summary of test results for M30-MGFRC in compression

vV Strain Softening Region ESi Ess EAssr

SD (%:) f By €8y fCip €Sp | (X104 | STFe | DFc | (X10% | (X102

1) 2 | (MPa) | (X10%) | (MPa) | (X10%) MPa (8) 9) MPa | N/mm
(3) (4) (5) (6) ) (10 (11)

MFO 0.00 | 23.58 19.31 | 21.22 23.18 1.05 1.00 | 1.20 0.59 0.030

Peak Stress of plain concrete fo = 23.58 MPa

MF3-a 25.83 10.56 | 20.51 19.31 2.00 1.10 | 1.73 0.76 0.031

MF6-a 0.1 25.24 14.05 19.81 26.85 153 1.07 | 1.77 0.49 0.033

MF12-a (a) 24.54 18.70 19.57 33.99 1.10 1.04 | 1.82 0.33 0.042

MF20-a 23.99 21.49 19.34 | 39.21 0.97 1.02 | 1.87 0.24 0.047

ME3-b 26.69 11.63 | 20.04 | 23.49 1.89 1.13 | 2.02 0.60 0.035

MF6-b 0.2 25.94 15.39 19.81 31.48 1.47 1.10 | 2.05 0.38 0.045

MF12-b (b) 25.38 20.93 19.34 | 46.88 1.03 1.08 | 2.19 0.24 0.060

MF20-b 24.82 25.15 19.10 | 58.57 0.84 1.05 | 2.29 0.17 0.070

MF3-c 27.89 13.02 | 20.23 28.03 1.82 1.18 | 2.15 0.51 0.050

MF6-c 0.3 27.19 17.23 19.85 | 38.98 1.36 1.15 | 2.19 0.35 0.064

MF12-c (c) 26.50 | 23.39 19.08 58.33 0.98 112 | 249 0.21 0.085

MF20-c 2594 | 28.44 | 18.06 79.90 0.79 1.10 | 2.80 0.15 0.101

MFE3-d 26.77 14.18 | 20.10 | 31.03 1.63 114 | 219 0.39 0.043

MF6-d 0.4 26.36 18.88 19.59 | 42.30 1.18 112 | 2.24 0.29 0.068

MF12-d (d) 25.66 25.59 18.57 65.74 0.84 1.09 | 256 0.18 0.090

MF20-d 25.10 | 30.13 17.21 90.00 0.71 1.06 | 3.00 0.13 0.135

MF3-e 26.24 16.28 19.98 36.41 1.39 111 | 2.24 0.31 0.048

MF6-e 0.5 25.66 20.32 19.34 | 47.84 1.09 1.09 | 2.33 0.23 0.072

MF12-e (e) 24.82 28.61 18.06 76.44 0.73 1.05 | 2.66 0.14 0.097

MF20-e 2452 | 32.55 17.18 10.17 0.63 1.04 | 3.10 0.11 0.142

Note: f By = Peak Stress at B, €B, = Peak Strain at B, f ©ip = Stress at inflection C, €Cip = Strain at inflection
C, Initial slope (E®) = f A/ €A Strengthening Factor (STF°) = f B, / fo Ductility factor (DF) = €Cip / €8y, strain
softening slope (Ess) = (f Bu- f Cip) / (¢Cip - €By), Energy Absorption capacity (EAssr) = Area under the
stress strain curve in Strain Softening Region, SD = Specimen Designation
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Table 5.20 Summary of test results for M50-MGFRC in compression

Strain Softening Region ESi Ess EAssr
SD Vs (%) fe, =y fp < (X10% | STFe | DFc | (X10% | (X103
(1) (2) (MPa) | (X104 | (MPa) | (X104) MPa (8) 9) MPa N/mm

(3) 3) (4) (5) @) (10) | (19)

MFO 0.00 | 40.583 | 21.48 | 37.41 | 32,57 1.64 1.00 | 1.52 0.26 0.058

Peak stress of plain concrete fo = 40.53 MPa

MF3-a 44.07 | 12.89 | 35.26 | 23.71 2.88 1.09 | 1.84 0.80 0.059

MF6-a 0.1 43.23 | 15.44 | 34.05 | 28.96 2.45 1.07 | 1.88 0.66 0.062

MF12-a (@) 42.62 | 19.07 | 33.64 | 37.17 1.91 1.05 | 1.95 0.50 0.075

MF20-a 42.25 | 21.96 | 33.23 | 44.11 1.63 1.04 | 2.01 0.41 0.085

MF3-b 46.02 | 14.05 | 34.45 | 28.79 2.79 1.14 | 2.05 0.77 0.073

MF6-b 0.2 45.18 | 16.79 | 34.05 | 37.26 2.26 111 | 2.22 0.56 0.085

MF12-b (b) 44.26 | 21.86 | 33.23 | 47.69 1.71 1.09 | 2.18 0.42 0.109

MF20-b 43.82 | 25.61 | 32.83 | 58.71 1.43 1.08 | 2.29 0.33 0.126

MF3-c 48.81 | 15.35 | 34.78 | 33.82 2.77 1.20 | 2.20 0.74 0.103

MF6-c 0.3 47.13 | 18.83 | 34.12 | 43.58 2.11 116 | 2.31 0.52 0.122

MF12-c (c) 46.02 | 24.32 | 32.80 | 61.02 1.63 114 | 251 0.36 0.154

MF20-c 45.46 | 2891 | 31.04 | 77.12 1.33 112 | 2.67 0.30 0.180

MF3-d 4538 | 16.97 | 34.56 | 39.72 2.27 112 | 2.34 0.47 0.087

MF6-d 0.4 4474 | 20.27 | 33.68 | 49.19 1.90 1.10 | 2.43 0.38 0.125

MF12-d (d) 44.32 | 26.98 | 31.92 | 73.05 1.40 1.09 | 271 | 0.27 0.164

MF20-d 43.65 | 30.60 | 29.58 | 92.50 1.20 1.08 | 3.02 0.23 0.238

MF3-e 44.26 | 18.60 | 34.34 | 43.97 1.98 1.09 | 2.36 0.40 0.093

MF6-e 0.5 4395 | 21.72 | 33.24 | 54.61 1.70 1.08 | 2.51 0.32 0.131

MF12-e (e) 43.42 | 29.54 | 31.04 | 85.97 1.23 1.07 | 291 0.22 0.176

MF20-e 43.09 | 33.02 | 30.28 | 107.84 1.11 1.06 | 3.27 0.17 0.254

Note: f By = Peak Stress at B, €8, = Peak Strain at B, f ¢ p = Stress at inflection C, €Cp = Strain at
inflection C, Initial slope (E®%) = f A/ €* Strengthening Factor (STF¢) = f B, / fo, Ductility factor (DF) =
€Cip / €8y, strain softening slope (Ess) = (f Bu- f Cip) / (€%ip - €By), Energy Absorption capacity (EAssr) =
Area under the stress strain curve in Strain Softening Region, SD = Specimen Designation.
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Fig.5.48 Initial slope (E®) as a function of volume fraction in compression
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Fig.5.49 Strengthening Factor as a function of volume fraction in compression
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Fig.5.50 Ductility Factor as a function of volume fraction in compression
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Fig.5.51 Strain softening slope (Ess) as a function of volume fraction in compression
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Fig.5.52 Energy absorption in strain softening region (Essr) as a function of volume

fraction in compression.

5.13 Analytical Behaviour for MGFRC in Compression

A typical stress—strain curve of GFRC in compression (Fig.5.47) is redrawn and shown
in Figure 5.53 marking salient points. Generally, cracking of concrete begins at around
85% of peak stress and at this point, dilation of concrete initiates. The rate of lateral
deformation is very low before the stress reaches the peak point. After reaching the

peak point the rate of lateral deformations increase rapidly. Post peak stress strain
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behaviour of GFRC is concave. The point at which the curvature changes in the post
peak region is the inflection point C. Beyond inflection point, the specimen continue to
undergo deformation without much increase in stress till failure. Addition of fibers effect
the stress and strain both at peak and inflection points. In this diagram, important
points which influence the stress strain behaviour are B and C. In order to predict the
stress strain behaviour of MGFRC, the points B (fu, €u) and C (fir, €ip) are needed to
be determined. The equations have been developed in this investigation for
normalised stress strain curves.

—GFRC in Compression

Peak Point
Strain Softening in Compression

Inflection Point

Stress

S |

C

m
c

€ip _
Strain

Fig.5.53 Analytical Stress Strain curve of GFRC

All empirical equations available in the literature have been reviewed and the
expression (equation (13)) proposed by Carreira and Chu (1985) for uniaxial
compression of plain concrete was used by most of the researchers (Ezeldin et al
1992; M.C Natraja et al, 1999; Ou et al. 2012; Aref Abadel et al, 2016) as a basis to
obtain an equation for normal strength fiber reinforced concrete. The equation (13) is

adopted in the present investigation to propose analytical stress strain diagram.
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fc — B(ec/ &)
fu B—1+(ec/u)P

Where f, is the peak strength of fiber reinforced concrete and g, is the corresponding
peak strain. f, and ¢, are the stress and strain values on the curve and (3 is the material

parameter that depends on the shape of the stress strain diagram.

In Table 5.19 and 5.20 the strengthening factor and ductility factor for MGFRC
specimens are given. An examination of this results showed improvement in strength
and also strain with increase in length and volume of fibers. Thus the amount of fiber
has direct influence on strength and strain of MGFRC specimens. It is known that
length of fiber, diameter of fiber and volume of fiber can be combined into a single non
dimensional parameter called as reinforcing index (RIvr), where RIvr = V#(L#/Ds). RImF
takes into account the fiber participation in the composite. It is also known that the
properties of matrix has direct influence on strength and strain of composite. Thus the
peak strength of the composite (fu) and peak strain of the composite are directly
proportional to that of plain concrete and also directly proportional to Rlvr. However,
the influence of Rlwmr is linear or nonlinear has to be established from the experimental
results. Hence, it can be written that

> fuxfo
o« (RlmF)n
Then fu =k fo (RIme)n
The above expression is rewritten as
> (fu/fo) =k (RIme)"
Similarly, it can be written for strain as
> (eu/€0) =k (RImF)"

The above expression can be used to predict f,, €, for a given value of Rlvr i.e., for a

set of fiber properties and grade of concrete. In order to construct stress strain diagram
as indicated Fig.5.53 the material property defined by 8 (equation (13)) is the only one
now required to be determined. In order to arrive at (3 for a composite having matrix

strength of foand fiber properties (Rlvr) the equation (13) is considered in the form
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fu — B (€u/€0)
fo B—1+(ey/€0)B

In the above expression fy, fo, €y, €0 for each specimen is known and if these values are

substituted  can be arrived at for a set of fiber properties indicated by Rlmr. Thus for

each RIvr the material property 3 can be evaluated. The variation of  with Rlvr can
be modelled. Thus in the equation (14) f,, ey and B can be estimated for a grade of

concrete and for a set of fiber properties. Hence, the stress strain diagram of the
MGFRC can be generated. The limitation for the above equation is that the drooping
portion (post peak behaviour) is continuous right up to the stress level becomes zero,
which is unrealistic. Hence the post peak behaviour is limited to the point of inflection

i.e., point C in the Fig.5.53. In order to identify the point C, the variation of fip from the
experimental data can be noted proposed which intern will be helpful to find the €p

values for a given fip from the equation (14). Thus the salient points of stress strain
diagram of GFRC given in Fig.5.53 can be estimated theoretically. In the subsequent

articles the method of arriving at models for fy, fo, €y fir and B are explained.

Table 5.21 Stress ratios, strain ratios and energy absorption of M30-MGFRC

Spgcim(_an Rl Strain Softening Region 5
Designation ) fulfo| €uleo| fir/fo| €pP /€0 | EAssr / EA%sR @)
1) @ | @ | 6 (6) (1)

MFO-0 O |1.00| 1.00 | 0.86 1.20 1 }
MF3-a 0.21|1.10| 0.55 | 0.79 1.73 1.02 2.04
MF3-b 0.43|1.13| 0.60 | 0.75 2.02 1.16 2.01
MF3-c 0.64|1.18 | 0.67 | 0.73 2.15 1.65 1.98
MF3-d 0.86|1.14 | 0.73 | 0.75 2.19 1.42 1.96
MF3-e 1.07(1.11| 0.84 | 0.76 2.24 1.59 1.91
MF6-a 0.43|1.07| 0.73 | 0.78 1.77 1.08 1.99
MF6-b 0.86|1.10| 0.80 | 0.76 2.05 1.49 1.97
MF6-c 1.291.15| 0.89 | 0.73 2.19 2.13 1.95
MF6-d 1.7111.12 | 0.98 | 0.74 2.24 2.26 1.92
MF6-e 2141109 | 1.05 | 0.75 2.33 2.37 1.87
MF12-a 0.86|1.04 | 0.97 | 0.80 1.82 1.40 1.94
MF12-b 1.7111.08 | 1.08 | 0.76 2.19 1.98 1.92
MF12-c 257|112 | 1.21 | 0.72 2.49 2.82 1.90
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MF12-d 3431109 | 1.32 | 0.72 | 2.56 2.99 1.87
MF12-e 429|105| 148 | 0.73 | 2.66 3.23 1.82
MF20-a 143102 1.11 | 0.81 1.87 1.57 1.89
MF20-b 286 1.05| 1.30 | 0.77 | 2.29 2.33 1.87
MF20-c 429(11.10| 1.47 | 0.70 | 2.80 3.36 1.85
MF20-d 5.7111.06 | 1.56 | 0.69 | 3.00 4.47 1.80
MF20-e 7141104 | 169 | 0.70 | 3.10 4.72 1.77

Table 5.22 Stress ratios, strain ratios and energy absorption of M50-MGFRC

Spe_:cimgn - Strain Softening Region B
Designation ) fulfo| euleo | fir/fo| &P/ €0 | EAssr / EA%ssr
(1) @ | @] ©® | 6 (7) (8)

MFO0-0 0O [1.00] 1.00 | 0.84 | 1.09 1.00 )

MF3-a 0.21|1.09| 0.60 | 0.87 | 1.10 1.03 2.06
MF3-b 043|1.14| 065 | 085 | 1.34 1.26 2.01
MF3-c 0.64 | 1.20| 0.71 | 0.86 1.57 1.78 1.97
MF3-d 0.86|1.12| 0.79 | 0.85 | 1.85 1.50 1.95
MF3-e 1.07]1.09 | 0.87 | 0.85 | 2.05 1.61 1.94
MF6-a 0.43|1.07| 0.72 | 0.84 | 1.35 1.12 2.01
MF6-b 0.86|1.11| 0.78 | 0.84 1.73 1.48 1.95
MF6-c 129116 | 0.88 | 0.84 | 2.03 2.11 1.92
MF6-d 171110 094 | 0.83 | 2.29 2.16 1.90
MF6-e 2141108 | 1.01 | 0.82 | 254 2.27 1.88
MF12-a |0.86|1.05| 0.89 | 0.83 | 1.73 1.30 1.95
MF12-b 1711109 1.02 | 0.82 | 2.22 1.89 1.90
MF12-c 257114 | 1.13 | 0.81 | 2.84 2.66 1.87
MF12-d 3431109 | 1.26 | 0.79 | 3.40 2.84 1.85
MF12-e |4.29|1.07| 1.38 | 0.77 | 4.00 3.05 1.83
MF20-a |1.43]1.04| 1.02 | 0.82 | 2.05 1.48 1.91
MF20-b 286|108 | 1.19 | 0.81 | 2.73 2.19 1.86
MF20-c |4.29|1.12| 1.35 | 0.77 | 3.59 3.13 1.83
MF20-d 5711108 | 142 | 0.73 | 4.31 4.13 1.81
MF20-e 7141106 | 1.54 | 0.75 5.02 4.40 1.80
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Peak Stress (fu):

The reinforcing index of each mix was calculated and is given in column 2 of Table
5.21 and 5.22. The ratio between peak stress of MGFRC (M30 and M50 grade) and
plain concrete peak stress (fuffo) is given in column 3 of Table 5.21 and 5.22. In order
to understand the variation of fu/fo with Rlvr, points are plotted as shown in Fig.5.54
(a). An examination of the plot and various trails to arrive at the best fit, it led to
understand that fu/fo varies as power function of Rlvr in the form of fu/fo = k (RImF)™
instead of + n as envisaged earlier. The power function is modified by multiplying both
sides by RIvr. The modified relation is (RIwvr) fu/fo = k (RImr)&™. Now points are plotted
with RIvr as abscissa and RIwr. fu/fo as ordinate is shown in Fig.5.54 (b). The
regression expression obtained is (RIvrF) fufo = 1.0984 (RIvwr) %9846 with regression
coefficient R? = 0.9985. Then the relation between Rlvr and fu/fo can be expressed as.

fu =10 (1.0984 . RIMF901%4) <o (15)
Where fo and fu are the peak stress of plain concrete and peak stress of
MGFRC respectively.

M30-MGFRC M50-MGFRC M30-MGFRC BM50-MGFRC

1.25

8
y = 1.0984x0-9846
~ 7 R2 = 0.9985
1.20 o
> =
= o
£1.15 =
.g o
& @4
01.10 £ 3
o 0p]
& w2
=
1.05 =
g
1.00 0
0 5 10 0 5 10
(a) Rive (b) Rl

Fig.5.54 Stress ratio at ultimate point as a function of RIivr for MGFRC in
compression
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Strain at Peat Stress (gu):

The reinforcing index of each mix was calculated and is given in column 2 of Table
5.21 and 5.22. The ratio between strain at peak stress of MGFRC (M30 and M50
grade) and strain at peak stress of plain concrete (u / €0) is given in column 4 of Table
5.21 and 5.22. In order to understand the variation of eu / €owith Rlwvr, points are plotted
as shown in Fig.5.55 (a). An examination of the plot and various trails to arrive at the
best fit, led to understand that €u / €0 varies as power function of RIwvr in the form of
eu/ €0=k (RImr)" instead of +n as envisaged earlier. The power function is modified by
multiplying both sides by RIvr. The modified relation is (RImF) €u / €0 =k (RImr)E™. Now
points are plotted with RIvr as abscissa and RIwvr. €u / €0 as ordinate is shown in
Fig.5.55 (b). The regression expression obtained is (RImr) €u / €0= 0.8072 (RImF) 13407
with regression coefficient R? = 0.9963. Then the relation between RIvr and €u / €0 can
be expressed as.
€u = €0 (0.8702 . RIMFO-3497) oo (16)

Where €0 and €u are the peak strain at peak stress of plain concrete and peak

strain at peak stress of MGFRC respectively.

M30-MGFRC EM50-MGFRC M30-MGFRC  EM50-MGFRC
2.0 14
= y = 0.8702x1-3407
- ©12 R? = 0.9963
815 210
3 o
g < 6 Sy/x =0.0744
£ 8 4 r=0.9963
=
E 2
0.0 0
0 5 10 0 5 10
Rlye Rlye

(@) (b)

Fig.5.55 strain ratio at ultimate point as a function of Rlvr for MGFRC in
compression
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Stress at inflection (fip):

The reinforcing index of each mix was calculated and is given in column 2 of Table
5.21 and 5.22. The ratio between stress at inflection of MGFRC (M30 and M50 grade)
and plain concrete peak stress (fie/fo) is given in column 5 of Table 5.21 and 5.22. In
order to understand the variation of fie/fo with RImr, points are plotted as shown in
Fig.5.56. An examination of the plot and various trails to arrive at the best fit, led to
understand that fip/fo varies as linear function of Rlwvr in the form of fip/fo= m (RIvF) + k.
The regression expression obtained is fir/fo = 0.0214 RIvr + 0.8625 with regression

coefficient R? = 0.9584. Then the relation between Rlvr and fir/fo can be expressed

as.
fir =0 (0.0214 RIvr+ 0.8625)  -----mmmmmemeee (17)
Where fo and fip are the peak stress of plain concrete and stress at inflection
point of MGFRC respectively.
#M30-MGFRC ®M50-MGFRC
0.90
. y = -0.0214x + 0.8625
0.85 2. R2 = 0.9584
&

Stress Ratio (fp / fo) at Softening Point
o
\I
o

0.65 Sy/x=0.0744
r=0.979
0.60
0.55
0.50
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Rlve

Fig.5.56 stress ratio at inflection point as a function of RIur for MGFRC in compression
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Strain at inflection (gip):

The reinforcing index of each mix was calculated and is given in column 2 of Table
5.21 and 5.22. The ratio between stress at inflection of MGFRC (M30 and M50 grade)
and plain concrete peak stress (€ir /€0) is given in column 6 of Table 5.21 and 5.22. In
order to understand the variation of € /eo with Rlwr, points are plotted as shown in
Fig.5.57. An examination of the plot and various trails to arrive at the best fit, led to
understand that ep /eo varies as linear function of RIwr in the form of
eip /eo=m (RIvr) + C. The regression expression obtained is € /eo = 0.5801 RIvF +
1.1725 with regression coefficient R> = 0.9758. Then the relation between RIve and

€ip /eo can be expressed as.
€IP = €0 (0.5801 RImr + 1.1725) -------mmmmmmmem- (17)

Where €0 and €p are the peak strain at peak stress of plain concrete and strain

at inflection of MGFRC respectively.

M30-MGFRC M50-MGFRC y = 0.5801x + 1.1725

R2=0.9758
6.50

5.50
4.50
3.50
2.50

1.50
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0.50
0.00 2.00 4.00 6.00 8.00

Riyve

Fig.5.57 strain ratio at inflection point as a function of Rlur for MGFRC in compression
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Energy Absorption in strain softening region (EAssr):

EAssr is computed from the stress strain diagram (M30-MGFRC and M50-MGFRC)
shown in Fig. 5.37 to 5.46 and vales are given in column 11 Table 5.19 and 5.20. The
reinforcing index of each mix was calculated and is given in column 2 of Table 5.21
and 5.22. The ratio between energy absorption of MGFRC (M30 and M50 grade) and
plain concrete energy absorption (EAssr / EA%sR) is given in column 7 of Table 5.21
and 5.22. In order to understand the variation of EAssr / EA%sr with RIvr, points are
plotted as shown in Fig.5.58. An examination of the plot and various trails to arrive at
the best fit, led to understand that EAssr / EA%sr varies as power function of Rlvr in
the form of EAssr / EA%ssr = k (RImF)". The regression expression obtained is EAssr =
1.6886 (RIvr) %461 with regression coefficient R? = 0.93. Then the relation between
RImr and EAssr / EA%ssr can be expressed as.

EAssr = EA%sr (1.6886 RIMF?4619) —oooomemeo (18)

Where EA°ssr and EAssr are the energy absorption in strain softening region
of plain concrete and energy absorption in strain softening region of MGFRC

respectively.

M30-MGFRC MM50-MGFRC Y = 1.6886x%4%19
R2 = 0.93

= N w B ol

Energy Absorption Ratio (EAgsg / EA°sqR )

o

0.00 2.00 4.00 6.00 8.00
Rlyve
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Fig.5.58 Energy absorption in strain softening region as a function of Rlur for MGFRC

in compression.
5.13.1 Proposed Material Parameter ()

fu/fo and g,/¢, of experimental stress strain results and equation (14) are used to
produce the material parameter (3) for each mix of M30-MGFRC and M50-MGFRC
and is given in column 8 of Table 5.21 and 5.22. The reinforcing index (Rlvr) of each
mix was calculated and is given in column 2 of Table 5.21 and 5.22. In order to
understand the variation of § with RIvr, points are plotted as shown in Fig.5.59. An
examination of the plot and various trails to arrive at the best fit, led to understand that
B varies as power function of RImr in the form of B = k (RIve)™. The regression
expression obtained is B = 1.9407 (RIvr)©93° with regression coefficient R? = 0.9261.

Then the relation between Rlm and 3 can be expressed as.

B =1.9407 (Rlmg) 0039 - (29)
2.1
y =1.9407x-0.039
205 R2=10.9261
2
Sy/x = 0.0608
r=0.9261
1.95
[N
1.9
1.85
1.8
1.75
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00

Rlyve

Fig.5.59 Value of parameter 3 as a function of RIvr
5.13.2 Comparison of stress strain models

The experimental and analytical stress—strain curves of six concrete mixes, namely,
M30-MF0-0, M30-MF3-c, M30-MF20-c, M50-MF0-0, M50-MF3-c and M50-MF20-c,

are plotted in Fig.5.60 to 5.65 along with the curves predicted using the existing models

114



of M.C Nataraja et al. (1999), Ou et al. (2012), Aref Abadel et al. (2016). The shape of
the softening branch of the curve, which is steep in plain concrete (Fig.5.60 and 5.61),
becomes flatter with the addition of fibres (Fig.5.62 to 5.65). For plain concrete, the
analytical stress—strain curves by the existing models is close to the experimental
stress strain curves. The analytical stress—strain curves for M30-MGFRC and M50-
MGFRC drawn using the existing models have deviation from the experimental curves
(Fig.5.62 to 5.65). Analytical model Proposed by the equation (13) has shown close
correlation with experimental results of both M30 and M50 grade of concrete.

—&— Experimental (M30-RI=0) —&— Experimental (M50-RI=0)
—— Aref Abdel et al, 2016 (M30-RI=0, §'=2.93) ——Aref Abdel et al, 2016 (M50-RI=0, '=5.16)
Nataraj et al, 1999 (M30-RI=0, B'=2.90) Nataraj et al, 1999 (M50-RI=0, 3'=7.02)
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Fig.5.60 Analytical and experimental Fig.5.61 Analytical and experimental
normalised stress—strain relationship normalised stress—strain relationship
(M30-RIvr = 0) (M50-RIve = 0)
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Fig.5.62 Analytical and experimental normalised stress—strain relationship for

M30-0.3%-3mm (Rl = 0.64, B =1.98).
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Fig.5.63 Analytical and experimental normalised stress—strain relationship for

M30-0.3%-20mm (RluF = 4.29, p =1.85)
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Fig.5.64 Analytical and experimental normalised stress—strain relationship for

M50-0.3%-3mm (RIvr = 0.64, f = 1.97).
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Fig.5.65 Analytical and experimental normalised stress—strain relationship for
M50-0.3%-20mm (RImr = 4.29, B =1.83).

5.14. Strain Hardening in Tension and Strain Softening in Compression of
MGFRC

Normal compressive stress generates transverse tensile strain. As the compressive
stress reaches peak stress, dilation of concrete initiates and lateral deformation
increases. Presence of fibers restrain the lateral deformation and some researchers
(Antroula et al, 2017) viewed the lateral restraint provided by fibers as similar to lateral
confinement. Degree of resistance offered to lateral deformation is proportional to
volume of fibers and the fibers come into action after cracking in concrete in
compression which is similar to the action of fibers in concrete after the onset of
cracking in tension. The fibers present in concrete will participate by resisting dilation
of concrete only after sufficient mobilization of dilation of concrete. That is why there
is a remarkable improvement in strain softening of concrete in compression with the
increase in fiber content. Hence, the strain hardening of FRC in tension is influencing
the strain softening of FRC in compression. The exact relation is however complex.

The above phenomena can be noticed in the stress strain behaviour of GFRC.
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Irrespective of length of fiber, specimens with 0.3%, 0.4% and 0.5% have exhibited
strain hardening in tension and corresponding strain softening is noticed in
compression. It is noted that strain hardening in tension is not observed for specimens
with 0.1% and 0.2% and corresponding strain softening in compression is not

significantly present.

In the present investigation the parameters such as grade of concrete and
Reinforcing Index (RIvr = Vi (Li/Dr)) are same for the specimens in tension and
compression. Values of stress and strain corresponding to strain hardening region and
strain softening region of each specimen are given in Tables 5.1, 5.2, 5.19 and 5.20.
Strain hardening behaviour in tension and strain softening behaviour in compression
for MGFRC specimens are normalised with corresponding peak stress and peak strain

and reported in Table 5.23.

In order to understand the complementary behaviour of strain hardening
behaviour in tension and strain softening behaviour in compression, the normalised
stress and normalised strain at the onset of strain hardening and at the inflection point
of strain softening for M30-MGFRC and M50-MGFRC with RIwr of 0.64, 1.29, 2.57
and 4.59 are shown in Fig.5.64 and 5.65. Similar plot can be drawn for all values of
RlIvr. The gradient of strain hardening in tension is similar to the gradient of strain
softening in compression. Specimens with Short fibers i.e. Rlvr = 0.64 and Rlvr = 1.29
producing low strain hardening in tension has similar low strain softening behaviour in
compression, where as in specimens with long fibers i.e., RIvr = 2.57 and RIvr = 4.29
exhibited significant strain hardening in tension has similar significant strain softening
behaviour in compression respectively. It can be concluded, for any given reinforcing
index (RIvr) of mono fibers as the strain hardening in tension increased the

corresponding strain softening increased.
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Table.5.23 stress and strain ratio of Stain hardening and strain softening region

M30-MGFRC M50-MGFRC
: Strain Strain Strain Strain
Dsez?um(?n Rlvr Hardening Softening Hardening Softening
gnation i : i :
1) 2 Region Region Region Region
oPt/ 0% | ePr/eQ | TCp/fBy | eCp /By | OPt/ O | €Pt/eR | TCP/TBy | €Cp/ €By
3 (4) ©)] (6) (1) (8) ) (10)
MF3-a 0.21 1.00 1.00 0.86 1.73 1.00 1.00 0.87 1.84
MF3-b 0.43 1.00 1.00 0.84 2.02 1.00 1.00 0.85 2.05
MF3-c 0.64 0.92 0.79 0.85 2.15 0.90 0.85 0.86 2.20

MF3-d 0.86 | 0.96 0.62 0.84 2.19 0.91 0.40 0.85 2.34

MF3-e 1.07 | 0.80 0.36 0.84 2.24 0.80 0.37 0.85 2.36

MF6-a 0.43 1.00 1.00 0.83 1.77 1.00 1.00 0.84 1.88

MF6-b 0.86 1.00 1.00 0.83 2.05 1.00 1.00 0.84 2.22

MF6-c 129 | 0.94 0.76 0.83 2.19 0.94 0.82 0.84 231

MF6-d 1.71| 0.96 0.63 0.82 2.24 0.92 0.40 0.83 2.43

MF6-e 2.14 | 0.80 0.36 0.81 2.33 0.77 0.29 0.82 2.51

MF12-a 0.86 1.00 1.00 0.82 1.82 1.00 1.00 0.83 1.95

MF12-b 1.71| 094 0.83 0.81 2.19 0.94 0.82 0.82 2.18

MF12-c 257 | 094 0.50 0.80 2.49 0.92 0.42 0.81 2.51
MF12-d 343 | 0.77 0.27 0.78 2.56 0.77 0.16 0.79 2.71
MF12-e 429 | 0.73 0.20 0.76 2.66 0.74 0.14 0.77 291

MF20-a 143 | 0.94 0.83 0.81 1.87 0.94 0.83 0.82 2.01

MF20-b 286 | 0.94 0.52 0.80 2.29 0.92 0.41 0.81 2.29

MF20-c 429 | 0.94 0.37 0.76 2.80 0.94 0.34 0.77 2.67

MF20-d 571 0.77 0.21 0.72 3.00 0.76 0.12 0.73 3.02

MF20-e 7.14 | 0.74 0.15 0.71 3.10 0.73 0.11 0.72 3.27
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Fig.5.66 Strain hardening vs strain softening (M30-MGFRC)
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5.14.1. Relationship between Stress and strain of SSR in compression and SHR
in tension for MGFRC:

In order to correlate tensile and compression data, relationship between Reinforcing
Index (RIve) and (oPt/ o) / (fCip / fBu), (Pt/ €%) / (%p / €Bu) is shown in Fig.5.68.
Equations (20) and (21) were obtained using the regression analysis performed using
all data points of M30-MGFRC and M50-MGFRC.

The reinforcing index of each mix was calculated and is given in column 2 of Table
5.23. The ratios between stress and strains in strain hardening region and strain
softening region is considered for MGFRC (M30 and M50 grade) and given in Table
5.23. In order to understand the variation of these ratios with RIvr, points are plotted
as shown in Fig.5.68 (a). An examination of the plot and various trails to arrive at the
best fit, led to understand that stress and strain ratios varies as power function of Rim
in the form of stress ratio or strain ratio = k / (Rlvr)". The power function is modified by
multiplying both sides by RIvr. The modified relation is (Rlmr) stress ratio or strain ratio
= k (RIvr)®™. Now points are plotted with RIvr as abscissa and Rlvr. Stress ratio or
strain ratio as ordinate is shown in Fig.5.68 (b). The regression expression obtained
is (RIvF) oPt/ 0% = (fSp / By) 1.131 (RImr) 29681 with regression coefficient R? = 0.9985
and (RIvrF) €Pt / €% = (e%p / €By) 0.7985 (RImr) 1199 with regression coefficient R? =

0.9143. Then the relation between RIm and stress and strains can be expressed as

ot/ 0% = (fCp / By) (1.131 RIMFO0339) oo (20)
ePt/ €9 = (¢S / €By) (0.7985 RIMFO1005) commomomeee - (22)

Where, 8, f°p in compression is used to calculate from equation (15) and (17). €8y
€Cp in tension is used to calculate from equation (16) and (18).
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Fig. 5.68 SHR in tension / SSR in compression vs Rivr for MGFRC

5.14.2. Relationship between Energy absorption capacity in tension and

compression for MGFRC:

Relationship between energy absorption in strain hardening region and energy
absorption in strain softening region is also developed and shown in Fig.5.69. The
equation (22) were obtained using the regression analysis performed using all data
points of M30-MGFRC and M50-MGFRC. The advantage of the equation (22) is that
it can be used to calculate the either energy absorption in strain hardening region in

tension or energy absorption in strain softening region, if one of them is known.

Energy absorption capacity in strain hardening region (EAsnr) and energy absorption
capacity in strain softening region (EAssr) is computed from the stress strain diagram
(M30-MGFRC and M50-MGFRC). EAshr is given in column 11 of Table 5.1 and 5.2,
and EAssris Table 5.19 and 5.20. The reinforcing index of each mix was calculated
and is given in column 2 of Table 5.23. In order to understand the variation of EAsHr /
EAssr with RIvr, points are plotted as shown in Fig.5.69. An examination of the plot
and various trails to arrive at the best fit, lead to understand that EAsnr / EAssr varies
as power function of Rlvr in the form of EAsur / EAssr = k (RImr)". The regression
expression obtained is EAsHr / EAssr = 182.07 (RIwvr) 061° with regression coefficient

R? = 0.93. Then the relation between RIu and EAsHr / EAssr can be expressed as.
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EAsHR = EAssr (182.07 RIMF0462) —commmmmmo oo (22)

Where EAshr is the energy absorption capacity in tension and EAssr is the energy

absorption capacity in compression.

®EA in Tension /EA in Compression

450 EA denote Energy Absorption
400 | o y = 182.07x-0.462
350 | :® o R? = 0.8568
o :
3390 | S o Sy/x =0.0753
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w 250 r=0.9256
€ 200
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i 150 . “
................ ‘
100 ° ®¢ o  IITIT L SO
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Fig.5.69 Ratio between the Energy absorption in tension and Energy absorption in

compression is a function of Rlwur.
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Chapter-6

Study on Graded Glass Fiber Reinforced Concrete

6.1. Introduction

In the precious chapter, influence of fiber length and volume fraction on MGFRC were
discussed. In overall, the results have shown short length fibers (3mm and 6mm)
contributed to improve the strength of the composite whereas long length fibers (12mm
and 20mm) provided the significant deformation. Moreover, short length fibers
dispersed and oriented effectively compared to the long length fibers. Equations were
proposed to compute the tensile strength and corresponding strain capacity of
composite. Equations were given to predict the compressive stress strain curves and

tensile stress strain curves for MGFRC.

Based on the MGFRC results, to improve the properties of the composite (strength
and deformation) simultaneously different lengths of fibers are mixed together and
named as Graded Fibers. The experimental program is designed to study the effect of
graded fibers on concrete of grade M30 and M50. In this investigation, two or more
length of fibers are mixed to form Graded Fibers. When the mixture consists of 3mm
and 6mm is named as Short Graded Fiber (SGF), mixture consisting of 12mm and
20mm is named as Long Graded Fiber (LGF) and mixture of all the four lengths 3mm,
6mm, 12mm and 20mm is named as Combined Graded Fiber (CGF). In the present
study uniaxial tension and compression tests were performed on dog-bone specimens
and prismatic specimens respectively. The present study was aimed at understanding
the effect of Graded fibers on the composite.

6.2 Slump and cube compressive strength of Graded Glass Fiber Reinforced
Concrete (GGFRC)

6.2.1 Slump of M30-GGFRC

6.2.1(a) Comparison of M30-GGFRC-0.3% with M30-MGFRC-0.3%

The value of slump for M30-GGFRC with volume of the fiber 0.3% is shown in Fig.6.1.
The total volume of fiber is 0.3% for all the specimens. Proportion of different lengths
of fibers considered in the mix is given in Table 4.2 of Chapter-4. The slump of M30-
GGFRC is compared with M30-MGFRC. Considering short graded fibers SGF-I#c,
SGF-ll#c, SGF-lli#c, SGF-IV#c and SGF-V#c mixes, the slump values are 92 mm,
126 mm, 116 mm, 109 mm and 90 mm respectively. SGF-I#c and SGF-V#c showed
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less slump values than that of M30-MGFRC with 3mm and 6mm fibers. There is a
progressive slump increase in SGF-IV#c, SGF-IlII#c and SGF-II#c. Among all the short
graded fibers, SGF-Il#c showed the highest slump value and also than that of mono
fibers (3mm, 6mm). Considering long graded fibers LGF-l#c, LGF-ll#c, LGF-lll#c,
LGF-IV#c and LGF-V#c the slump values are 81 mm, 112 mm, 103 mm, 79 mm and
90 mm respectively. LGF-1 and LGF-V showed less slump values than that of MGFRC
with mono fibers of 12mm and 20mm length. There is a progressive slump increase in
LGF-IV#c, LGF-llI#c and LGF-Il#c. Among all the long graded fibers, LGF-1l#c showed
the highest slump value and also than that of mono fibers (12mm, 20mm). It can be
seen that short graded fiber mixes showed higher slump values than that of long
graded fiber mixes. Considering CGF-l#c, CGF-ll#c, CGF-lll#c, CGF-IV#c and CGF-
V#c the slump values are 108 mm, 140 mm, 129 mm, 121 mm and 106 mm
respectively. CGF-l#c and CGF-V#c showed the slump values almost near to the
slump of M30-MGFRC with 3mm fibers. There is a progressive slump increase in CGF-
IV#c, CGF-lll#c and CGF-lI#c.

An examination of the above mixes shows that CGF have performed better than MGF
(mono glass fibers), SGF, and LGF in any mixture from the type-I (20%+80%) to type-
V (80%+20%). In 0.3% volume of fibers and among all the mixes CGF-ll#c has given
the highest slump value. It was noted earlier while testing MGF specimen that the
slump decreased with increase in length of fiber. Now, it can be noticed, in general,
there is improvement in slump for graded fiber specimens compared to mono glass
fiber specimens. In particular, combined graded fiber specimens have given the best
performance in terms of slump. Hence, graded fibers improves workability.
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CGF-l#c CGF-ll#c CGF-Ill#c CGF-IV#c CGF-V#c
0 Plain concrete Slump is 160mm
0.30% Slump of MGFRC for V; = 0.3%

Graded Fibers  3mm length fiber-105mm, 12mm length fiber-94mm
6mm length fiber-103mm, 20mm length fiber-98mm

Fig.6.1 Slump of M30-GGFRC with Vi = 0.3%

6.2.1(b) Comparison of M30-GGFRC-0.4% and 0.5% with M30-MGFRC-0.4% and
0.5%

Similar slump test was conducted for M30-GGFRC with 0.4% and 0.5% volume
fraction and results shown in Fig.6.2 and 6.3. The mix with 0.4% and 0.5% of MGFRC
gave the remarkable reduction in slump and it showed balling of fibers in the
composite. Similar to 0.3% volume fraction of M30-GGFRC, in the short graded fibers,
SGF-lI#d and SGF-ll#e showed the highest slump value and also than that of mono
glass fibers (3mm, 6mm). Among all the long graded fibers, LGF-lI#d and LGF-lI#e
showed the highest slump value and also than that of mono glass fibers (12mm,
20mm). It can be seen that short graded fiber mixes showed higher slump values than
that of long graded fiber mixes. Among all the mixes CGF-lI#d and CGF-lI#e has given

the highest slump value.

An overall observation is that, there is significant difference existed in the loss of the
slump for mono glass fibers. The slump loss was small in the concrete with graded

fibers. Hence, graded fibers improves workability.
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Fig.6.3 Slump of M30-GGFRC with Vf = 0.5%
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6.2.2 Slump of M50-GGFRC

In order to understand the graded fiber behaviour in M50 grade of concrete, slump test
was conducted for M50-GGFRC with 0.3%, 0.4% and 0.5% volume fraction similar to
the M30-GGFRC 0.3%, 0.4% and 0.5% and shown in Fig.6.4 to 6.6. It is noticed that
the M50-GGFRC slump behaviour is similar to the M30-GGFRC. An examination with
different fiber volume combinations of SGF mixes showed that slump of SGF-Ill#c >
SGF-ll#e > SGF-lI#d, that in LGF mixes showed LGF-ll#c > LGF-lI#e > LGF-1l#d and
that in case of CGF mixes showed CGF-ll#c > CGF-ll#e > CGF-lI#d respectively. In
any given volume fraction (0.3%, 0.4% and 0.5%) of M50-GGFRC, among all the
mixes shows that CGF have given the best performance in terms of slump compared
to MGF, SGF and LGF. It can be concluded that the graded fibers improves the

workability of any normal strength concrete.
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Fig.6.4 Slump of M50-GGFRC with Vs = 0.3%
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Fig.6.6 Slump of M50-GGFRC with Vi = 0.5%

6.2.3 Cube compressive strength of M30-GGFRC

6.2.3 (a). Comparison of cube compressive strength of M30-GGFRC-0.3% with

M30-MGFRC-0.3%

The compressive strength results of M30-GGFRC is shown in Fig.6.7. The
compressive strength results of M30-GGFRC is compared with M30-MGFRC.

130



Considering SGF-l#c, SGF-ll#c, SGF-llli#c, SGF-IV#c and SGF-V#c mixes, the
compressive strength values are 39.08 MPa, 40.80 MPa, 39.75 MPa, 38.76 MPa and
38.04 MPa respectively. SGF-I#c, SGF-lll#c, SGF-1V#c and SGF-V#c are showed less
improvement in compressive strength than that of mono glass fibers (3 mm and 6 mm).
Among all the short graded fibers, SGF-Il showed improvement in compressive

strength and also than that of mono glass fiber specimen.

Considering LGF-l#c, LGF-ll#c, LGF-lli#c, LGF-IV#c and LGF-V#c mixes, the
compressive strength values are 37.89 MPa, 41.21 MPa, 38.54 MPa, 37.59 MPa and
36.88 MPa respectively. LGF-l#c, LGF-lll#c, LGF-IV#c and LGF-V#c showed less
improvement in compressive strength than that of mono glass fibers (12mm and
20mm). There is progressive increase of compressive strength in LGF-IV#c, LGF-IlI#c
and LGF-ll#c. Among all the short graded fibers, LGF-ll#c showed the maximum
improvement in compressive strength and also than that of mono glass fiber

specimens.

Considering CGF-l#c, CGF-lli#c, CGF-lll#c, CGF-IV#c and CGF-V#c mixes, the
compressive strength values are 39.48 MPa, 42.05 MPa, 40.15 MPa, 39.17 MPa and
38.42 MPa respectively. There is a significant improvement of compressive strength
in combined graded fibers than mono glass fibers. However, for the same volume in
0.3% of fibers, among all the mixes CGF-lI#c has given the best improvement in

compressive strength.
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Fig.6.7 Cube Compressive strength of M30-GGFRC with Vi= 0.3%
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6.2.3 (b). Comparison of cube compressive strength of M30-GGFRC-0.4% and
0.5% with M30-MGFRC-0.4% and 0.5%

Similar compression test was conducted for M30-GGFRC with 0.4% and 0.5% volume
fraction and results shown in Fig.6.8 and 6.9. The mix with 0.4% and 0.5% of MGFRC
have given the considerable decrease in compressive strength. That is due to the non-
uniform distribution of fiber in the fresh mixes and also may be due to voids and flaws
in the hardened composite. similar to 0.3% volume fraction of M30-GGFRC, in the
short graded fibers, SGF-11#d and SGF-Il#e showed the highest compressive strength
and also than that of mono glass fibers (3mm, 6mm). Among all the long graded fibers,
LGF-II#d and LGF-ll#e showed the highest compressive strength and also than that
of mono glass fibers (12mm, 20mm). It can be seen that short graded fiber mixes
showed higher compressive strength than that of long graded fiber mixes. Among all
the mixes CGF-lI#d and CGF-Ill#e have given the highest compressive strength. An
overall observation is that, there is significant increase in the compressive strength of
M30-GGFRC than M30-MGFRC.
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Fig.6.8 Cube Compressive strength of M30-GGFRC with Vi = 0.4%
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6.2.4 Cube compressive strength of M50-GGFRC

Compression test was conducted on cube specimens of M50-GGFRC with 0.3%, 0.4%
and 0.5% volume fraction as similar to the M30-GGFRC with 0.3%, 0.4% and 0.5%
and shown in Fig.6.10 to 6.12. It is noticed that the M50-GGFRC cube compressive
strength behaviour is similar to the M30-GGFRC of cube compressive strength
behaviour. An examination with different fiber volume combinations of SGF mixes
showed that cube compressive strength of SGF-II (40%3mm+60%6mm) is greater
than the all other short graded fibers whereas in LGF mixes showed LGF-II
(40%12mm+60%20mm) is greater than the all other long graded fibers and in case of
CGF mixes showed that cube compressive strength of CGF-Il (40%SGF+60%LGF) is
also greater than all other combined graded fibers. In any given volume fraction (0.3%,
0.4% and 0.5%) of M50-GGFRC, among all the mixes, CGF have given the best
improvement in terms of cube compressive strength compared to MGF, SGF and LGF.
It can be concluded that the combined graded fibers (CGF) improves the cube

compressive strength of concrete.
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6.3 Tensile stress strain behaviour of M30-GGFRC
6.3.1 Short Graded Fibers

3mm and 6mm length fibers are combined with five different fiber volume
combinations as given in Table 4.2 of Chapter-4. Stress Strain diagram of short graded
fibers (3mm+6mm) is given in Fig.6.13. Considering SGF-I#c, there is 80% of 6mm
fibers. Hence the behaviour is compared with 100% 6mm fibers and it can be seen
that there is not much improvement by replacing 100% 6mm fibers with 80% 6mm +
20% 3mm (SGF-I#c). A similar examination for the 3mm fibers can be observed where
there is not much improvement in behaviour by replacing the 100% 3mm with 80%
3mm + 20% 6mm (SGF-V#c). The natural characteristics of mono glass fibers i.e.,
3mm is reflected in SGF-V#c and 6mm in SGF-I#c. Further grading of 3mm and 6mm
have exhibited completely different behaviour from mono fibers. An equal percentage
of volume of fibers 3mm and 6mm i.e., 50% 3mm + 50% 6mm (SGF-Ill#c) have shown
an intermediate behaviour between the SGF-IV#c and SGF-ll#c. The specimens
containing the 40% of 3mm + 60% 6mm (SGF-ll#c) has given the best benefit of
improvement in both strength and deformation compared to all other short graded
fibers. An overall observation form the behaviour stress strain diagram of short graded
fiber specimens shows that a dosage of more than 20% of 3mm or 6mm in the total

volume will give an improved performance compared to mono glass fibers.
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Fig.6.13 Tensile Stress-Strain behaviour of M30-SGF with Vi= 0.3%

6.3.2 Long Graded Fibers

12mm and 20mm length fibers are combined with five different fiber volume
combinations are given in Table 4.2 of Chapter-4. Stress strain diagrams for long
graded fiber (12mm + 20mm) is given in Fig.6.14. The natural characteristics of mono
fibers i.e., 12mm is reflected in LGF-V#c and 20mm in LGF1#c. Further grading of
12mm and 20mm have exhibited completely different behaviour from mono fibers. An
equal percentage of volume of fibers 12mm and 20mm i.e., 50% 12mm + 50% 20mm
(LGF-lli#c) have shown an intermediate behaviour between the combinations of
12mm and 20mm viz. LGF-IV#c and LGF-llI#c. The specimens containing the 40%
12mm + 60% 20mm (LGF-ll#c) has given the best benefit of improvement in both
strength and deformation compared to all other long graded fibers. An overall
observation form the behaviour stress strain diagram of long graded fiber specimens
shows that a dosage of more than 20% of 12mm or 20mm in the total volume will give

an improved performance compared to monofibers.
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Fig.6.14 Tensile Stress-Strain behaviour of M30-LGF with Vi = 0.3%

6.3.3 Combined Graded Fibers (CGF)

Mixture of Short Fibers namely (3mm, 6mm) and Long Fibers (12mm, 20mm) is
combined graded fibers. Total volume fraction in all the specimens of CGF, SGF and
LGF is 0.3%. Stress Strain behaviour of CGF is compared with Mono Fibers (MF),
SGF and LGF. A very interesting behaviour of stress strain diagram can be noticed
with CGF. Actual volume of fibers of each length in percentage in CGF is given in
Table 4.2 of Chapter-4.

6.3.3 (&) Comparison with mono fibers

Stress strain diagrams of mono fibers and CGF are shown in Fig.6.15. It can be seen
that the deformation of specimens with eighty percent of short graded (3mm+6mm) in
CGF-V#c, eighty percent of long graded (12mm + 20mm) in CGF-l#c is nearer to
mono fibers 20mm but there is increase in strength of combined graded fiber
specimens compared to mono fibers. As the volume of long length fibers increases
from 40% to 60% i.e., CGF-IV#c, CGF-lli#c and CGF-ll#c in combined graded fiber

specimen, there is progressive increase in strength and deformation.
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Fig.6.15 Tensile Stress-Strain behaviour of M30-CGF with Vi = 0.3%

6.3.3 (b) Comparison with short graded fibers

Stress strain diagrams of short graded fibers and combined graded fibers are shown
in Fig 6.16. Eighty percent of long length fibers in CGF-l#c, eighty percent of short
length fibres in CGF-V#c of combined graded fiber specimens have undergone the
same amount of deformation as that of short graded fiber specimens (SGF-Ill#c and
SGF-Il#c). It is noticed in earlier section in CGF-I#c and CGF-V#c have almost same
amount of deformation as mono glass fiber of 20mm length. Thus SGF-ll#c, SGF-Illl#c,
CGF-l#c, CGF-V#c and mono glass fibers of 20mm have almost nearly the same
amount of of deformation but improvement in strength is highest for SGF-Il#c followed
by SGF-lll#c, CGF-V#c, CGF-l#c compared to mono glass fibers of 20mm. As the
volume of long length fibers in combined graded fiber specimen i.e., CGF-IV#c, CGF-
llI#c and CGF-ll#c increases from 40% to 60%, strength and deformation capacity

increased.
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Fig.6.16 Tensile Stress-Strain behaviour of M30-CGF-0.3% compared with M30-
SGF-0.3%

6.3.3 (c) Comparison with Long graded fibers

Stress strain diagram for LGF and CGF are shown in Fig.6.17. It is known that LGF
means grading with 12mm and 20mm and in the combined graded specimens means
the grading with SGF (3mm and 6mm) and LGF (12mm and 20mm). An examination
of the above curves shows that CGF have performed better than LGF in any mixture
from the type-l (20%+80%) to type-V (80%+20%). That is to say that CGF-I is better
than LGF-I and so on. Among all the specimens CGF-ll has given the best

performance.
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Fig.6.17 Tensile Stress-Strain behaviour of M30-CGF-0.3% compared with M30-
LGF-0.3%

6.3.3 (d) Best of the best fiber combination

Stress strain diagram for mono fiber and the best performing specimen in SGF, LGF
and CGF are shown in Fig.6.18. It can be seen that short graded fiber specimen results
in higher strength and long graded fiber specimen results in higher deformation. Thus
for the same volume in 0.3% of fibers CGF-lIl combined graded has the best
performance. Combined graded specimens (CGF-Il) have 16% of 3mm, 24% of 6mm,
24% of 12mm and 36% of 20mm length fibers. Different lengths of fibers have
controlled the different levels of cracking thus contributing to increase in strength and
deformation of Graded Glass Fiber Reinforced Concrete.
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Fig.6.18 Tensile Stress-Strain behaviour of M30-CGF-0.3% compared with
corresponding MF, SGF and LGF

6.3.4 Discussion about Short Graded fibers (SGF), Long Graded Fibers (LGF)
Combined Graded Fibers (CGF) with volume fraction of 0.4% and 0.5%.

Stress strain diagram for SGF, LGF and CGF with the volume fraction of 0.4% and
0.5% shown in Fig.6.19 to 6.26. The specimens containing the 40% 3mm + 60% 6mm
(SGF-II) has given the best benefit of improvement in both strength and deformation
compared to all other short graded fibers as shown in Fig.6.19 and 6.23 irrespective
of amount of volume fraction of fibers i.e., 0.4% or 0.5%. The specimens containing
the 40%3mm + 60%6mm (LGF-II) has given the best benefit of improvement in both
strength and deformation compared to all other long graded fibers is shown in Fig.
6.20 and 6.24 irrespective of amount of volume fraction of fibers i.e., 0.4% or 0.5%.
An examination of the above curves shows that CGF have performed better than LGF
in any specimen from the type-I (20%+80%) to type-V (80%+20%). That is to say that
CGF-l is better than LGF-I and so on. Among all the specimens CGF-Il has given the

best performance is shown in Fig.6.21 and 6.25.
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Stress strain diagram for mono fiber and the best performing specimen in SGF, LGF
and CGF are shown in Fig.6.22 and 6.26. It can be seen that short graded fiber
specimen results in higher strength and long graded fiber results in higher deformation.
Thus for the same volume fraction in 0.4% and 0.5% of mixes containing CGF-II
(40%SGF+60%LGF) combined graded has the best performance. Irrespective of
volume of fibers i.e., 0.3%, 0.4% or 0.5%, different lengths of fibers have controlled
the different levels of cracking thus contributing to increase in strength and

deformation of Graded Glass Fiber Reinforced Concrete.
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Fig.6.19 Tensile Stress-Strain behaviour of M30-SGF with Vi= 0.4%
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Fig.6.20 Tensile Stress-Strain behaviour of M30-LGF with Vi= 0.4%
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Fig.6.21 Tensile Stress-Strain behaviour of M30-CGF with Vi= 0.4%
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Fig.6.22 Tensile Stress-Strain behaviour of M30-CGF-0.4% compared with
corresponding MF, SGF and LGF.
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Fig.6.23 Tensile Stress-Strain behaviour of M30-SGF with Vi= 0.5%
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Fig.6.24 Tensile Stress-Strain behaviour of M30-LGF with Vi= 0.5%
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Fig.6.25 Tensile Stress-Strain behaviour of M30-CGF with Vi= 0.5%
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Fig.6.26 Tensile Stress-Strain behaviour of M30-CGF-0.5% compared with
corresponding MF, SGF and LGF

6.4 Tensile stress strain behaviour of M50-GGFRC

Stress strain diagrams are drawn for SGF, LGF and CGF of M50 grade of concrete
with volume fractions of 0.3%, 0.4% and 0.5% as shown in Fig.6.27 to 6.38. An
observation of the stress strain behaviour of M50-GGFRC shows that it is similar to
the stress strain behaviour of the M30-GGFRC.

Irrespective of volume of fibers i.e., 0.3%, 0.4% or 0.5%, the natural characteristics of
mono glass fibers i.e., 3mm is reflected in SGF-V and 6mm in SGF-I as shown in
Fig.6.27 to 6.29. Further grading of 3mm and 6mm have exhibited completely different
behaviour from mono fibers. An equal percentage of volume of fibers 3mm and 6mm
i.e., 50% 3mm + 50% 6mm (SGF-IIl) have shown an intermediate behaviour between
SGF-1V and SGF-II. The specimens containing the 40% of 3mm + 60% 6mm (SGF-II)
has given the best benefit of improvement in both strength and deformation compared
to all other short graded fibers and can be seen in Fig.6.27 to 6.29 in all volume of
fibers i.e., 0.3%, 0.4% or 0.5%.
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Irrespective of volume of fibers i.e., 0.3%, 0.4% or 0.5%, the natural characteristics of
mono glass fibers i.e., 12mm is reflected in LGF-V and 20mm in LGF1 as shown in
Fig.6.30 to 6.32. Further grading of 12mm and 20mm have exhibited completely
different behaviour from mono fibers. An equal percentage of volume of fibers 12mm
and 20mm i.e., 50% 12mm + 50% 20mm (LGF-Ill) have shown an intermediate
behaviour between LGF-IV and LGF-II. The specimens containing the 40% 12mm +
60% 20mm (LGF-Il) has given the best benefit of improvement in both strength and
deformation compared to all other long graded fibers can be seen in Fig.6.30 to 6.32

in all volume of fibers i.e., 0.3%, 0.4% or 0.5%.

Stress strain diagrams of mono fibers and CGF are shown in Fig.6.33 to 35 for 0.3%,
0.4% and 0.5% fiber volume fraction. It can be seen that the deformation of specimens
with eighty percent of short graded (3mm+6mm) in CGF-V, eighty percent of long
graded (12mm + 20mm) in CGF-Il is nearer to mono fibers 20mm but there is increase
in strength of combined graded fiber specimens compared to mono fibers. As the
volume of long length fibers increases from 40% to 60% i.e., CGF-IV, CGF-lll and
CGF-Il in combined graded fiber specimen, there is progressive increase in strength

and deformation.

Stress strain diagram for mono fiber and the best performing specimen in SGF, LGF
and CGF are shown in Fig.6.36 to 38 for 0.3%, 0.4% and 0.5% volume fraction. It can
be seen that short graded fiber specimen results in higher strength and long graded
fiber results in higher deformation. Thus for any given volume of fibers (0.3%, 0.4%
and 0.5%) combined graded fibers (CGF-ll) specimens has given the best

performance when compared to the SGF-Il, LGF-Il and also MGF specimens.

An overall observation, irrespective of volume of the fiber i.e., 0.3%, 0.4% or 0.5%,
Graded Fibers have controlled the different scales of cracking thus contributing to
increase in strength and deformation of both M30 and M50 grade of concrete. Hence,
it can be concluded that the graded fibers improves the strength and deformation of

any normal strength concrete.
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148

0.0005



[N
o

Stress, MPa
o = N w N (6)] » ~ [00) [(e]

Stress, MPa
N ol

w

——M50 —=8—0.5%-3mm

—4—(0.5%-6mm SGF-1#e=20%3mm+80%6mm
== SGF-|l#e=40%3mm+60%6mm —o— SGF-Il1#e=50%3mm+50%6mm
=t SGF-IV#e=60%3mm+40%6mm — SGF-V#e=80%3mm+20%6mm

v SGF-lll#te
- b L\
/ SGF-Vite .\
SGF-IV#te SGF-li#e
| N
GF-l#e o
MS0| L oy .
0 0.0001 0.0002 0.0003 0.0004 0.0005

Strain
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corresponding MF, SGF and LGF
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6.5 Mechanical properties of GGFRC

The salient points of GGFRC stress strain diagram shows that it is similar to the
MGFRC as shown in Fig.5.16 of Chapter-5. Point P is the onset of cracking, point Q
is ultimate stress and strain, point R is sudden drop in stress after peak stress and
point S is breaking stress. It may be noticed that there is a slow increase in stress after
reaching a stress corresponding to point P and then the specimens have undergone
large deformation beyond the point P and up to point Q. Hence, the P to Q region can

be called as strain hardening region.

Stress strain curves of M30-GGFRC and M50-GGFRC with 0.3%, 0.4% and 0.5%
volume fraction are analysed to obtain Initial slope (E%), strengthening factor (STFY),
ductility factor (DF'), strain hardening slope (Esnx) and energy absorption capacity
(EAsHR) as similar to the stress strain curves of M30-MGFRC. Stress and strain at
ultimate point Q and strain at onset of strain hardening point P are noted from the
stress strain diagram for SGF, LGF and CGF and given in column 2, 3, 4 and 5 of
Table 6.1, 6.2, 6.3, 6.4, 6.5 and 6.6. Initial slope (E%), strengthening factor (STFY),
ductility factor (DFY), strain hardening slope (Esn) and energy absorption capacity
(EAsHR) are computed and given in column 6, 7, 8, 9 and 10 of Table 6.1, 6.2, 6.3, 6.4,
6.5 and 6.6. The variation of these properties as a function of five different fiber volume
combinations i.e., type-1=20%+80% (20:80), 11=40%+60% (40:60), 111=50%+50%
(50:50), IV=60%+40% (60:40) and V=80%+20% (80:20) for SGF, LGF and CGF are
shown in Fig.6.39 to 6.44. The detailed explanation of above properties of stress strain

curves is given in fallowing articles
6.5. (a) Initial slope (E%)

The variation of initial slope (E") values for SGF, LGF and CGF with five different fiber
volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.39 (a), 6.40 (a) and
6.41 (a). Among all the fiber volume combinations, it can be observed that the
specimens with 40% 3mm+60%6mm (SGF-II) has given the lower value compared to
the all other short graded fiber specimens. Similarly, in case of long graded fibers and
combined graded fibers, specimens with 40% 12mm+60%20mm (LGF-Il) and
40%SGF+60%LGF (CGF-Il) has given the lower values compared to other long
graded and combined graded fiber volume combinations. For a particular fiber volume
combination i.e., 40:60, SGF-II given the higher slope than that of CGF-Il and LGF-II.
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An overall observation shows that, Initial slope values of SGF are more than CGF and
LGF in any specimen from the type-l (20:80) to type-V (80:20) as can be seen in
Fig.6.39 (a), 6.40 (a) and 6.41 (a) for 0.3%, 0.4% and 0.5% volume fraction. Moreover,
it can be concluded that initial slope of SGF is lower than MGF for any given volume
fraction (0.3%, 0.4% and 0.5%). Hence, lower the initial slope higher the stiffness of

the composite.

The initial slope (E%) behaviour of SGF, LGF and CGF for M50 grade of concrete with
0.3%, 0.4% and 0.5% volume fractions is similar to the M30-GGFRC and can be seen

in Fig.6.42 (a), 6.43 (a) and 6.44 (a).
6.5. (b) Strengthening Factor (STFY)

The variation of strengthening factor (STF) for SGF, LGF and CGF with five different
fiber volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.39 (b), 6.40 (b)
and 6.41 (b). Among all the fiber volume combinations, it can be noticed that the
specimens with 40% 3mm+60%6mm (SGF-Il) has given the higher strengthening
factor compared to the all other short graded fiber specimens whereas in case of long
graded fiber, specimens with 40% 12mm+60%20mm (LGF-Il) has given the higher
strengthening factor compared to other long graded specimens. An examination of the
combined graded fiber, specimens with 40%SGF+60%LGF (CGF-Il) showed the
higher strengthening factor compared to the other combined graded specimens. For
a particular fiber volume combination i.e., 40:60, CGF-Il has given the higher
strengthening factor than that of SGF-Il and LGF-Il. An overall observation is that,
strengthening factor of CGF are more than SGF and LGF in any specimen from the
type-I (20:80) to type-V (80:20) as can be seen in Fig.6.39 (b), 6.40 (b) and 6.41 (b)
for 0.3%, 0.4% and 0.5% volume fraction.

Strengthening factor (STF!) variations of SGF, LGF, CGF for M50 grade of concrete
with 0.3%, 0.4% and 0.5% volume fractions is similar to the M30-GGFRC and can be
seen in Fig.6.42 (b), 6.43 (b) and 6.44 (b).

6.5. (c) Ductility Factor (DFY)

The variation of ductility factor (DF!) for SGF, LGF and CGF with five different fiber
volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.39 (c), 6.40 (c) and

6.41 (c). Among all the fiber volume combinations, it can be noticed that the specimens
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with 40% 3mm+60%6mm (SGF-II) has given the higher ductility factor compared to
the all other short graded fiber specimens whereas in case of long graded fiber,
specimens with 40% 12mm+60%20mm (LGF-II) has given the higher ductility
compared to other long graded specimens. An examination of the combined graded
fiber specimens with 40%SGF+60%LGF (CGF-1lI) showed the higher ductility
compared to the other combined graded specimens. For a particular fiber volume
combination i.e., 40:60, CGF-II has given the higher ductility factor than that of SGF-
Il and LGF-Il. An overall observation shows that, ductility factor of CGF are more than
SGF and LGF in any specimen from the type-1 (20:80) to type-V (80:20) as can be
seen in Fig.6.39 (c), 6.40 (c) and 6.41 (c) for 0.3%, 0.4% and 0.5% volume fraction.

Ductility factor (DF') variations of SGF, LGF, CGF for M50 grade of concrete with 0.3%,
0.4% and 0.5% volume fractions is similar to the M30-GGFRC and can be seen in
Fig.6.42 (c), 6.43 (c) and 6.44 (c).

6.5. (d) Strain Hardening Slope (Esr)

The variation of strain hardening slope (Esw) values for SGF, LGF and CGF with five
different fiber volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.39 (d),
6.40 (d) and 6.41 (d). Among all the fiber volume combinations, it can be observed
that the specimens with 40%3mm+60%6mm (SGF-II) has given the lower strain
hardening slope compared to the all other short graded fiber specimens. Similarly, in
case of long graded fibers and combined graded fibers, specimens with 40%
12mm+60%20mm (LGF-Il) and 40%SGF+60%LGF (CGF-Il) has given the lower
values of strain hardening slope compared to other long graded and combined graded
fiber volume combinations. For a particular fiber volume combination i.e., 40:60, SGF-
Il given the higher strain hardening slope than that of CGF-Il and LGF-II. An overall
observation shows that, strain hardening slope values of SGF are more than CGF and
LGF in any specimen from the type-l (20:80) to type-V (80:20) as can be seen in
Fig.6.39 (d), 6.40 (d) and 6.41 (d) for 0.3%, 0.4% and 0.5% volume fraction. Moreover,
it can be concluded that strain hardening slope of CGF is less than that of SGF, LGF
and also MGF for any given volume fraction (0.3%, 0.4% and 0.5%). For any given
fiber volume fraction, as the grading of fibers changes from SGF (3mm + 20mm) to
LGF (12mm+20mm) and to CGF (3mm+6mm+12mm+20mm), strain hardening region

increased. Hence, strain hardening region increases with improved fiber grading.
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Hence, lower strain hardening slope means higher post crack deformations whereas

higher strain hardening slope means lower post crack deformations.

The strain hardening slope (EsH) behaviour of SGF, LGF and CGF for M50 grade of
concrete with 0.3%, 0.4% and 0.5% volume fractions is similar to the M30-GGFRC
and can be seen in Fig.6.42 (d), 6.43 (d) and 6.44 (d).

6.5. (e) Energy Absorption Capacity (EAsHR)

The variation of energy absorption capacity (EAsHRr) for SGF, LGF and CGF with five
different fiber volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.39 (e),
6.40 (e) and 6.41 (e). Among all the fiber volume combinations, it can be noticed that
the specimens with 40% 3mm+60%6mm (SGF-1l) has given the higher energy
absorption capacity compared to the all other short graded fiber specimens whereas
in case of long graded fiber, specimens with 40% 12mm+60%20mm (LGF-Il) has
given the higher energy absorption capacity compared to other long graded
specimens. An examination of the combined graded fiber, specimens with
40%SGF+60%LGF (CGF-I11) showed the higher energy absorption capacity compared
to the other combined graded specimens. For a particular fiber volume combination
i.e., 40:60, CGF-II given the higher energy absorption capacity than that of SGF-Il and
LGF-IIl. An overall observation shows that, energy absorption capacity of CGF are
more than SGF and LGF in any mixture from the type-I (20:80) to type-V (80:20) as
can be seen in Fig.6.39 (e), 6.40 (e) and 6.41 (e) for 0.3%, 0.4% and 0.5% volume

fraction

Energy absorption capacity (EAsnr) variations of SGF, LGF, CGF for M50 grade of
concrete with 0.3%, 0.4% and 0.5% volume fractions is similar to the M30-GGFRC
and can be seen in Fig.6.42 (e), 6.43 (e) and 6.44 (e).

6.5. (f) Comparisons

Finally, It can be noted that the strength enhancement for short graded fibers varied
from 1-17 to 1.53 and for long graded fibers 1.02 to 1.31 which shows that there was
a significant improvement in strength for specimens with short graded fibers when
compared to the specimens with long graded fibers. A significant enhancement in
ductility occurred in case of the long graded fibers i.e., between 4.69 and 6.64,

compared to short graded fibers i.e., between 3.87 and 5.63. Hence, short graded
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fibers are more effective in improving the ultimate strength by delaying the formation
of micro cracks and long graded fibers are more effective in increasing the
deformations by bridging the macro cracks. The combination of short graded and long
graded fibers to form combined graded fibers enhanced the strengthening factor form
1.23 to 1.59 and ductility factor from 5.94 to 7.88. The comparison with best of the best
combinations i.e., 40%3mm+60%6mm (SGF-II), 40%12mm+60%20mm (LGF-II) and
40%SGF+60%LGF (CGF-Il) showed the clear variation. Specimens with SGF-1l gave
1.53 times improvement in strength whereas Specimens with LGF-II gave 6.64 times
improvement in ductility. The combination of short graded and long graded i.e.,
combined graded fibers (CGF-Il) gave 1.59 times in strength and 7.88 times in ductility.
That is to say that the combined graded fibers have given the best performance
compared to short graded fibers and long graded fibers in both strength and
deformation. From the above observation, it can be concluded that the combined
graded fibers (CGF) are better than mono glass fibers (MGF) or SGF or LGF in terms
of strength and deformation.

In all, irrespective of volume of the fiber (0.3%, 0.4% and 0.5%) and grade of concrete
(M30 and M50), long graded fibers (LGF) exhibited higher ductility factor, energy
absorption capacity than that of short graded fibers (SGF). Short graded fibers showed
higher strengthening and initial slope compared to the long graded fibers. Hence, the
combination of SGF and LGF i.e., CGF have exhibited the higher strengthening factor,
ductility factor and energy absorption capacity than that of SGF, LGF and MGF.

Table 6.1 Summary of test results for M30-GGFRC with Vs =0.3% in Tension

Strain Hardening Region ES ESH4 EAsHR

SD (X10% | STFt| DFt OI\(/IlF?a) (X102)
(1) oP, Py, o, €2 MPa | (7) | (8) () N/mm
Mpa | (X104) | MPa | (X104) | (6) (10)

(2) 3) 4) (5)
Short Graded Fibers (SGF), Vi= 0.3%,
SGF-l#c | 281 ] 040 | 430 | 1.69 | 7.10 [1.17]4.28] 1.15 | 0.060
SGF-li#c | 3.39 | 0.62 | 519 | 322 | 543 [1.41|515] 0.69 | 0.136
SGF-lli#c | 3.70 | 0.60 | 5.06 | 2.88 | 6.21 [1.38|4.84| 0.60 | 0.119
SGF-IvV#c | 3.42 | 054 | 468 | 229 | 6.29 |1.27|4.21] 0.73 | 0.087
SGF-V#c | 333 | 035 | 430 | 1.36 | 9.51 |1.17 |3.87| 0.97 | 0.048
Long Graded Fibers (LGF), Vi=0.3%
LGF-l#c | 245 | 059 | 3.75 | 3.05 | 418 |1.02|5.21| 0.53 | 0.093
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LGF-ll#c | 255 | 0.82 | 4.43 5.08 3.12 | 1.20 |6.23| 0.44 | 0.184

LGF-lll#c | 2.48 | 0.79 4.30 4.74 3.13 | 117|599 | 046 | 0.167

LGF-IV#c | 265 | 0.74 | 405 | 3.90 3.56 |1.10[5.24| 0.44 | 0.129

LGF-V#c | 248 | 055 | 3.80 | 2.71 451 |1.03]|4.93| 0.61 | 0.084

Combined Graded Fibers (SGF), Vi=0.3%

CGF-l#c | 3.48 | 0.56 | 452 | 3.33 6.21 |1.23[5.94| 0.38 | 0.128

CGF-ll#c | 423 | 0.86 | 5.50 | 6.05 492 |150|7.03| 0.24 | 0.283

CGF-llli#c | 4.14 | 0.80 5.38 5.45 5.17 | 1.46 | 6.81| 0.27 | 0.249

CGF-IV#c | 3.76 | 0.69 | 4.89 | 4.39 545 11.33|6.36| 0.31 | 0.183

CGF-V#c | 350 | 0.49 | 455 3.03 714 |1.24|6.18| 0.41 | 0.117

Note:Initial Slope (E%) = o™, / €Pt, Strengthening Factor (STFY)= 0% / Omt ,

Ductility Factor (DF!) = €2 / €%, Strain Hardening slope (Esh) = (0%- 6% / (€2t-€"t),

Energy Absorption (EAsHr) = Area under the stress strain curve in Strain Hardening Region,
SD = Specimen Designation.

Table 6.2 Summary of test results for M30-GGFRC with Vi= 0.4% in Tension

EsH

Strain Hardening Region ES (X10%) EAsHR

SD (X10%) | STFt| DF* | Y0077 | (X1079)
(1) o™, Py, o<, €9, MPa | (7) | (8) 9 a | N/mm
Mpa | (X10%) | MPa | (X104 | (6) © | o)

2 | 3 (4) (5)

Short Graded Fibers (SGF), Vi=0.4%

SGF-1#d | 2.86 | 0.38 | 4.38 1.76 762 |1.19[4.69| 1.10 | 0.063

SGF-lI#d | 3.54 | 0.61 5.42 3.29 5.78 | 147|537 | 0.70 | 0.145

SGF-lll#d | 3.76 | 0.60 | 5.14 | 2.95 6.31 |1.40[4.95]| 0.59 | 0.124

SGF-IV#d | 349 | 054 | 4.79 2.36 6.49 [1.30[4.38| 0.71 | 0.092

SGF-V#d | 3.39 | 0.37 | 441 1.42 9.29 [1.20[3.90| 0.96 | 0.051

Long Graded Fibers (LGF), Vi=0.4%

LGF-I#d | 253 | 059 | 3.87 | 3.12 432 |1.05|5.32| 053 | 0.099

LGF-Il#d | 270 | 0.80 | 4.68 | 5.15 3.36 | 1.276.42| 0.46 | 0.197

LGF-lll#d | 255 | 0.79 | 443 | 4.81 3.23 [1.20]6.10| 047 | 0.174

LGF-IV#d | 2.73 | 0.73 | 4.18 3.97 3.75 | 1.14 544 | 045 | 0.135

LGF-V#d | 254 | 055 | 3.90 | 2.78 466 |1.06|5.10| 0.61 | 0.088

Combined Graded Fibers (CGF), Vi=0.4%

CGF-l#d | 353 | 055 | 460 | 3.48 6.42 | 1.25[6.33| 0.36 | 0.136

CGF-ll#d | 442 | 0.84 | 575 | 6.20 5.26 | 156 |7.38| 0.25 | 0.3083

CGF-lli#d | 4.21 | 0.79 548 | 5.60 533 149 |7.09] 0.26 | 0.261

CGF-IV#d | 3.85 | 0.68 | 5.01 | 4.54 5.67 [1.36|6.68| 0.30 | 0.194

CGF-V#d | 3.57 | 050 | 464 | 3.18 7.15 | 1.26 |6.35| 0.40 | 0.126

Note:Initial Slope (E%) = 6™,/ €Pt, Strengthening Factor (STFY)= 6%/ omt,

Ductility Factor (DF!) = €% / €, Strain Hardening slope (Esn) = (0%- 6™ / (€%t-€™t),

Energy Absorption (EAsHr) = Area under the stress strain curve in Strain Hardening Region,
SD = Specimen Designation.
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Table 6.3 Summary of test results for M30-GGFRC with Vs = 0.5% in Tension

EsH

Strain Hardening Region ES 2 | EAsSHR
SD (X10% | STFt| DFt ()I\(/IlF?a) (X102)
(1) o™, Py, o, £, MPa | (7) | (8) () N/mm
Mpa | (X104 | MPa | (X104 | (6) (20)
2) 3) 4) ()
Short Graded Fibers (SGF), Vi=0.5%
SGF-l1#e | 3.61 | 0.39 | 440 | 1.86 9.27 | 1.17 | 4.78 | 0.82 | 0.066
SGF-ll#e | 3.69 | 0.60 | 5.65 | 3.39 6.12 | 1.53 | 5.63 | 0.66 | 0.156
SGF-lli#e | 3.97 | 059 | 544 | 3.05 6.73 | 1.48 |5.17| 0.60 | 0.136
SGF-IV#e | 3.60 | 0.53 | 494 | 2.46 6.74 | 1.34 |4.60| 0.70 | 0.099
SGF-V#e | 352 | 035 | 459 | 153 | 10.20 | 1.25[4.42| 0.91 | 0.057
Long Graded Fibers (LGF), Vi=0.5%
LGF-l#e | 261 | 059 | 4.00 | 3.22 446 |1.09|550| 0.53 | 0.105
LGF-li#e | 279 | 0.79 | 4.84 | 5.25 352 |131|6.64| 0.46 | 0.207
LGF-lli#e | 2.62 | 0.78 | 456 | 4.91 3.36 | 1.246.31| 0.47 | 0.183
LGF-IV#e | 281 | 0.72 | 4.30 | 4.07 3.88 | 1.17|5.62| 0.45 | 0.143
LGF-V#e | 264 | 055 | 4.05 | 2.88 480 |1.10|5.24| 0.61 | 0.095
Combined Graded Fibers (CGF=SGF+LGF), Vi=0.5%
CGF-l1#d | 3.48 | 0.56 | 4.52 | 3.63 6.21 | 1.23|6.48| 0.34 | 0.140
CGF-lI#d | 4.51 0.81 5.87 6.35 560 | 159 |7.88| 0.24 0.317
CGF-lli#d | 4.42 | 0.76 | 5.75 | 5.75 582 | 156 |756| 0.27 | 0.281
CGF-Iv#d | 410 | 0.67 | 5.33 | 4.69 6.13 | 1.45|7.01| 0.31 | 0.213
CGF-v#d | 3.68 | 0.49 | 479 | 3.33 751 |1.30|6.79| 0.39 | 0.136

Note:Initial Slope (E%) = 6™, / €Pt, Strengthening Factor (STF)= 0%/ Omt,
Ductility Factor (DF!) = €2 / €, Strain Hardening slope (Esh) = (0%- 6%t / (€2t -€"t),
Energy Absorption (EAsHr) = Area under the stress strain curve in Strain Hardening Region,
SD = Specimen Designation.
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Table 6.4 Summary of test results for M50-GGFRC with Vi= 0.3% in Tension

Strain Hardening Region Eti4 ESH4 EASHZR
t t -
o | e Ton [ |G00)STE o caoh | 0o
MPa | (X104 | MPa | (X10%) (6) ) (10)
(2) (3) (4) (5)
Short Graded Fibers (SGF), Vi=0.3%
SGF-l1#c | 453 | 040 | 656 | 1.86 | 11.33 |1.17 |466| 1.39 | 0.100
SGF-ll#c | 5.03 | 0.69 | 7.71 | 3.59 729 [1.37|521| 092 | 0.226
SGF-lll#c | 492 | 0.64 | 754 | 3.20 7.69 |1.34|5.00| 1.02 | 0.197
SGF-IV#c | 459 | 054 | 7.03 | 2.56 8.44 |1.25|4.70| 1.21 | 0.147
SGF-V#c | 4.48 0.34 6.48 1.53 13.18 | 1.15|4.49 | 1.69 0.081
Long Graded Fibers (LGF), Vi=0.3%
LGF-I#c | 3.73 | 0.61 | 5.72 | 3.22 6.11 |[1.02|5.28| 0.76 | 0.150
LGF-Ill#c | 3.78 0.91 6.56 5.76 414 | 1.17 |6.32| 0.57 0.309
LGF-Ili#c | 3.63 | 0.87 | 6.31 | 5.25 417 |1.12]6.04| 0.61 | 0.271
LGF-IV#c | 3.55 | 0.74 | 6.06 | 4.24 477 11.08|569| 0.72 | 0.209
LGF-V#c | 3.48 | 055 | 572 | 2.85 6.33 |1.02 |5.18| 0.97 | 0.133
Combined Graded Fibers (CGF), Vi=0.3%
CGF-l#c | 531 | 058 | 6.89 | 3.57 9.16 |1.22 |6.16 | 0.53 | 0.209
CGF-ll#c | 6.17 | 0.90 | 845 | 6.51 6.86 |1.50|7.23| 0.41 | 0.468
CGF-lli#c | 594 | 0.85 | 8.14 | 5.90 6.99 |1.45|6.94| 0.43 | 0.409
CGF-IvV#c | 581 | 0.73 | 7.56 | 4.84 796 |1.34|6.63| 043 | 0.311
CGF-V#c | 531 | 051 | 6.89 | 3.18 | 1041 |1.22 [6.23| 0.59 | 0.186
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Table 6.5 Summary of test results for M50-GGFRC with Vi= 0.4% in Tension

EsH

Strain Hardening Region Et (X109 EASHR
SD (X104 | STFt| DFt (X102
(1) o | e | 0% | % |'mpa | 7)) | 8 | M2 | N/mm
Mpa | (X104) | MPa | (X10%) | (g) 9) (10)
(2) 3) (4) ()
Short Graded Fibers (SGF), Vi=0.4%
SGF-I#d | 469 | 043 | 6.77 | 2.03 | 1091 |1.20 (4.73| 1.30 | 0.112
SGF-ll#d | 5.17 | 0.70 | 7.92 | 3.76 7.39 | 141|537 | 090 | 0.243
SGF-lll#d | 5.06 | 0.66 | 7.75 | 3.37 7.67 |1.38|5.11| 0.99 | 0.213
SGF-IV#d | 465 | 057 | 7.11 | 2.73 8.10 [ 1.26 |4.75| 1.14 | 0.158
SGF-V#d | 450 | 0.38 | 6.69 | 1.69 | 11.84 |1.19 |4.46| 1.67 | 0.093
Long Graded Fibers (LGF), Vi=0.4%
LGF-I#d | 3.75 | 0.62 | 593 | 3.30 6.05 | 1.05 |5.33| 0.81 | 0.160
LGF-II#d | 3.85 | 091 | 6.77 | 5.93 422 |1.20|6.50| 0.58 | 0.328
LGF-Ili#d | 3.76 | 0.87 | 6.52 | 5.42 432 |1.16|6.23| 0.61 | 0.289
LGF-IV#d | 3.61 | 0.76 | 6.27 | 4.41 473 |1.11|5.77| 0.73 | 0.225
LGF-V#d | 3.57 | 0.56 | 5.93 | 2.93 6.38 | 1.05 |5.23| 0.99 | 0.142
Combined Graded Fibers (CGF), Vi=0.4%
CGF-l#d | 547 | 059 | 7.11 | 3.87 9.27 | 1.26 |6.56| 0.50 | 0.235
CGF-ll#d | 6.33 | 0.92 | 8.67 | 6.81 6.88 | 1.54 | 7.40 | 0.40 | 0.502
CGF-Ill#d | 6.10 | 0.87 | 8.36 | 6.20 7.01 | 148 |7.13| 0.42 | 0.441
CGF-IV#d | 5.85 0.76 7.78 5.14 7.70 | 1.38 |6.77| 0.44 0.341
CGF-V#d | 5.31 0.54 7.11 3.48 9.83 | 1.26 |6.44| 0.61 0.211
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Table 6.6 Summary of test results for M50-GGFRC with Vi= 0.5% in Tension

Strain Hardening Region Et ()(515(')44) EAsHR
SD (X10% | STF'| DF MPa (X10?)
(1) o™y, Py, o, e, MPa | (7) | (8) ) N/mm
Mpa | (X104) | MPa | (X104 | (6) (10)
2) 3) 4) (5)
Short Graded Fibers (SGF), Vi=0.5%
SGF-l#e | 483 | 044 | 6.99 | 212 | 1098 | 1.24 481 | 1.29 | 0.121
SGF-ll#e | 5.31 | 0.72 | 8.13 | 3.93 7.38 | 144|546 | 0.88 | 0.261
SGF-lli#e | 5.26 | 0.68 | 8.05 | 3.56 7.74 | 143|523 | 097 | 0.234
SGF-IV#e | 478 | 058 | 7.33 | 2.90 8.19 [1.30|4.96| 1.10 | 0.173
SGF-V#e | 4.55 0.38 6.91 1.73 11.97 | 1.23 | 455 | 1.75 0.098
Long Graded Fibers (LGF), Vi=0.5%
LGF-l#e | 3.78 | 0.63 | 6.14 | 3.47 6.00 | 1.09 | 551 | 0.83 | 0.174
LGF-li#e | 3.97 | 0.92 | 7.00 | 6.10 431 | 1.24|6.62| 0.59 | 0.349
LGF-Ili#e | 3.88 | 0.88 | 6.74 | 5.59 441 |1.20|6.35| 0.61 | 0.308
LGF-Iv#e | 3.74 | 0.77 | 6.48 | 4.58 483 | 115|591 | 0.72 | 0.242
LGF-V#e | 3.59 | 0.57 | 6.15 | 3.10 6.30 | 1.09 |5.44 | 1.01 | 0.156
Combined Graded Fibers (CGF=SGF+LGF), Vi=0.5%
CGF-l#d | 564 | 0.62 | 7.34 | 4.18 9.10 | 1.30 | 6.73 | 0.48 | 0.261
CGF-ll#d | 6.66 | 0.89 | 9.12 | 7.11 7.48 |1.62|7.99| 040 | 0.552
CGF-lli#d | 6.27 | 0.83 | 858 | 6.51 755 | 152 |7.84| 041 | 0.475
CGF-IV#d | 5.85 | 0.76 | 8.00 | 5.45 770 | 142 |7.17| 0.46 | 0.371
CGF-v#d | 564 | 057 | 7.34 | 3.78 9.89 |1.30|6.64| 0.53 | 0.236
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Fig.6.39 Mechanical properties variation of M30-GGFRC-0.3% in Tension
(a) Initial slope (EY), (b) strengthening factor (STF'), (c) ductility factor (DF), (d) strain
hardening slope (Esn) and (e) energy absorption capacity in strain hardening region (EAskr).
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Fig.6.40 Mechanical properties variation of M30-GGFRC-0.4% in Tension
(a) Initial slope (EY), (b) strengthening factor (STFY), (c) ductility factor (DF'), (d) strain
hardening slope (Esn) and (e) energy absorption capacity in strain hardening region (EAskr).
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Fig.6.41 Mechanical properties variation of M30-GGFRC-0.5% in Tension
(a) Initial slope (EY), (b) strengthening factor (STF'), (c) ductility factor (DF), (d) strain
hardening slope (Esn) and (e) energy absorption capacity in strain hardening region (EAskr).
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Fig.6.42 Mechanical properties variation of M50-GGFRC-0.3% in Tension
(a) Initial slope (EY), (b) strengthening factor (STFY), (c) ductility factor (DF'), (d) strain
hardening slope (Esn) and (e) energy absorption capacity in strain hardening region (EAskr).
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Fig.6.43 Mechanical properties variation of M50-GGFRC-0.4% in Tension
(a) Initial slope (EY), (b) strengthening factor (STFY), (c) ductility factor (DFY), (d) strain
hardening slope (Esn) and (e) energy absorption capacity in strain hardening region (EAskr).
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Fig.6.44 Mechanical properties variation of M50-GGFRC-0.5% in Tension
(a) Initial slope (EY), (b) strengthening factor (STFY), (c) ductility factor (DF'), (d) strain
hardening slope (Esn) and (e) energy absorption capacity in strain hardening region (EAskr).
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6.6 Summary of the Image analysis for GGFRC

Fiber dispersion and orientation are the two important parameters to understand the
tensile behaviour of the composite. These parameters are examined on fracture plane
of GFRC specimens and detailed procedure was given in the section 5.6 of
Chapter-5. In order to determine the fiber dispersion and orientation on fracture plane
of GGFRC specimens, the same procedure is followed for the M30-GGFRC and M50-
GGFRC failed specimens with 0.3%, 0.4% and 0.5% volume fractions. Fiber density
variations was plotted along the thickness and width direction on fracture plane of
failed specimens with M30-GGFRC and M50-GGFRC with 0.3%, 0.4% and 0.5%
volume fractions and were shown in Fig.6.46 to 6.51. It shows that the composite with
SGF, the fiber density is more at the center and less at the edges and corners. Where
as in long graded fibers, the fiber density is more at the edges and corners and less
at the center. Composite with CGF (containing SGF + LGF) showed the almost uniform
distribution. The results of image analyses shows that graded fibers with different fibre
volume combinations disperse homogeneously avoiding clumping or balling. Graded
fibers showed the higher fiber dispersion coefficient and higher fiber orientation
coefficient when compared to the mono fibers. Number of fibers, fiber dispersion
coefficient (nad), fiber orientation coefficient (ne) at a cross section on a fracture plane
is given in column 4, 5 and 6 of Table 6.9 to 6.14 for M30-GGFRC and M50-GGFRC
with 0.3%, 0.4% and 0.5% volume fractions.

6.6 (2) Number of fibers (ne)

Number of fibers at a cross section on a fracture plane is estimated by image analysis
and given in column 4 of Table 6.9 to 6.14 for M30-GGFRC and M50-GGFRC with
0.3%, 0.4% and 0.5% volume fractions. Among all the short graded fibers, the
specimens with 40%3mm+60%6mm (SGF-1l) showed more number of fibers at a
cross section on fracture plane whereas in case of long graded fibers, the specimens
with 40%12mm+60%20mm (LGF-11) showed more number of fibers at a cross section
on fracture plane compared to other long graded fibers. It can be observed that the
number of fibers are more for short graded fibers when compared to the long graded
fibers. More number of fibers are available at the cracked composite and it provides
the load transfer mechanism across the crack. That is the reason, why the specimens
with short graded fiber have given the higher composite strength when compared to

specimens with long graded fibers. Among all the combined graded fibers, the
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specimens with 40%SGF+60%LGF (CGF-II) has given the higher number of fibers

compared to other CGF specimens.

comparison with best of the best combinations i.e., 40%3mm+60%6mm (SGF-II),
40%12mm+60%20mm (LGF-I1l) and 40%SGF+60%LGF (CGF-IlI) showed the clear
variation in terms of number of fibers. It can be noted that the number of fibers are
more for combined graded fibers than that of short graded and long graded fibers.
Higher number of fibers can prevent a sudden loss in load-carrying capacity of the
cracked composite by providing effective load transfer mechanism across the crack
and enhance the bridging efficiency of the fibers at every scale of cracking. That is the
reason that the combined graded fibers have given the best performance compared

to short graded fibers and long graded fibers in both strength and deformation.
6.6 (b) Fiber dispersion (nd) and fiber orientation (ne)

Fiber dispersion coefficient (nd), fiber orientation coefficient (ne) at a cross section on
a fracture plane is estimated through image analysis and given in column 5 and 6 of
Table 6.9 to 6.14 for M30-GGFRC and M50-GGFRC with 0.3%, 0.4% and 0.5%
volume fractions. It can be noted that the fiber dispersion and fiber orientation for short
graded fibers varied from 0.53 to 0.66 and 0.69 to 0.87 respectively and similarly for
long graded fibers varied from 0.40 to 0.48 and 0.53 to 0.61 respectively. Among all
the short graded fibers, the specimens with 40%3mm+60%6mm (SGF-Il) has given
the higher fiber dispersion (0.66) and fiber orientation (0.87) whereas in case of long
graded fibers, the specimens with 40%12mm+60%20mm (LGF-II) has given the
higher dispersion (0.48) and fiber orientation (0.61) compared to other long graded
fibers. It can be observed that the fiber dispersion and orientation is higher for short
graded fibers when compared to the long graded fibers.

Short randomly dispersed fibers in concrete help to resist the opening of marco cracks
by arresting the micro cracks and enhancing the pre crack strength. Moreover, the
small fibers uniformly oriented in concrete help to bridge the internal micro cracks thus
improve concrete properties in all directions. That is the reason, why the specimens
with short graded fiber have given the higher composite strength when compared to

specimens with long graded fibers.

The combination of short graded (SGF) and long graded fibers (LGF) forms the

combined graded fibers (CGF). Fiber dispersion and fiber orientation for CGF varied

171



from 0.53 to 0.81 and 0.74 to 0.90 respectively. Among all the combined graded fibers,
the specimens with 40%SGF+60%LGF (CGF-I1) has given the higher fiber dispersion
(0.81) and higher fiber orientation (0.90). Comparison with best of the best
combinations i.e., 40%3mm+60%6mm (SGF-II), 40%12mm+60%20mm (LGF-Il) and
40%SGF+60%LGF (CGF-II) showed the clear variation in terms of fiber dispersion
and fiber orientation . It can be noted that the fiber dispersion and orientation is higher
for combined graded fibers than that of short graded and long graded fibers.

The degree of fiber dispersion affects the strength of the composites by its role in
transfer the load to the other parts of the composite. An effective crack bridging and
increase in the strength of the composite can be achieved if the degree of fiber
orientation is better at the first crack location. The degree of fiber dispersion and
orientation depends on the fiber grading i.e., SGF (3mm +6mm), LGF (12mm +20mm)
and CGF (3mm+6mm+12mm-+20mm) with different fiber volume combinations. As the
grading of fiber increases the degree of fiber dispersion and orientation increases.
Hence, that is the reason that the combined graded fibers have given the best
performance compared to short graded fibers and long graded fibers in both strength
and deformation.

In all, irrespective of volume of the fiber (0.3%, 0.4% and 0.5%) and grade of concrete
(M30 and M50), from the above observation, it can be concluded that the combined
graded fibers (CGF) showed higher number of fibers, higher fiber dispersion and
higher fiber orientation and better than mono glass fibers (MGF) or SGF or LGF and it

leads to a higher strength and deformation.
6.6 (c) Effect of Fiber efficiency (n=nd. ne.ni) on composite tensile strength

Tensile strength of composite is mainly depends on the fiber dispersion coefficient,
fiber orientation coefficient and fiber length coefficient. The fiber efficiency is defined
as the product of fiber dispersion coefficient, fiber orientation coefficient and fiber
length coefficient. Fiber dispersion coefficient (nd), fiber orientation coefficient (ne) and
fiber length coefficient (ni) for mono fibers are already given in column 4, 5 and 6 of
Table 5.15 and 5.16. Fiber dispersion coefficient (nd), fiber orientation coefficient (ne)
and fiber length coefficient (ni) for graded fibers is given in column 2, 3 and 4 of Table
6.7. The composite strength of M30-MGFRC and M50-MGFRC are given in column 7
of Table 5.15 and 5.16. The composite strength of M30-GGFRC and M50-MGFRC are

given in column 6 of Table 6.7. Fiber efficiency is calculated for mono fibers and
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graded fibers, and the variation of composite strength with respect to fiber efficiency

for mono fibers and grades as shown in Fig.6.45 (a) and (b). As the fiber efficiency

increases the strength of the composite increased. It can be concluded that the fiber

efficiency is higher in graded fibers than mono fibers.
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GGF-lI#d = 40%SGF+60%LGF Fiber Density
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GGF-lI#d = 40%SGF+60%LGF Fiber Density
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6.6.1 Reinforcing Index for Graded Fibers (RlcF)

The composite strength of the GGFRC is influenced by the fiber dispersion coefficient,
fiber orientation coefficient and fiber length coefficient, as similar to the MGFRC. Fiber
dispersion coefficient (nd) and fiber orientation coefficient (ne) is estimated for 0.3%
volume fraction of M30-GGFRC specimens at a cross section on a fracture plane
through image analysis as stated in above article 6.6 and they are already given in
Table.6.9 na and ne are extracted from Table 6.9 and noted in column 2, 3 of Table
6.7.

Fiber length coefficient (ni) of mono glass fibers are given in column 6 of Table 5.15 of
Chapter-5. It can be noted from Table 5.15 that ni for 3mm is 0.39 and n for 6mm is
0.43. ni for graded fibers can be calculated as per the percentage of fiber volume
combination. As an example for SGF-I#c (i.e., 20%3mm+80%6mm), ni = (0.2*0.39) +
(0.8*0.43) = 0.42. Similarly, Fiber length coefficient (ni) for other graded fibers (SGF,
LGF and CGF) are calculated and given in 4 of Table 6.7 for M30-GGFRC with 0.3%
volume fraction.

The composite tensile strength (0%Fet) of GGFRC is calculated using equation (10)
given in Chapter-5. The tensile strength of the composite (0% <) is calculated for M30-
GGFRC (0.3% volume fraction) with experimental ng, ne, i values based on the
equation (10) and is given column 5 of Table 6.7. These values are compared with the
corresponding experimental values given in column 6 of Table 6.7. The ratio of the
calculated composite strength values to that of experimental strength values are
shown in column 7 of Table 6.7. It can be noted that the calculated composite tensile
strength (o® i) values are close to the experimental composite tensile strength (o%Fct)
values.

It can be concluded that knowing nd, ne and ni the composite tensile strength of the
GGFRC can be calculated . However, the ng, and ne values are difficult to measure on
fracture plain of each GGFRC specimen using image analysis or methods.A procedure
is required to predict nd, and ne. Efforts are made to use the existing models.

A relation is obtained between nd and Rlvr for mono glass fibers (MGFRC) in chapter-
5, equation (7). Similar relation for ne is given in equation (8). Reinforcing index (Rlwvr)
for mono fibers is defined as product of volume fraction (Vr) and aspect ratio of fiber

(L#/Dx). It is stated in the article 6.5, that the ng, and ne are influenced by fiber grading.
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If reinforcing index for graded fibers (Rlcr) can be obtained, the equation (7) and (8)
may be used to predict nd, and ne without conducting image analysis.

A simple linear combination method and equation given by M A Rasheed et al (2018)
are used to arrive at Rlcr for graded fibers and nd, ne are computed and compared with
experimental nd, ne as illustrated in article 6.6.1(a) and 6.6.1(b). As the two methods
have not yielded a satisfactory values of nd, ne, a new equation is proposed for arriving
at Rlcr for graded fiber as presented in article 6.7. The proposed method yielded

reasonable results.

Table.6.7 Composite strength with Experimental values of ng, ne, nifor M30-GGFRC

Specimen GF e | Ratio
e nd | ne N | 0%t | EXp.0®"w
Designation (7)
0 @@ @6 | © g

Short Graded Fibers (SGF), Vi=0.3%
SGF-l1#c | 0.44 ] 0.63|0.42 | 4.28 4.30 0.99
SGF-ll#c | 0.51|0.75|0.42 | 4.48 5.19 0.86
SGF-lll#c [ 0.48|0.74|10.41 | 4.42 5.06 0.87
SGF-IV#c |0.46|0.70 | 0.41 | 4.35 4.68 0.93
SGF-V#c | 0.45]0.66 | 0.40 | 4.28 4.30 0.99

Long Graded Fibers (LGF), Vi=0.3%
LGF-l#c |0.35|0.50|0.43 | 4.18 3.75 1.11
LGF-ll#c | 0.42|0.56 | 0.42 | 4.33 4.43 0.98
LGF-Ili#c | 0.39|0.54 |0.41 | 4.26 4.30 0.99
LGF-IV#c | 0.37 1052 |0.41|4.21 4.05 1.04
LGF-V#c |0.36 | 0.51|0.40 | 4.16 3.80 1.10

Combined Graded Fibers (CGF), Vi=0.3%
CGF-l#c |0.47|0.70 | 0.43 | 4.55 4,52 1.01
CGF-ll#c |0.65|0.79 | 0.42 | 4.99 5.50 0.91
CGF-lll#c | 0.59 | 0.78 | 0.41 | 4.80 5.38 0.89
CGF-IV#c |0.53|0.77 | 0.41 | 4.66 4.89 0.95
CGF-V#c |0.48|0.71|0.40| 4.45 4.55 0.98

6.6.1(a) Reinforcing index of graded fibers from Linear combination method
(RI”GF)

Reinforcing index of mono glass fiber length (MGFRC) i.e., 3mm, 6mm, 12mm and
20mm with 0.3% volume fraction are already calculated and given in column 4 of Table

5.14 of Chapter-5. By considering the reinforcing index of mono fibers, the reinforcing
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index of SGF-I#c (20%3mm+40%6mm) is computed by linear combination. It can be
noted from Table 5.14 that RIwr for 3mm is 0.64 and Rlwr for 6mm is 1.29. Then the
RI”cr for graded fibers of SGF-I#c is equal to 1.16 {i.e.,(0.2 . 0.64) + (0.8 . 1.29)}.
Similarly, the reinforcing index of graded fibers (RI”cF) is calculated for various fiber
volume combinations and are given in column 4 of Table 6.8. The fiber dispersion
coefficient (nd) and fiber orientation coefficient (ne) are calculated from the equation
(7) and (8) given in Chapter-5 by substituting RI”cr in place of Rivr. For each RI”cr
the corresponding fiber dispersion coefficient (nd) and fiber orientation coefficient (ne)
are calculated and given in column 5 and 6 of Table 6.8. These values are compared
with the experimental values given in column 2 and 3 of Table 6.8. The ratio of
experimental values to the predicted values are given in column 10 and 12 of Table
6.8.

6.6.1(b) M A Rasheed et, al 2018 Method for Reinforcing index of graded fibers
(RPGF)

M A Rasheed (2018) considered the synergistic effects of using micro and macro
fibers and proposed an expression to estimate RI'cr for graded fibers and given in
equation (23) below. Generally 3mm and 6mm can be treated as micro fibers and
12mm and 20mm can be treated as macro fibers. But in this case, the least one is
taken as micro for the calculation of RI'cr. In case of RI’cr for SGF, 3mm is considered
as micro and 6mm as considered as macro whereas Rl'cr for LGF, 12mm is taken as
micro and 20mm is taken as macro.

Reinforcing index of each fiber length i.e., 3mm, 6mm, 12mm and 20mm with 0.3%
volume fraction are already calculated and given in column 4 of Table 5.14 of Chapter-
5. It can be noted from Table 5.14 that Rivr for 3mm is 0.64, RImr for 6mm is 1.29,
RIve for 12mm is 2.57 and RImwr for 20mm is 4.29. Then the Rl'cr for SGF-ll#c
(40%3mm+60%6mm) is obtained from equation (23) by taking the Rlwmicro as product
of (0.4).(0.64) and RImacro as product of (0.6).(1.29). Rl'er for LGF-ll#c
(40%12mm+60%20mm) is obtained from equation (28) by taking the Rlwmicro @s product
of (0.4).(2.57) and Rlwmacro is product of (0.6).(4.29).

In case of RI'cr for CGF, Rlvicro means RI'cr of SGF-Il and Rlvacro means RI’'cr of LGF-
Il. RI'cr for CGF-ll#c (40%SGF+60%LGF) is obtained from equation (23) by taking the
Rlwmicro as equal to 0.4.RI'cr of SGF-lI#c and Rlwmacro as equal to 0.6 RI'cr of LGF-II#c.
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Similarly, the reinforcing index of other graded fibers (RI’'cr) is calculated for various
fiber volume combinations and are given in column 7 of Table 6.8. The fiber dispersion
coefficient (nd) and fiber orientation coefficient (ne) are calculated from the equation
(7) and (8) given in Chapter-5 by substituting RI'cr in place of Rlvr. For each RI’crthe
corresponding fiber dispersion coefficient (nd) and fiber orientation coefficient (ne) are
calculated and given in column 8 and 9 of Table 6.8. These values are compared with
the experimental values given in column 2 and 3 of Table 6.8. The ratio of experimental

values to the predicted values are given in column 11 and 13 of Table 6.8.

1
RI,GF = RI Macro(l_z(RIMiTCU) ------------ (23)

It can be observed that na and ne predicted from linear combination method has
variation from18% to 42% and 24% to 38% respectively. Further it can be observed

that that na and ne predicted from M A Rasheed (2018) unrealistic or weird.

Table.6.8 Predicted composite strength Experimental values of nd, ne, Nt M30-GGFRC-
0.3%.

Linear combination | Mohammad et al 2018

Specimen | Experimental Ratio for nd | Ratio for n®

Designation T Method '
&) Nd Ne RlI"6r | Na Ne Rl'cr Nd ne | (10) | (11) | (12) | (13)
(2) 3) (4) (5) (6) (7 (8) 9) | 42 | 712 | 513 | 913

Short Graded Fibers (SGF), Vi=0.3%

SGF-I#c 044 | 063 | 1.16 | 0.36 | 0.46 6.96 0.30 | 0.35 | 0.82 | 0.68 | 0.73 | 0.55

SGF-lI#c 051 | 0.75 | 1.03 | 0.36 | 0.47 12.20 0.28 | 0.32 | 0.71 | 0.55 | 0.62 | 0.43

SGF-lll#c 048 | 0.74 | 0.96 | 0.37 | 0.47 53.11 0.24 | 0.26 | 0.76 | 0.50 | 0.64 | 0.35

SGF-Iv#c | 0.46 | 0.70 | 0.90 | 0.37 | 0.48 | 3X10** |0.01|0.00| 0.80 | 0.02 | 0.68 | 0.00

SGF-V#c 0.45 | 0.66 | 0.77 | 0.38 | 0.49 0.25 0.42 | 0.58 | 0.83 | 0.94 | 0.74 | 0.87

Long Graded Fibers (LGF), Vi=0.3%

LGF-l#c 0.35 | 050 | 3.94 | 0.32 | 0.38 1.12 0.36 | 0.46 | 0.91 | 1.03 | 0.76 | 0.92

LGF-lli#c 0.42 | 0.56 | 3.60 | 0.32 | 0.39 0.99 0.37 |1 047 | 0.76 | 0.87 | 0.69 | 0.84

LGF-lll#c 0.39 | 0.54 | 3.43 | 0.32 | 0.39 0.93 0.37 | 047 | 0.82 | 0.94 | 0.72 | 0.88

LGF-IVv#c 0.37 | 052 | 3.26 | 0.32 | 0.39 0.84 0.37 1048 | 0.87 | 1.01 | 0.75 | 0.93

LGF-V#c 0.36 | 051 | 291 | 0.33 | 0.40 0.36 0.41 055|091 | 113 | 0.78 | 1.07

Combined Graded Fibers (CGF), Vi=0.3%

CGF-l#c 0.47 | 0.70 | 0.87 | 0.37 | 0.48 99.07 0.23 1 0.23 | 0.79 | 0.48 | 0.68 | 0.33

CGF-ll#c 0.65 | 0.79 | 0.72 | 0.38 | 0.49 | 16446.46 | 0.13 | 0.11 | 0.58 | 0.20 | 0.62 | 0.14

CGF-lli#c | 059 | 0.78 | 0.64 | 0.38 | 0.50 | 1.5 X 103 | 0.00 | 0.00 | 0.65 | 0.00 | 0.64 | 0.00

CGF-IV#c | 053 | 0.77 | 0.57 | 0.39 | 051 | 26X 1005 | 1.10 | 2.33 | 0.73 | 2.07 | 0.66 | 3.02

CGF-V#c 048 | 0.71 | 0.41 | 0.40 | 0.54 0.07 0.48 | 0.70 | 0.84 | 1.01 | 0.76 | 0.99
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6.7 Proposed Reinforcing Index of Graded Fibers (RlcF)
A new equation is proposed to arrive at Rlcr for graded fibers. This is developed on
the basis of stress strain behaviour and fiber density variations of GGFRC with

different fiber volume combinations and is explained below.

Fiber density variation on fracture plane of the specimens with different lengths and
different fiber volume fraction of the composite are shown in Fig.5.27 to 5.30 of
Chapter-5. it can be observed that the less fibers are present at the corners and edges
compared to the center of cross-section in case of 3mm and 6mm length of fibers (Fig
5.27 and 5.28). Where as in case of 12mm and 20mm length fibers, less fibers are
present at the center of cross-section compared to corners and edges (Fig.5.29 and
5.30). In case of graded fibers. It can be seen that the composite with short graded
fibers (SGF), the fiber density is more at the center and less at the edges and corners
(Fig.6.47 to 6.57). Where as in long graded fibers (LGF), the fiber density is more at
the edges and corners and less at the center (Fig.6.46 to 6.51). In short graded
specimen (SGF) the characteristics of short fiber lengths are reflected and in long

graded specimen (LGF) the long fiber lengths are reflected.

Composite with CGF (SGF + LGF) showed the almost uniform distribution as can be
seen in Fig.6.46 to 6.51. The combinations of the fiber densities of individual fibers are
influencing the improvement in dispersion and orientation of the graded fibers. Short
fibers are shown higher dispersion and orientation compared to the long fibers.
Addition of Short fibers in to the long fibers shows that the dosage of more than 20%
in a total volume given an improved dispersion and orientation of the graded fibers
compared to monofibers. Thus the long length fibers must be present in the composite

to enhance their properties.

Hence, based on the above observation the fiber density factor is an important
property to form the synergy in the Graded fiber composites. In order to reflect the
synergistic effect of graded fibers. Average fiber density of short and long length fibers
in composite is considered as one of the influencing parameter and taken for obtaining
Rlcr for graded fibers. An observation of the relation nd,ne vs RIvr for mono fibers
shows that smaller RImr values will have better dispersion and orientation coefficients.
Hence, in the graded fibers in order to reflect synergy effect, Rler values must be
smaller to satisfy this and to reflect the synergy effect due to short and long fiber
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combination. A parameter reflecting short and long fiber reinforcing index {(RIs/RI.).r}

is considered for obtaining Rlcr for graded fibers.

Rlcr for graded fibers defined as product of fiber density factor and effective

reinforcement index of shot and long fibers. Thus Rlcr is written as

Reinforcing Index (Rlcr) = (1+0.5(fas +fdar)). (Rls / RIL).r -==-==-==--==--- (24)
Where fq (fas or fa) = Fiber density factor of mono fibers, Rls = (V+. Li/Ds)s,
RIL = (V. Li/Ds)L,
r = ratio of percentage of small fiber to large fiber

Now it is required to obtain a method to find fa (fus or fa) for mono fibers. The fiber
density of mono fibers are computed and these values are given in Table.5.9 of
Chapter-5. Reinforcing index of each fiber length i.e., 3mm, 6mm, 12mm and 20mm
with 0.3% volume fraction are already calculated and given in column 4 of Table 5.14
of Chapter-5. In order to understand the variation of fqa with RImr, points are plotted as
shown in Fig.6.52. An examination of the plot and various trails to arrive at the best fit,
led to understand that fa/2 varies as power function of RIvr in the form of
fa/l2 = k / (RIvF)". The regression expression obtained is fa/2 = 0.066 (RlwvF) °-%°7 with
regression coefficient R? = 0.8804. Then the relation between RIvr and fa can be

expressed as

0.5 fd = 0.066 (RIME) 0907 memmmemeemmeeeeeee (25)

0.3

0.25 y = 0.066x°0-907

R2?=0.8804
0.2
$0.15
0.1
0.05
0
0 2 4 6 8
Riyr

Fig.6.52 Fiber density factor as a function of Rlur
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In case of graded fiber fa = fus = fa.. Here equation (25) is substituted in equation (24)

and expression of Rlcr is obtained as

Rlcr = (1+0.06(Rls %7 + Rl 0-97)) 1. (Rls / RIL) -------- (26)

The derived equation (26) is used to calculate the reinforcing index (Rlcr) of graded
fibers. 3mm and 6mm are short fibers and 12mm and 20mm are long fibers. But in this
case, the least one is taken as short for the calculation of Rlcr. In case of Rlcr for
SGF, 3mm is taken as short and 6mm as taken as long whereas Rlcr for LGF, 12mm
is taken as short and 20mm is taken as long.

Reinforcing index of each fiber length i.e., 3mm, 6mm, 12mm and 20mm with 0.3%
volume fraction are already calculated and given in column 4 of Table 5.14 of Chapter-
5. It can be noted from Table 5.14 that Rivr for 3mm is 0.64, RImr for 6mm is 1.29,
RIve for 12mm is 2.57 and RImwr for 20mm is 4.29. Then the Rlcr for SGF-ll#c
(40%3mm+60%6mm) is obtained from equation (26) by taking the Rls is 0.64, RIL is
1.29, and ris ratio of percentage of small fiber to large fiber (0.4/0.6). Thus Rlcr for
SGF-lI#c is 0.39. RlgF for LGF-1l#c (40%12mm+60%20mm) is obtained from equation
(26) by taking the Rls is 2.57, RIL is 4.29, and ris ratio of percentage of small fiber to
large fiber (0.4/0.6). Thus Rlcr for SGF-lI#c is 0.43.

In case of Rler for CGF, RIs means Rlcr of SGF-1l and RIL means Rlcr of LGF-Il. Rlcr
for CGF-ll#c (40%SGF+60%LGF) is obtained from equation (26) by taking the Rls as
equal to RI'cr of SGF-Il#c and RIL as equal to Rl'cr of LGF-ll#c and r is ratio of
percentage of small fiber to large fiber (0.4/0.6). Thus Rlcr for CGF-lI#c is 0.24.

@) SGF-ll#c

Rlcr = (1+0.06(0.649-°07+1,29-0907)) (0.4/0.6). (0.64/1.29) =0.39
(b)  LGF-ll#c

Rlcr = (1+0.06(2.570907+4,290907)) (0.4/0.6). (2.57/4.29) =0.43
(c) CGF-ll#c

Rlcr = (1+0.06(0.399907+0.439907)), (0.4/0.6). (0.39/0.43) =0.24

Similarly, reinforcing index (RlcF) is calculated for M30-GGFRC and M50-GGFRC with
0.3%, 0.4% and 0.5% volume fractions using equation (26) and given in column 3 of

Table 6.9 to 6.14. The corresponding fiber dispersion and orientation is calculated for
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M30-GGFRC and M50-GGFRC by using equation (7) and (8) given in Chapter-5 and
these values are reported in column 7 and 8 of Table 6.9 to 6.14. These values are
compared with the experimental values given in column 5 and 6 of Table 6.9 to 6.14.
The ratio of experimental values to the predicted values are given in column 9 and 10
of Table 6.9 to 6.14. The predicted values of fiber dispersion and orientation are closer
to the experimental values and the proposed Rlcr is exhibiting the synergistic effect in
graded fiber combinations Hence, Rlcr can be adopted as an effective reinforcing

index for graded fibers.

Table 6.9 nd, ne calculations for M30-GGFRC with 0.3% volume fraction

I Experimental | Predicted Ratios
Designation Combination Rlcr Ne
esignatio nd' Nd'/nda | Nne'/ ne

@ @ PP elhlel e
Short Graded Fibers (SGF), Vf=0.3%
SGF-l#c 20%F3+80%F6 0.15 | 11018 | 0.44 | 0.63 | 0.54 | 0.65| 1.23 1.03
SGF-litc 40%F3+60%F6 | 0.39 | 16552 | 0.51 | 0.75 | 0.44 | 0.56 | 0.87 | 0.75
SGF-lli#c 50%F3+50%F6 | 0.59 | 15366 | 0.48 | 0.74 | 0.41 | 0.53 | 0.85 | 0.72
SGF-IV#c 60%F3+40%F6 0.88 | 13666 | 0.46 | 0.70 | 0.38 | 0.50 | 0.81 0.71
SGF-Vi#c 80%F3+20%F6 2.36 | 11934 | 0.45 | 0.66 | 0.31 | 0.43 | 0.68 0.65
Long Graded Fibers (LGF), Vi=0.3%
LGF-l#c 20%F12+80%F20 | 0.16 | 5408 | 0.35 | 0.50 | 0.53 | 0.64 | 1.51 1.30
LGF-li#c | 40%F12+60%F20 | 0.43 | go4ag | 0.42 | 0.56 | 0.44 | 0.55 | 1.05 | 0.98
LGF-llli#c 50%F12+50%F20 | 0.64 | 7524 | 0.39 | 0.54 | 0.40 | 0.52 | 1.02 0.96
LGF-IV#c 60%F12+40%F20 | 0.96 | ge44 | 0.37 | 0.52 | 0.37 | 0.49 | 0.99 0.93
LGF-V#c 80%F12+20%F20 | 2.54 | 5924 | 0.36 | 0.51 | 0.30 | 0.42 | 0.85 0.82
Combined Graded Fibers (CGF), Vi=0.3%
CGF-l#c 20%SGF+80%LGF | 0.09 | 13750 | 0.47 | 0.70 | 0.60 | 0.70 | 1.28 1.00
CGF-llffc | 40%SGF+60%LGF | 0.24 | 20504 | 0.65 | 0.79 | 0.49 | 0.61 | 0.75 | 0.76
CGF-lll#c | 50%SGF+50%LGF | 0.35 | 19116 | 0.59 | 0.78 | 0.45 | 0.57 | 0.77 | 0.73
CGF-IV#c | 60%SGF+40%LGF | 0.53 | 16772 | 0.53 | 0.77 | 0.42 | 0.54 | 0.78 0.70

CGF-V#c | 80%SGF+20%LGF | 1.42 | 15072 | 0.48 | 0.71 | 0.34 | 0.46 | 0.71 | 0.65

Note: Number of fibers for MGFRC-0.3%
ne for 3mm is 13718, ne for 6mm is 9800, ne for 12mm is 6278, ne for 20mm is 3696

Specimen
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Table 6.10 nd, ne calculations for M30-GGFRC with 0.4% volume fraction

Specimen . Experimental | Predicted Ratios
Designation Combination Rlcr Ne : : :
@ @ OOl eleln ®l e
Short Graded Fibers (SGF), Vi=0.4%
SGF-l#d 20%F3+80%F6 0.14 | 11568 | 0.53 | 0.69 | 0.55 | 0.66 | 1.04 0.95
SGF-lI#d 40%F3+60%F6 0.37 | 17378 | 0.61 | 0.80 | 0.45 | 0.57 | 0.73 0.71
SGF-IlI#d 50%F3+50%F6 0.56 | 16134 | 058 | 0.79 | 0.41 | 0.53 | 0.71 0.68
SGF-IV#d 60%F3+40%F6 0.83 | 14350 | 0.56 | 0.75 | 0.38 | 0.50 | 0.68 0.67
SGF-V#d 80%F3+20%F6 1.67 | 12530 | 054 | 0.72 | 0.33 | 0.45| 0.61 0.63
Long Graded Fibers (LGF), Vi=0.4%
LGF-1#d 20%F12+80%F20 | 0.16 | 552 | 0.40 | 0.53 | 0.53 | 0.65| 1.35 1.22
LGF-Il#d 40%F12+60%F20 | 0.42 | 820 | 0.47 | 0.60 | 0.44 | 0.56 | 0.94 0.92
LGF-lli#d 50%F12+50%F20 | 0.62 | 7864 | 0.44 | 0.58 | 0.40 | 0.52 | 0.92 0.90
LGF-IV#d | 60%F12+40%F20 | 0.94 | 6944 | 0.42 | 0.56 | 0.37 | 0.49 | 0.89 0.88
LGF-V#d 80%F12+20%F20 | 2.50 | 5192 | 0.40 | 0.55 | 0.30 | 0.42 | 0.76 0.77
Combined Graded Fibers (LGF), Vi=0.4%
CGF-l#d | 20%SGF+80%LGF | 0.08 | 14196 | 0.53 | 0.74 | 0.61 | 0.71 | 1.16 0.96
CGF-li#d | 40%SGF+60%LGF | 0.22 | 21170 | 0.74 | 0.84 | 0.50 | 0.61 | 0.68 0.73
CGF-Ill#d | 50%SGF+50%LGF | 0.33 | 19738 | 0.66 | 0.82 | 0.46 | 0.58 | 0.69 0.70
CGF-IV#d | 60%SGF+40%LGF | 0.49 | 17318 | 0.60 | 0.78 | 0.42 | 0.54 | 0.70 0.69
CGF-V#d | 80%SGF+20%LGF | 1.30 | 15562 | 0.54 | 0.76 | 0.35 | 0.47 | 0.64 0.62

Note: Number of fibers for MGFRC-0.4%
ne for 3mm is 10308, ne for 6mm is 5964, ne for 12mm is 3310, ne for 20mm is 2294

186




Table 6.11 nd, ne calculations for M30-GGFRC with 0.5% volume fraction

Specimen Experimental | Predicted Ratios

; - Combination Rler Ne
Designation nd | ne' | nd'/nalne'ne

0 2) @ | @ [ [ ne
e lelonlel @ |

Short Graded Fibers (SGF), Vi=0.5%

SGF-l#e 20%F3+80%F6 0.13 | 12032 | 055 | 0.74 | 0.55 | 0.66 | 1.00 0.90

SGF-ll#e 40%F3+60%F6 0.36 | 18074 | 0.64 | 0.86 | 0.45 | 0.57 | 0.70 0.66

SGF-lli#e 50%F3+50%F6 0.54 | 16778 | 0.60 | 0.84 | 0.42 | 0.54 | 0.69 0.64

SGF-IV#e 60%F3+40%F6 0.80 | 14924 | 0.58 | 0.80 | 0.38 | 0.50 | 0.66 0.63

SGF-V#e 80%F3+20%F6 2.14 | 13030 | 0.57 | 0.77 | 0.31 | 0.43 | 0.55 0.57

Long Graded Fibers (LGF), Vi=0.5%

LGF-l#e 20%F12+80%F20 | 0.15 | 5972 | 0.44 | 0.57 | 054 | 0.65| 1.21 1.14

LGF-llte | 40%F12+60%F20 | 0.41 | 9110 | 0.52 | 0.65 | 0.44 | 0.56 | 0.84 | 0.86

LGF-lli#e 50%F12+50%F20 | 0.61 | g310 | 0.49 | 0.62 | 0.40 | 0.52 | 0.82 0.84

LGF-IV#e | 60%F12+40%F20 | 0.92 | 7338 | 0.47 | 0.60 | 0.37 | 0.49 | 0.80 | 0.82

LGF-V#e 80%F12+20%F20 | 2.45 | g544 | 0.45 | 0.59 | 0.30 | 0.42 | 0.68 0.72

Combined Graded Fibers (CGF), Vi=0.5%

CGF-l#e 20%SGF+80%LGF | 0.08 | 14556 | 0.61 | 0.79 | 0.62 | 0.72 | 1.01 0.91

CGF-ll#e | 40%SGF+60%LGF | 0.21 | 21708 | 0.79 | 0.89 | 0.50 | 0.62 | 0.64 0.69

CGF-llli#e | 50%SGF+50%LGF | 0.31 | 20238 | 0.73 | 0.87 | 0.46 | 0.58 | 0.64 0.66

CGF-IV#e | 60%SGF+40%LGF | 0.47 | 17758 | 0.68 | 0.83 | 0.43 | 0.55 | 0.63 0.66

CGF-V#e | 80%SGF+20%LGF | 1.25 | 15958 | 0.67 | 0.80 | 0.35 | 0.47 | 0.53 | 0.59

Note: Number of fibers for M30-GGFRC-0.5%
ne for 3mm is 9200, ne for 6mm is 4802, ne for 12mm is 2718, ne for 20mm is 2058

187




Table 6.12 nd, ne calculations for M50-GGFRC with 0.3% volume fraction

Specimen o Experimental | Predicted Ratios
Designation Combination Rler Ne , 7 T
(2) ©) (4) Nd Ne Nd | Ne" | Nd/Nd|Ne’nNe
@) G lOe lonlel @ | )
Short Graded Fibers (SGF), Vi=0.3%
SGF-I#c 20%F3+80%F6 0.15 | 11142 | 0.45 | 0.64 | 054 | 0.65| 1.20 1.02
SGF-ll#c 40%F3+60%F6 0.39 | 16740 | 0.52 | 0.76 | 0.44 | 0.56 | 0.85 0.74
SGF-Ill#c 50%F3+50%F6 059 | 15538 | 0.49 | 0.74 | 041 | 053 | 0.83 0.71
SGF-IV#c 60%F3+40%F6 0.88 | 13822 | 0.48 | 0.71 | 0.38 | 0.50 | 0.79 0.70
SGF-V#c 80%F3+20%F6 2.36 | 12068 | 0.46 | 0.66 | 0.31 | 0.43 | 0.66 0.64
Long Graded Fibers (LGF), Vi=0.3%
LGF-l#c | 20%F12+80%F20 | 0.16 | 5474 | 0.36 | 0.50 | 0.53 | 0.64 | 1.47 | 1.29
LGF-llI#c 40%F12+60%F20 | 0.43 | g350 | 0.42 | 0.57 | 0.44 | 0.55 | 1.02 0.97
LGF-lli#c 50%F12+50%F20 | 0.64 | 7618 | 0.40 | 0.55 | 0.40 | 0.52 | 1.00 0.95
LGF-IV#c | 60%F12+40%F20 | 0.96 | g726 | 0.38 | 0.53 | 0.37 | 0.49 | 0.97 0.92
LGF-V#c | 80%F12+20%F20 | 2.54 | 5gg9g | 0.37 | 0.52 [0.30 | 0.42 | 0.83 | 0.81
Combined Graded Fibers (CGF), Vi=0.3%
CGF-l#c 20%SGF+80%LGF | 0.09 | 13958 | 0.48 | 0.71 | 0.60 | 0.70 | 1.25 0.99
CGF-lli#c | 40%SGF+60%LGF | 0.24 | 20816 | 0.67 | 0.80 | 0.49 | 0.61 | 0.74 0.76
CGF-lll#c | 50%SGF+50%LGF | 0.35 | 19408 | 0.60 | 0.79 | 0.45 | 0.57 | 0.75 0.73
CGF-IV#c | 60%SGF+40%LGF | 0.53 | 17028 | 0.54 | 0.78 | 0.42 | 0.54 | 0.76 0.69
CGF-V#c | 80%SGF+20%LGF | 1.42 | 15302 | 0.49 | 0.72 | 0.34 | 0.46 | 0.69 0.64

Note: Number of fibers for MGFRC-0.3%
ne for 3mm is 14808, ne for 6mm is 10174, ne for 12mm is 6700, ne for 20mm is 3886
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Table 6.13 nd, ne calculations for M50-GGFRC with 0.4% volume fraction

Specimen . Experimental | Predicted Ratios

Designation Combination Rler Ne , 7 T
2) B) | @ nd Ne | Nd | Ne' |Nd/Nd|nNe/nNe

(1) ®lEe lonlel © | 1)

Short Graded Fibers (SGF), Vi=0.4%
SGF-1#d 20%F3+80%F6 0.14 | 11600 | 0.54 | 0.70 | 0.55| 0.66 | 1.01 0.94
SGF-lI#d 40%F3+60%F6 0.37 | 17426 | 0.63 | 0.81 | 045 | 0.57 | 0.71 0.70
SGF-lli#d 50%F3+50%F6 0.56 | 16176 | 0.59 | 0.79 | 0.41 | 0.53 | 0.70 0.67
SGF-IV#d 60%F3+40%F6 0.83 | 14388 | 0.57 | 0.76 | 0.38 | 0.50 | 0.67 0.66
SGF-V#d 80%F3+20%F6 1.67 | 12564 | 0.55 | 0.72 | 0.33 | 0.45 | 0.59 0.62
Long Graded Fibers (LGF), Vi=0.4%
LGF-1#d 20%F12+80%F20 | 0.16 | 5722 | 0.41 | 0.54 | 053 | 0.65| 1.32 1.21
LGF-IlI#d 40%F12+60%F20 | 0.42 | g726 | 0.48 | 0.61 | 0.44 | 0.56 | 0.92 0.91
LGF-llI#d | 50%F12+50%F20 | 0.62 | 7962 | 0.45 | 0.59 | 0.40 | 0.52 | 0.90 | 0.89
LGF-IV#d 60%F12+40%F20 | 0.94 | 7030 | 0.43 | 0.57 | 0.37 | 049 | 0.87 0.87
LGF-V#d 80%F12+20%F20 | 2.50 | g268 | 0.41 | 0.56 | 0.30 | 0.42 | 0.74 0.76
Combined Graded Fibers (CGF), Vi=0.4%

CGF-I#d | 20%SGF+80%LGF | 0.08 | 14412 | 0.54 | 0.75 | 0.61 | 0.71 | 1.13 | 0.95
CGF-ll#d | 40%SGF+60%LGF | 0.22 | 21492 | 0.75 | 0.85 | 0.50 | 0.61 | 0.66 0.72
CGF-lli#d | 50%SGF+50%LGF | 0.33 | 20038 | 0.68 | 0.83 | 0.46 | 0.58 | 0.68 0.69
CGF-IV#d | 60%SGF+40%LGF | 0.49 | 17582 | 0.61 | 0.79 | 0.42 | 0.54 | 0.69 0.69
CGF-V#d | 80%SGF+20%LGF | 1.30 | 15800 | 0.56 | 0.76 | 0.35 | 0.47 | 0.62 | 0.61

Note: Number of fibers for MGFRC-0.4%
ne for 3mm is 10838, ne for 6mm is 8832, ne for 12mm is 3450, ne for 20mm is 2374
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Table 6.14 nd, ne calculations for M50-GGFRC with 0.5% volume fraction

. Experimental | Predicted Ratios
Designation Combination Rlcr Ne 7 T
(2) ©) (4) Nd e | Nd | Ne" | Nd/Nd|Ne/nNe
(1) ®lEe lonlel © | 1)
Short Graded Fibers (SGF), Vi=0.5%
SGF-l#e 20%F3+80%F6 0.13 | 12064 | 0.57 | 0.74 | 0.55 | 0.66 | 0.98 0.89
SGF-li#e 40%F3+60%F6 0.36 | 18122 | 0.66 | 0.87 | 0.45| 0.57 | 0.69 0.66
SGF-lll#e 50%F3+50%F6 0.54 | 16822 | 0.62 | 0.85 | 0.42 | 0.54 | 0.67 0.63
SGF-IV#e 60%F3+40%F6 0.80 | 14964 | 0.60 | 0.81 | 0.38 | 0.50 | 0.64 0.62
SGF-V#e 80%F3+20%F6 2.14 | 13066 | 0.58 | 0.78 | 0.31 | 0.43 | 0.54 0.56
Long Graded Fibers (LGF), Vi=0.5%
LGF-l#d 20%F12+80%F20 | 0.15 | 5722 | 0.41 | 0.54 | 053 | 0.65| 1.32 1.21
LGF-11#d 40%F12+60%F20 | 0.41 | g726 | 0.48 | 0.61 | 0.44 | 0.56 | 0.92 0.91
LGF-llI#d | 50%F12+50%F20 | 0.61 | 7962 | 0.45 | 0.59 | 0.40 | 0.52 | 0.90 | 0.89
LGF-IV#d 60%F12+40%F20 | 0.92 | 7030 | 0.43 | 0.57 | 0.37 | 0.49 | 0.87 0.87
LGF-V#d | 80%F12+20%F20 |2.45 | goeg | 0.41 | 0.56 | 0.30 | 0.42 | 0.74 | 0.76
Combined Graded Fibers (CGF), Vi=0.5%
CGF-l#e | 20%SGF+80%LGF | 0.08 | 14778 | 0.63 | 0.80 | 0.62 | 0.72 | 0.98 0.90
CGF-li#e | 40%SGF+60%LGF | 0.21 | 22038 | 0.81 | 0.90 | 0.50 | 0.62 | 0.62 0.69
CGF-lll#e | 50%SGF+50%LGF | 0.31 | 20546 | 0.75 | 0.88 | 0.46 | 0.58 | 0.62 0.66
CGF-IV#e | 60%SGF+40%LGF | 0.47 | 18028 | 0.69 | 0.84 | 0.43 | 0.55 | 0.62 | 0.65

CGF-V#e | 80%SGF+20%LGF | 1.25 | 16200 | 0.68 | 0.81 | 0.35 | 0.47 | 0.51 0.58

Note: Number of fibers for M30-GGFRC-0.5%
ne for 3mm is 9580, ne for 6mm is 5080, ne for 12mm is 2814, ne for 20mm is 2134

Specimen

6.8 Theoretical analysis for predicting the tensile stress strain behaviour of
GGFRC

6.9 Tensile strength of composite (0¢ ;) for GGFRC

The composite tensile strength (%) of GGFRC is calculated similar to the MGFRC
by using equation (10) given in Chapter-5 and rewritten below. Fiber dispersion
coefficients (nd) and fiber orientation coefficients (ne) from equation (7) and (8) with
Rler of short graded fibers, long graded fibers and combined graded fibers are
reported in column 3, 4 of Table 6.15 to 6.20 for M30-GGFRC and M50-GGFRC with
0.3%, 0.4% and 0.5% volume fraction. Fiber length coefficient (n/) is calculated as
explained in article 6.1 for all specimens and given in column 5 of Table 6.15 to 6.20.
Then the composite tensile strength (0®F¢t) of M30-GGFRC and M50-GGFRC with
0.3%, 0.4% and 0.5% volume fraction is calculated and the values are reported in
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column 6 of Table 6.15 to 6.20 and these values are compared with the corresponding
experimental values given in column 7 of Table 6.15 to 6.20. The ratio of the calculated
composite strength values to that of experimental strength values are shown in column
8 of Table 6.15 to 6.20. It can be noted that the composite strength values obtained
from equation 10 are close to the experimental composite strength values of both M30

and M50 grade of concrete with 0.3%,0.4% and 0.5% volume fraction.

0CFct=nNd N i Vs Ot + Vim Omt

Table 6.15 Predicted composite tensile strength (0®Fct) of M30-GGFRC-0.3%

Specimen Ratio
oesgnaen G| B | 0 | & || 0 =9

Short Graded Fibers (SGF), Vi=0.3%
SGF-l#c [ 0.15(/0.54(0.65|0.42|4.43 430 | 1.03
SGF-ll#c | 0.39]0.44 056|042 |4.20|5.19| 0.81
SGF-lll#c [ 0.59|0.41/053|0.41|4.12 | 5.06 0.81
SGF-IV#c |0.880.38|0.50|0.41|4.06 | 468 | 0.87
SGF-V#c |2.36/0.31|{0.43|0.40|3.94|4.30| 0.92
ong Graded Fibers (LGF), Vi=0.3%
LGF-l#c [ 0.16 | 0.530.64|0.43|4.66 | 3.75 | 1.24
LGF-ll#c | 0.43|0.44 055|042 |4.35|4.43 0.98
LGF-Ill#c |0.64 | 0.40|0.52|0.41|4.25|4.30| 0.99
LGF-IV#c |[0.96 |0.370.49,0.41|4.17 | 4.05 1.03
LGF-V#c |2.54]0.30|0.42|0.40|4.01|3.80| 1.06

Combined Graded Fibers (CGF), Vi=0.3%
CGF-l#c |0.09|0.60{0.700.43|4.81|452| 1.06
CGF-ll#c |0.24|0.49|0.61|0.42|4.43 550 | 0.81
CGF-lli#c | 0.35|0.45{0.57(0.41|4.31|5.38| 0.80
CGF-IV#c [0.53|0.42054|0.41|4.21 489 | 0.86
CGF-V#c |1.42]0.34|0.46|0.40|4.03|455| 0.88
omt = 3.68, emt=1.18 x 10*

—
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Table 6.16 Predicted composite tensile strength (o®Fct) of M30-GGFRC-0.4%

SD?C‘m‘?” RI n n N | 0%Fet | 0CFw Ratio
Pesignation oy | @) | @ | &) | & | 1 |~ G

ShortGraded Fibers (SGF), Vi=0.4%
SGF-I#d |0.14 |0.55|0.66 |0.42 | 4.45|4.38| 1.02
SGF-ll#d | 0.37|0.45|0.57|0.42|4.21|5.42 0.78
SGF-lll#d | 0.56 | 0.41/053|0.41|4.13 |5.14 0.80
SGF-IV#d | 0.83(0.38(0.50|0.41|4.07 | 479 | 0.85
SGF-V#d |1.67|0.33|0.45|0.40|3.97 | 441 | 0.90
ong Graded Fibers (LGF), Vi=0.4%
LGF-I#d |0.16 |0.53|0.65|0.43|4.67 |3.87| 1.21
LGF-lI#d [0.43|0.44|0.56|0.42| 4.36 | 4.68 0.93
LGF-lll#d | 0.64 | 0.40|{0.52|0.41|4.26 | 443 | 0.96
LGF-IV#d [ 0.96|0.37|0.49 (0.41|4.17 | 4.18 1.00
LGF-V#d |2.54|0.30|0.42|0.40|4.01|390| 1.03

Combined Graded Fibers (CGF), Vi=0.4%
CGF-I#d |0.08|0.61|0.71|0.43|4.84|460| 1.05
CGF-ll#d |0.220.50|0.61|0.42|4.45|5.75| 0.77
CGF-lli#d | 0.33|0.46|0.58|0.41|4.33 548 | 0.79
CGF-IV#d | 0.49(0.42|054|0.41|4.22 |5.01 0.84
CGF-V#d |1.30/0.35|/0.47|0.40|4.04 | 464 | 0.87

—

Table 6.17 Predicted composite tensile strength (o®Fct) of M30-GGFRC-0.5%

Specimen oGF Ratio

: : Rlcr | nNd Ne n | 0% tu | _
Designation = (6)/(7)
(1) 2 3| @ |6 |6 |0 8)

ShortGraded Fibers (SGF), Vi=0.5%
SGF-1#e |0.13|055|0.66|0.42|4.46 | 430 | 1.04
SGF-llI#e | 0.36 [ 0.45]0.57]0.42|4.22 | 565| 0.75
SGF-lli#e | 0.54|0.42{0.54(0.41|4.14 |5.44 | 0.76
SGF-IV#e [0.80|0.380.50|0.41|4.07 (494 | 0.82
SGF-V#e |214]10.31|043]040|395|459| 0.86
Long Graded Fibers (LGF), Vi=0.5%
LGF-1#e |0.15]/0.54|0.65|0.43|4.68|4.00 | 1.17
LGF-li#e [0.41|0.44 056|042 |4.36 |4.84 | 0.90
LGF-lli#e |0.61|0.40{0.52(0.41|4.26 |4.56| 0.94
LGF-IV#e [0.92|0.370.49|0.41|4.18 430 | 0.97
LGF-V#e |2.45|0.30|0.42(0.40|4.02|4.05| 0.99
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Combined Graded Fibers (CGF), Vi=0.5%
CGF-l#e |0.08 | 0.62|0.720.43|4.86 |4.52 | 1.07
CGF-ll#e |0.21]0.50|0.62|0.42|4.46 | 5.87 | 0.76
CGF-lli#e |0.31|0.46|0.58|0.41|4.34|575| 0.75
CGF-IV#e | 0.47|10.43|(055|0.41|4.23 | 5.33 0.79
CGF-V#e |1.25|0.35|0.47|0.40|4.04 479 | 0.84

Table 6.18 Predicted composite tensile strength (o®Fct) of M50-GGFRC-0.3%

Specimen | o, n n n | 0%Fet | 0%Fu Ratio
Designation "oy | @) | @) | & | ©) | @) |~ QD

Short Graded Fibers (SGF), Vi=0.3%
SGF-l#c [0.15(0.54 (0.65|0.49 |6.49 | 656 | 0.99
SGF-ll#c |0.39]0.44 1056|048 |6.22|7.71| 0.81
SGF-lll#c [0.59(0.41|053|0.48|6.14 | 754 | 0.81
SGF-IV#c |0.88|0.38|0.50|0.47 | 6.06 | 7.03 | 0.86
SGF-V#c |2.36|0.31|0.43|0.46|5.92|6.48| 0.91
Long Graded Fibers (LGF), Vi=0.3%
LGF-I#c |0.16 | 0.53|0.64 | 0.63|6.71 | 5.72 | 1.17
LGF-ll#c |0.43|0.44|0.55|0.62|6.37 | 6.56 | 0.97
LGF-lli#c | 0.64|0.40|0.52|0.61|6.26 | 6.31 | 0.99
LGF-IV#c |0.96|0.37 |0.49|0.60 | 6.17 | 6.06 | 1.02
LGF-V#c |2.54|0.30|0.42|0.59|6.00|5.72| 1.05

Combined Graded Fibers (CGF), Vi=0.3%
CGF-l#c |0.09|0.60|0.70|0.59|6.88 | 6.89 | 1.00
CGF-ll#c |0.24|0.49|0.61|0.56|6.47 | 845 | 0.77
CGF-Illi#c [ 0.35|0.45|0.57|0.55|6.33|8.14| 0.78
CGF-IV#c [0.53|0.42054|053|6.22 756 | 0.82
CGF-V#c |1.42]0.34|0.46|0.51|6.02|6.89| 0.87
Omt = 563, emt=1.18 X 104
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Table 6.19 Predicted composite tensile strength (o®Fct) of M50-GGFRC-0.4%

SD?C‘m‘?” RI n n N | 0%Fet | 0CFw Ratio
Pesignation oy | @) | @ | &) | & | 1 |~ G

Short Graded Fibers (SGF), Vi=0.4%
SGF-1#d | 0.14|0.55|0.66 | 0.49 | 6.51 | 6.77 | 0.96
SGF-ll#d | 0.37 |0.45|0.57|0.48 |6.23 |7.92 | 0.79
SGF-Ill#d | 0.56 | 0.41|0.53|0.48|6.15| 7.75 0.79
SGF-IV#d | 0.83(0.38(0.50|0.47 |6.07|7.11| 0.85
SGF-V#d |1.67|0.33|0.45|0.46|5.96 | 6.69 | 0.89
Long Graded Fibers (LGF), Vi=0.4%
LGF-I#d |0.16|0.53|0.65|0.63|6.72 | 593 | 1.13
LGF-lI#d [0.43|0.44|0.56|0.62|6.38|6.77 | 0.94
LGF-IlI#d | 0.64 | 0.40|0.52 |0.61 | 6.27 | 6.52 | 0.96
LGF-IV#d |0.96 | 0.37 | 0.49|0.60 | 6.17 | 6.27 | 0.99
LGF-V#d |2.54|0.30|0.42|0.59|6.00|593| 1.01

Combined Graded Fibers (CGF), Vi=0.4%
CGF-I#d |0.08|0.61|0.71|0.59|6.92|7.11| 0.97
CGF-ll#d |0.220.50|0.61|0.56 | 6.49 | 8.67 | 0.75
CGF-llI#d | 0.33|0.46|0.58|0.55|6.36 | 8.36 | 0.76
CGF-Iv#d | 0.49|0.42|0.54|053|6.24|7.78 | 0.80
CGF-v#d |1.30/0.35|/0.47|051|6.03|7.11| 0.85

Table 6.20 Predicted composite tensile strength (o®Fct) of M50-GGFRC-0.5%

Spgcimgn Rlcr | Nd Ne n | 0% | 0%Fuw Ratio
Designation = (6)/(7)
(1) @ 6@ 6 6 @ O (8)

Short Graded Fibers (SGF), Vi=0.5%
SGF-l#e |0.13|/0.55|0.66|0.49| 6.52 | 6.99 | 0.93
SGF-li#e |0.36|0.45|0.57|0.48| 6.24 |8.13 | 0.77
SGF-lli#e | 0.54|0.42|054|0.48| 6.15 | 8.05| 0.76
SGF-IV#e |0.80|0.38/0.50|0.47| 6.07 | 7.33 | 0.83
SGF-V#e |2.14|/0.31|043|0.46| 593 |[6.91| 0.86
Long Graded Fibers (LGF), Vi=0.5%
LGF-l#e |0.15|/0.54|0.65|0.63| 6.73 | 6.14 | 1.09
LGF-li#e |0.41|0.44|056|0.62| 6.38 | 7.00 | 0.91
LGF-lli#e |0.61|0.40|0.52|0.61| 6.27 | 6.74 | 0.93
LGF-IV#e [0.92|0.370.49|0.60| 6.18 | 6.48 | 0.95
LGF-V#e |245/0.30|0.42|0.59| 6.00 | 6.15| 0.98
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Combined Graded Fibers (CGF), Vi=0.5%
CGF-l#e |0.08|0.62|0.72|059| 6.94 | 7.34 | 0.95
CGF-ll#e [0.21]0.50|0.62|0.56| 6.51 |9.12 | 0.71
CGF-Illi#e | 0.31|0.46 058|055 | 6.37 | 858 | 0.74
CGF-IV#e |0.47]0.43|0.55|0.53| 6.25 | 8.00| 0.78
CGF-V#e |1.25|0.35|0.47|051| 6.04 | 7.34| 0.82

6.10 Tensile strain at peak tensile strength of composite (¢%F«) for GGFRC

The composite tensile strain (€°F«t) of GGFRC is calculated similar to the MGFRC by
using equation (11) given in Chapter-5. Equation (11) is rewritten below.
2EAISV[I'II:R

: . o+ (MF __2EAME
Tensile strain of the composite (g ) = o+ o)

smt

In case of graded fibers,the MF (mono fibers) is to be replaced with GF (garded fibers),

GF —
Ct

= composite tensile strain, oS = composite tensile strength, EA¥IR = energy

absorption in strain hardening region.

Tensile strain (¢%F¢t) mainly depends on the composite tensile strength (o®Fe) and
energy absorption capacity of the composite. The above calculated composite tensile
strength (0%Fct) of M30-GGFRC and M50-GGFRC are extracted from column 6 of
Table 6.15 to 6.20 and given in column of 4 of Table 6.21 to 6.26. EA¥R is computed
already and is given in column 10 Table 6.1 to 6.6. The reinforcing index of each mix
was calculated and is given in column 2 of Table 6.21 to 6.26. In order to understand
the variation of EA¥IR with Rlg, points are plotted as shown in Fig.6.53 (a). An

AYIR varies as power function of Rlcr in

examination of the plot it is understood that E
the form of EAZIR =k / (Rler)". The power function is modified by multiplying both
sides by Rlcr. The modified relation is (Rlc) EAZIR - k (Rler)@™. Now points are plotted
with Rlc as abscissa and Rlcr. EAYIR as ordinate is shown in Fig.6.53 (b). The
regression expression obtained is (Rler) EAZIR = 9.75 X 10 (Rlcr) %816 with regression

coefficient R2 = 0.86. Then the relation between Rlc and EAYIR can be expressed as.
EAZE" = 9.75X10 RlIGF 0184 ommommececme o (27)

Energy absorption of the strain hardening region (EA%{R) for M30-MGFRC and M50-
MGFRC with 0.3%, 0.4%, 0.5% volume fractions are calculated from equation (27)
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and reported in column 3 of Table 6.21 to 6.26.The experimental strain (¢%F¢) at
ultimate tensile strength of each M30-GGFRC and M50-GGFRC is computed from
equation (11) and reported in column 5 of Table 6.21 to 6.26 and these values are
compared with the experimental tensile strain (ect) values in column 6 of Table 6.21 to
6.26. The ratio of the calculated tensile strain of fiber composite to that of experimental
tensile strain are also shown in column 7 of Table 6.21 to 6.26. It can be noted that
the strain at composite strength (¢F¢t) values obtained from equation (11) are close to
the experimental tensile strain (¢« values in both M30-GGFRC and M50-GGFRC.

35 25
y = 9.7567x0.8271
30 R2 = 0.8674
20 Sy/x = 0.0808
25 " r=0.931
n:o
%é 20 3& 15
% =
w 15 510
10 &
5
5
0 0
0.00 1.00 2.00 3.00 0.00 1.00 2.00
(@) Rlge (b) Rlge
Fig.6.53 Energy absorption of Graded fibers is a function of Rlcr
Table 6.21 Predicted tensile strain of M30-GGFRC-0.3%
. £GF .
Duargnation | Rlor | EAYR | 0% _ _oi(®)
1) (2) (3) (4) | Theoretical | Experimental 7)
©) (6)
Short Graded Fibers (SGF), Vi=0.3%
SGF-l#c | 0.15| 14.21 | 4.43 4.50 1.69 2.66
SGF-ll#c | 0.39| 11.88 | 4.20 4.02 3.22 1.25
SGF-Illi#c | 059 | 11.03 | 4.12 3.83 2.88 1.33
SGF-IV#c | 0.88 | 10.24 | 4.06 3.65 2.29 1.59
SGF-V#c |2.36| 854 |3.94 3.24 1.36 2.39
Long Graded Fibers (LGF), Vi=0.3%
LGF-l#c 0.16 | 14.01 | 4.66 4.36 3.05 1.43
LGF-ll#c | 0.43| 11.68 | 4.35 3.91 5.08 0.77
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LGF-Ili#c | 0.64 | 10.85 | 4.25 3.73 4.74 0.79

LGF-IV#c | 0.96 | 10.07 | 4.17 3.57 3.90 0.92

LGF-V#c | 254 | 8.43 | 4.01 3.19 2.71 1.18

Combined Graded Fibers (CGF), Vi=0.3%

CGF-l#c | 0.09 | 15.60 | 4.81 4.68 3.33 1.40

CGF-ll#c | 0.24 | 13.03 | 4.43 4.21 6.05 0.70

CGF-lli#c | 0.35| 12.10 | 4.31 4.03 5.45 0.74

CGF-IV#c | 0.53| 11.23 | 4.21 3.85 4.39 0.88

CGF-V#c |1.42| 9.38 | 4.03 3.43 3.03 1.14

omt = 3.68 MPa, gmt = 1.18 X 104
Table 6.22 Predicted tensile strain of M30-GGFRC-0.4%
; GF i
e [ Rioe g o || et
1) (2) (3) (4) | Theoretical | Experimental 7)
®) (6)
Short Graded Fibers (SGF), Vi=0.4%

SGF-I#d 0.14 | 15.13 | 4.45 4.53 1.69 2.68

SGF-ll#d | 0.37 | 16.28 | 4.21 4.04 3.22 1.26

SGF-lllI#d | 0.56 | 13.77 | 4.13 3.85 2.88 1.34

SGF-IV#d | 0.83 | 11.13 | 4.07 3.67 2.29 1.60

SGF-V#d |1.67| 7.23 | 3.97 3.38 1.36 2.49

Long Graded Fibers (LGF), Vi=0.4%

LGF-I#d | 0.16 | 16.46 | 4.67 4.37 3.05 1.43

LGF-lI#d |0.42 | 15.61 | 4.36 3.92 5.08 0.77

LGF-Ili#d | 0.62 | 13.00 | 4.26 3.75 4.74 0.79

LGF-IV#d |0.94 | 10.40 | 4.17 3.58 3.90 0.92

LGF-V#d | 250 | 5.47 | 4.01 3.20 2.71 1.18

Combined Graded Fibers (CGF), Vi=0.4%

CGF-I#d | 0.08 | -0.39 | 4.84 4.72 3.33 1.42

CGF-ll#d |0.22 | 17.92 | 4.45 4.25 6.05 0.70

CGF-Ili#d | 0.33| 16.93 | 4.33 4.07 5.45 0.75

CGF-IV#d | 0.49 | 14.60 | 4.22 3.89 4.39 0.89

CGF-V#d |1.30| 8.49 | 4.04 3.47 3.03 1.15
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Table 6.23 Predicted tensile strain of M30-GGFRC-0.5%

pecmer [Rioe w0 e | Rate

(1) (2 (3) (4) | Theoretical | Experimental 7)
O] (6)
Short Graded Fibers (SGF), Vi=0.4%
SGF-l#e | 0.13 | 14.60 | 4.46 4.55 1.69 2.69
SGF-llI#e | 0.36 | 16.48 | 4.22 4.06 3.22 1.26
SGF-lll#e | 0.54 | 14.02 | 4.14 3.87 2.88 1.34
SGF-IV#e |0.80 | 11.36 | 4.07 3.69 2.29 1.61
SGF-V#e |2.14| 6.09 | 3.95 3.28 1.36 2.42
Long Graded Fibers (LGF), Vf=0.4%
LGF-I#e | 0.15]| 16.28 | 4.68 4.38 3.05 1.43
LGF-ll#e |0.41 | 15.72 | 4.36 3.93 5.08 0.77
LGF-Illl#e | 0.61 | 13.13 | 4.26 3.76 4.74 0.79
LGF-IV#e |0.92 | 10.52 | 4.18 3.59 3.90 0.92
LGF-V#e |2.45| 555 | 4.02 3.20 2.71 1.18
Combined Graded Fibers (CGF), Vi=0.5%

CGF-l#e |0.08 | -2.72 | 4.86 4.74 3.33 1.42
CGF-ll#e | 0.21| 17.88 | 4.46 4.28 6.05 0.71
CGF-lli#e |0.31|17.13 | 4.34 4.09 5.45 0.75
CGF-IV#e |0.47 | 14.89 | 4.23 3.91 4.39 0.89
CGF-V#e |1.25| 8.73 | 4.04 3.49 3.03 1.15

Table 6.24 Predicted tensile strain of M50-GGFRC-0.3%

Specimen | SHR | —GF €CFat Raitlo
Designation | NSF | EAGr | 0% ct . : -
(1) (2) (3) (4) | Theoretical | Experimental | (5)/(6)
®) (6) ()
Short Graded Fibers (SGF), Vi=0.3%
SGF-l1#c | 0.15| 14.21 | 6.49 4.69 1.86 2.52
SGF-lI#c [0.39|11.88 | 6.22 4.19 3.59 1.17
SGF-lll#c | 0.59 | 11.03 | 6.14 3.99 3.20 1.25
SGF-IV#c |0.88 | 10.24 | 6.06 3.81 2.56 1.49
SGF-V#c |2.36 | 854 | 5.92 3.40 1.53 2.23
Long Graded Fibers (LGF), Vi=0.3%
LGF-I#c 0.16 | 14.01 | 6.71 4.59 3.22 1.42
LGF-ll#c |0.43 | 11.68 | 6.37 4.10 5.76 0.71
LGF-Illl#c | 0.64 | 10.85 | 6.26 3.92 5.25 0.75
LGF-IV#c | 0.96 | 10.07 | 6.17 3.74 4.24 0.88
LGF-V#c | 2.54 | 8.43 | 6.00 3.35 2.85 1.18
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Combined Graded Fibers (CGF), Vi=0.3%

CGF-l#c | 0.09 | 15.60 | 6.88 4.92 3.57 1.38
CGF-ll#c | 0.24 | 13.03 | 6.47 4.41 6.51 0.68
CGF-lli#c | 0.35| 12.10 | 6.33 4.21 5.90 0.71
CGF-IV#c | 0.53 | 11.23 | 6.22 4.02 4.84 0.83
CGF-V#c |1.42| 9.38 | 6.02 3.60 3.18 1.13
omt = 5.63 MPa, emt = 1.18 X 10*
Table 6.25 Predicted tensile strain of M50-GGFRC-0.4%
. GF .
Soecmen R g o || Fale
(1) (2 (3) (4) | Theoretical | Experimental 7)
®) (6)
Short Graded Fibers (SGF), Vi=0.4%
SGF-I#d | 0.14 | 15.13 | 6.51 4.73 2.03 2.33
SGF-ll#d | 0.37 | 16.28 | 6.23 4.21 3.76 1.12
SGF-lli#d | 0.56 | 13.77 | 6.15 4.02 3.37 1.19
SGF-IV#d | 0.83 | 11.13 | 6.07 3.83 2.73 1.40
SGF-V#d |1.67| 7.23 | 5.96 3.54 1.69 2.09
Long Graded Fibers (LGF), Vi=0.4%
LGF-1#d | 0.16 | 16.46 | 6.72 4.60 3.30 1.39
LGF-ll#d | 0.42 | 15.61 | 6.38 411 5.93 0.69
LGF-llI#d | 0.62 | 13.00 | 6.27 3.93 5.42 0.72
LGF-IV#d | 0.94 | 10.40 | 6.17 3.75 4.41 0.85
LGF-V#d |250| 5.47 | 6.00 3.36 2.93 1.15
Combined Graded Fibers (CGF), Vi=0.4%
CGF-1#d | 0.08| 0.39 | 6.92 4.97 3.87 1.28
CGF-ll#d | 0.22 | 17.92 | 6.49 4.45 6.81 0.65
CGF-lli#d | 0.33 | 16.93 | 6.36 4.25 6.20 0.69
CGF-IV#d | 0.49 | 14.60 | 6.24 4.06 5.14 0.79
CGF-v#d |1.30| 8.49 | 6.03 3.63 3.48 1.04
Table 6.26 Predicted tensile strain of M50-GGFRC-0.5%
e R o o | Rl
(1) (2) (3) (4) | Theoretical | Experimental 7)
®) (6)
Short Graded Fibers (SGF), Vi=0.5%
SGF-l#e |0.13 | 14.60 | 6.52 4.75 2.12 2.24
SGF-li#e |0.36 | 16.48 | 6.24 4.23 3.93 1.08
SGF-lli#e | 0.54 | 14.02 | 6.15 4.04 3.56 1.13
SGF-IV#e |0.80| 11.36 | 6.07 3.85 2.90 1.33
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6.11. Experimental Vs idealized Stress Strain diagram for GGFRC

The experimental tensile stress—strain curves of two concrete mixes, namely, M30-
LGF-II#c and M50-LGF-ll#c are plotted in Fig.6.54 (a) and (b). The predicted tensile
stress—strain values are obtained from equation (10) and (11) for M30-LGF-ll#c and
M50-LGF-llI#c and shown in Fig.6.54 (a) and (b). In the pre-crack region and post-
crack region, the predicted curves shows a higher stiffness in both M30 and M50 grade
of concrete. In the strain hardening region, the proposed method under estimated

strain at ultimate strength.

Stress, MPa

@)

SGF-V#e [2.14] 609 [593| 344 | 173 1.99
Long Graded Fibers (LGF), Vi=0.5%
LGF-l#e [0.15]16.28 [ 6.73| 4.61 3.47 1.33
LGF-li#e |0.41]|15.72[6.38| 4.12 6.10 0.68
LGF-lli#e | 0.61]13.13[6.27 | 3.94 5.59 0.70
LGF-IV#e [0.92]10.52|6.18| 3.76 4.58 0.82
LGF-V#e |2.45| 555 |6.00| 3.37 3.10 1.09
Combined Graded Fibers (CGF), Vi=0.5%
CGF-l#e [0.08]| 2.72 [ 6.94| 4.99 4.18 1.20
CGF-li#e |0.21|17.88|6.51| 4.48 7.11 0.63
CGF-li#e |0.31]17.13[6.37| 4.28 6.51 0.66
CGF-IV#e [0.47[14.896.25] 4.08 5.45 0.75
CGF-V#e |1.25| 873 |[6.04| 3.65 3.78 0.96

Theoretical curve (M30-LGF-II#c)
—&— Experimental curve (M30-LGF-II#c)
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Fig. 6.54. Experimental Vs idealized Stress Strain diagram for GGFRC
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6.12. Compressive stress strain behaviour of M30-GGFRC

6.12.1. Short Graded Fibers

3mm and 6mm length fibers are combined as given in Table 4.2 of chapter-4.
Compressive stress Strain diagram of short graded fibers (3mm+6mm) is given in
Fig.6.55. Considering SGF-I#c, there is 80% of 6mm fibers. Hence the behaviour is
compared with 100% 6mm fibers and it can be seen that there is not much
improvement in post peak deformation by replacing 100% 6mm fibers with 80% 6mm
+ 20% 3mm (SGF-I#c). A similar examination for the 3mm fibers can be observed
where there is not much improvement in peak strength by replacing the 100% 3mm
with 80% 3mm + 20% 6mm (SGF-V#c). The natural characteristics of mono fibers i.e.,
3mm is reflected in SGF-V#c and 6mm in SGF-I#c. Further grading of 3mm and 6mm
have exhibited completely different behaviour from mono fibers. An equal percentage
of volume of fibers 3mm and 6mm i.e., 50% 3mm + 50% 6mm (SGF-Ill#c) have shown
an intermediate behaviour between the SGF-IV#c and SGF-ll#c. The specimens
containing the 40% of 3mm + 60% 6mm (SGF-lI#c) has given the best benefit of
improvement in both peak strength and post peak deformation compared to all other
short graded fibers. An overall observation form the behaviour stress strain diagram
of short graded fiber specimens shows that a dosage of more than 20% of 3mm or

6mm in the total volume will give significant improved performance compared to mono

fibers.
35
30
25
©
o
S 20
2
o 15
@ 0 ——M30 0.3%-3mm
0.3%-6mm SGF-I#c=20%3mm+80%6mm
5 == SGF-lI1#c=40%3mm+60%6mm —@—SGF-llI#c=50%3mm+50%6mm
=t SGF-IV#c=60%3mm+40%6mm =——SGF-V#c=80%3mm+20%6mm
0
0 0.002 0.004 0.006 0.008 0.01 0.012
Strain

Fig.6.55 Compressive Stress-Strain behaviour of M30-SGF with Vi=0.3%
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6.12.2 Long Graded Fibers

12mm and 20mm length fibers are combined as given in Table 4.2 of chapter-4.
Compressive stress strain diagrams for long graded fiber (12mm + 20mm) is given in
Fig.6.56. The natural characteristics of mono fibers i.e., 12mm is reflected in LGF-V#c
and 20mm in LGF1#c. Further grading of 12mm and 20mm have exhibited completely
different behaviour from mono fibers. An equal percentage of volume of fibers 12mm
and 20mm i.e., 50% 12mm + 50% 20mm (LGF-lll#c) have shown an intermediate
behaviour between the LGF-IV#c and LGF-llI#c. The specimens containing the
40%12mm + 60%20mm (LGF-II#c) has given the best benefit of improvement in both
peak strength and post peak deformation compared to all other long graded fibers. An
overall observation from the behaviour stress strain diagram of long graded fiber
specimens shows that a dosage of more than 20% of 12mm or 20mm in the total

volume will give an improved performance compared to monofibers.

——M30 =—0.3%-12mm

0.3%-20mm LGF-1#c=20%12mm+80%20mm
== LGF-1#c=40%12mm+60%20mm =@— LGF-IlI#c=50%12mm+50%20mm
==L GF-IV#c=40%12mm+60%20mm =L GF-V#c=20%12mm+80%20mm

Stress, MPa

0 0.005 0.01 0.015 0.02
Strain

Fig.6.56 Compressive Stress-Strain behaviour of M30-LGF with Vi = 0.3%
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6.12.3 Combined Graded Fibers

Mixture of Short Fibers namely (3mm, 6mm) and Long Fibers (12mm, 20mm) is
combined graded fibers. Total volume fraction in all the specimens of CGF, SGF and
LGF is 0.3%. Stress Strain behaviour of CGF is compared with Mono Fibers (MF),
SGF and LGF. A very interesting behaviour of stress strain diagram can be noticed
with CGF. Actual volume of fibers of each length in percentage in CGF is given in
Table 4.2 of Chapter-4.

6.12.3 (a) Comparison with mono fibers

Compressive stress strain diagrams of mono fibers and CGF are shown in Fig.6.57. It
can be seen that the deformation of specimens with eighty percent of short graded
(3mm+6mm) in CGF-V#c, eighty percent of long graded (12mm + 20mm) in CGF-I#c
is nearer to mono fibers 20mm but there is significant increase in strength of combined
graded fiber specimens compared to mono fibers. As the volume of long length fibers
increases from 40% to 60% i.e., CGF-IV#c, CGF-lll#c and CGF-ll#c in combined

graded fiber specimen, there is progressive increase in peak strength and post peak

deformation.
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Fig.6.57 Compressive Stress-Strain behaviour of M30-CGF with Vi= 0.3%
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6.12.3 (b) Comparison with short graded fibers

Compressive stress strain diagrams of short graded fibers and combined graded fibers
are shown in Fig.6.58. Eighty percent of long length fibers in CGF-I#c, eighty percent
of short length fibres in CGF-V#c of combined graded fiber specimens have
undergone the same amount of deformation as that of short graded fiber specimens
(SGF-llI#c and SGF-II#c). It is noticed in earlier section in CGF-l#c and CGF-V#c have
almost same amount of deformation as mono fiber of 20mm. Thus SGF-ll#c, SGF-
llIi#c, CGF-l#c, CGF-V#c and 20mm have almost nearly the same amount of
deformation but improvement in peak strength is highest for SGF-ll#c fallowed by
SGF-lli#c, CGF-V#c, CGF-l#c and mono fibers of 20mm. As the volume of long length
fibers in combined graded fiber specimen i.e., CGF-IV#c, CGF-lll#c and CGF-ll#c
increases from 40% to 60%, peak strength and post peak deformation capacity
increases. Hence, CGF specimens performed better than SGF specimens. Among all

the specimens CGF-II has given the best performance.
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Fig.6.58 Compressive Stress-Strain behaviour of M30-CGF-0.3% compared with
M30- SGF-0.3%
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6.12.3 (c) Comparison with long graded fibers

Compressive stress strain diagram for LGF and CGF are shown in Fig.6.59. It is known
that LGF grading with 12mm and 20mm and in the combined graded specimens the
grading with SGF (3mm and 6mm) and LGF (12mm and 20mm). An examination of
the above curves shows that CGF have performed better than LGF in any specimen
from the type-l (20%+80%) to type-V (80%+20%). That is to say that CGF-I is better
than LGF-I and so on. Among all the specimens CGF-ll has given the best

performance.
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Fig.6.59 Compressive Stress-Strain behaviour of M30-CGF-0.3% compared with
M30-LGF-0.3%
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6.12.3 (d) Best of the best fiber combination

Compressive stress strain diagram for mono fiber and the best performing specimen
in SGF, LGF and CGF are shown in Fig.6.60. It can be seen that short graded fiber
specimen results in higher peak strength and long graded fiber specimen results in
higher post peak deformation. Thus for the same volume in 0.3% of fibers CGF-II
combined graded has the best performance. Combined graded specimens have 16%
of 3mm, 24% of 6mm, 24% of 12mm and 36% of 20mm length fibers. Hence, different
grading of fiber lengths have controlled the different scales of cracking contributing to
increases in pre peak strength and post peak deformation of Graded Glass Fiber
Reinforced Concrete. An overall observation of all the stress strain diagram, viz, mono
fibers, short graded, long graded and combined graded fiber specimens are that
grading delayed on set of non-linearity in the pre cracking region, improved peak

strength, delayed on set of inflection in the post peak region, and improved

deformation.
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Fig.6.60 Compressive Stress-Strain behaviour of M30-CGF-0.3% compared with
corresponding MF, SGF and LGF
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6.12.4 Discussion about Short Graded fibers (SGF), Long Graded Fibers (LGF)
Combined Graded Fibers (CGF) with volume fraction of 0.4% and 0.5%.

Compressive stress strain diagram for SGF, LGF and CGF with the volume fraction of
0.4% and 0.5% shown in Fig.6.61 to 6.68. The specimens containing 40% 3mm + 60%
6mm (SGF-II) has given the best benefit of improvement in both peak strength and
post peak deformation compared to all other short graded fibers as shown in Fig.6.61
and 6.65 irrespective of amount of volume fraction of fibers i.e., 0.4% or 0.5%. The
specimens containing the 40%3mm + 60%6mm (LGF-I1) has given the best benefit of
improvement in both peak strength and post peak deformation compared to all other
long graded fibers is shown in Fig. 6.62 and 6.66 irrespective of amount of volume
fraction of fibers i.e., 0.4% or 0.5%. An examination of the SGF and LGF stress strain
curves shows that CGF have performed better than SGF and LGF in any specimen
from the type-l (20%+80%) to type-V (80%+20%). That is to say that CGF-I is better
than that of SGF-I and LGF-I and so on. Among all the specimens, CGF-II has given
the best performance (Fig.6.63 and 6.67).

Stress strain diagram for mono fiber and the best performing specimen in SGF, LGF
and CGF are shown in Fig 6.64 and 6.68. It can be seen that short graded fiber
specimen results in higher peak strength and long graded fiber results in higher post
deformation. Thus for the same volume fraction in 0.4% and 0.5% of mixes containing
CGF-Il (40%SGF+60%LGF) has the best performance. Irrespective of volume of
fibers i.e., 0.3%, 0.4% or 0.5%, different lengths of fibers have controlled the different
levels of cracking thus contributing to increases in peak strength and post peak

deformation of Graded Glass Fiber Reinforced Concrete.
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Fig.6.61 Compressive Stress-Strain behaviour of M30-SGF with Vi= 0.4%
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Fig.6.62 Compressive Stress-Strain behaviour of M30-LGF with Vi = 0.4%
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Fig.6.63 Compressive Stress-Strain behaviour of M30-CGF with Vi = 0.4%
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Fig.6.64 Compressive Stress-Strain behaviour of M30-CGF-0.4% compared with
corresponding MF, SGF and LGF
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Fig.6.65 Compressive Stress-Strain behaviour of M30-SGF with Vi= 0.5%
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Fig.6.66 Compressive Stress-Strain behaviour of M30-LGF with Vi = 0.5%
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Fig.6.67 Compressive Stress-Strain behaviour of M30-CGF with Vi = 0.5%
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Fig.6.68 Compressive Stress-Strain behaviour of M30-CGF-0.5% compared with
corresponding MF, SGF and LGF.
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6.13 Compressive stress strain behaviour of M50-GGFRC

Compressive stress strain diagrams are drawn for SGF, LGF and CGF of M50 grade
of concrete with volume fractions of 0.3%, 0.4% and 0.5% as shown in Fig.6.69 to
6.80. An observation of the compressive stress strain behaviour of M50-GGFRC

shows that it is similar to the compressive stress strain behaviour of the M30-GGFRC.

Irrespective of volume of fibers i.e., 0.3%, 0.4% or 0.5%, the natural characteristics of
mono glass fibers, 3mm is reflected in SGF-V and 6mm in SGF-I as shown in Fig.6.69
to 6.71. Further grading of 3mm and 6mm have exhibited completely different
behaviour from mono fibers. An equal percentage of volume of fibers 3mm and 6mm
i.e., 50% 3mm + 50% 6mm (SGF-III) have shown an intermediate behaviour between
SGF-1V and SGF-II. The specimens containing the 40% of 3mm + 60% 6mm (SGF-II)
has given the best benefit of improvement in both peak strength and post peak
deformation compared to all other short graded fibers and can be seen in Fig.6.69 to
6.71 in all volume of fibers i.e., 0.3%, 0.4% or 0.5%.

Irrespective of volume of fibers i.e., 0.3%, 0.4% or 0.5%, the natural characteristics of
mono glass fibers i.e., 12mm is reflected in LGF-V and 20mm in LGF1 as shown in
Fig.6.72 to 6.74. Further grading of 12mm and 20mm have exhibited completely
different behaviour from mono fibers. An equal percentage of volume of fibers 12mm
and 20mm i.e., 50% 12mm + 50% 20mm (LGF-Ill) have shown an intermediate
behaviour between LGF-IV and LGF-II. The specimens containing the 40% 12mm +
60% 20mm (LGF-Il) has given the best benefit of improvement in both peak strength
and post peak deformation compared to all other long graded fibers and can be seen
in Fig.6.72 to 6.74 in all volume of fibers i.e., 0.3%, 0.4% or 0.5%.

Compressive stress strain diagrams of mono fibers and CGF are shown in Fig.6.75
to 77 for 0.3%, 0.4% and 0.5% fiber volume fraction. It can be seen that the post
deformation of specimens with eighty percent of short graded (3mm+6mm) in CGF-V,
eighty percent of long graded (12mm + 20mm) in CGF-I is nearer to mono fibers
20mm but there is increase in peak strength of combined graded fiber specimens
compared to mono fibers. As the volume of long length fibers increases from 40% to
60% i.e., CGF-IV, CGF-Ill and CGF-Il in combined graded fiber specimen, there is
progressive increase in peak strength and post peak deformation.
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Compressive stress strain diagram for mono fiber and the best performing specimen
in SGF, LGF and CGF are shown in Fig.6.78 to 80 for 0.3%, 0.4% and 0.5% volume
fraction. It can be seen that short graded fiber specimen results in higher peak strength
and long graded fiber results in higher post peak deformation. Thus for any given
volume of fibers (0.3%, 0.4% and 0.5%) combined graded fibers (CGF-Il) specimens
has given the best performance interms of peak strength and post peak deformation

when compared to the SGF-II, LGF-Il and also MGF specimens.

An overall observation, irrespective of volume of the fiber i.e., 0.3%, 0.4% or 0.5%,
Graded Fibers have controlled the different scales of cracking thus contributing to
increase in peak strength and post peak deformation of both M30 and M50 grade of
concrete. Hence, it can be concluded that the graded fibers improves the pre peak

and post peak behaviour of any normal strength concrete under uniaxial compression.
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Fig.6.69 Compressive Stress-Strain behaviour of M50-SGF with Vi = 0.3%
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Fig.6.70 Compressive Stress-Strain behaviour of M50-SGF with Vs = 0.4%
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Fig.6.71 Compressive Stress-Strain behaviour of M50-SGF with Vi = 0.5%
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Fig.6.72 Compressive Stress-Strain behaviour of M50-LGF with Vi = 0.3%

——M50 ——0.4%-12mm

—4—0.4%-20mm LGF-1#d=20%12mm+80%20mm

—¥—LGF-I1#d=40%12mm+60%20mm —0—LGF-l1#d=50%12mm+50%20mm

—+—LGF-IV#d=60%12mm+40%20mm ——LGF-V#d=80%12mm+20%20mm
60

Stress, MPa
N w N (o]
o o o o

=
o

o

0 0.005 0.01 0.015 0.02 0.025
Strain

Fig.6.73 Compressive Stress-Strain behaviour of M50-LGF with Vi = 0.4%
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Fig.6.74 Compressive Stress-Strain behaviour of M50-LGF with Vi= 0.5%
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Fig.6.75 Compressive Stress-Strain behaviour of M50-CGF with Vi = 0.3%
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Fig.6.76 Compressive Stress-Strain behaviour of M50-CGF with Vi = 0.4%
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Fig.6.77 Compressive Stress-Strain behaviour of M50-CGF with Vi = 0.5%
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Fig.6.78 Compressive Stress-Strain behaviour of M50-CGF-0.3% compared with
corresponding MF, SGF and LGF
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Fig.6.79 Compressive Stress-Strain behaviour of M50-CGF-0.4% compared with
corresponding MF, SGF and LGF
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Fig.6.80 Compressive Stress-Strain behaviour of M50-CGF-0.5% compared with
corresponding MF, SGF and LGF.

6.14 Mechanical properties of GGFRC

The salient points of GGFRC stress strain diagram in compression shows that it is
similar to the MGFRC in compression as shown in Fig.5.47 of Chapter-5. Point A is
the stress at the onset of cracking, Point B is peak stress, Point C is stress at inflection
in strain softening, and Point D is breaking stress. It may be noticed that there is a
gradual drop in stress after reaching peak point B to the point C and then the
specimens have undergone large deformation beyond the point B and up to point C.

Hence, the B to C region can be called as strain softening region.

Compressive stress strain curves of M30-GGFRC and M50-GGFRC with 0.3%, 0.4%
and 0.5% volume fraction is analysed to obtain Initial slope (ES), strengthening factor
(STF®), ductility factor (DF€), strain softening slope (Ess) and energy absorption
capacity (EAssr) as similar to the stress strain curves of M30-MGFRC in compression.
Stress and strain at peak point B and strain at inflection point C are noted from the
stress strain diagram for SGF, LGF and CGF and given in column 2, 3, 4 and 5 of
Table 6.27 to 6.32. Initial slope (ES), strengthening factor (STF°), ductility factor (DF¢),

strain softening slope (Ess) and energy absorption capacity (EAssr) are computed and
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givenin column 6, 7, 8,9 and 10 of Table 6.27 to 6.32. The variation of these properties
as a function of five different fiber volume combinations i.e., type-1=20%+80% (20:80),
11=40%+60% (40:60), [11=50%+50% (50:50), IV=60%+40% (60:40) and V=80%+20%
(80:20) for SGF, LGF and CGF are shown in Fig.6.81 to 6.86. The detailed explanation

of above properties of stress strain curves in compression is given in fallowing articles.
6.14. (a) Initial slope (ES)

The variation of initial slope (E%) values for SGF, LGF and CGF with five different fiber
volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.81 (a), 6.82 (a) and
6.83 (a). Among all the fiber volume combinations, it can be observed that the
specimens with 40% 3mm+60%6mm (SGF-II) has given the lower value compared to
the all other short graded fiber specimens. Similarly, in case of long graded fibers and
combined graded fibers, specimens with 40% 12mm+60%20mm (LGF-Il) and
40%SGF+60%LGF (CGF-Il) has given the lower values compared to other long
graded and combined graded fiber volume combinations. For a particular fiber volume
combination i.e., 40:60, SGF-II given the higher slope than that of CGF-1l and LGF-II.
An overall observation shows that, Initial slope values of SGF are more than CGF and
LGF in any mixture from the type-I (20:80) to type-V (80:20) as can be seen in Fig.6.81
(a), 6.82 (a) and 6.83 (a) for 0.3%, 0.4% and 0.5% volume fraction. Moreover, it can
be concluded that initial slope of SGF is lower than MGF for any given volume fraction
(0.3%, 0.4% and 0.5%). Hence, lower the initial slope higher the stiffness of the
composite.

The initial slope (ES) behaviour of SGF, LGF and CGF for M50 grade of concrete with
0.3%, 0.4% and 0.5% volume fractions is similar to the M30-GGFRC and can be seen
in Fig.6.84 (a), 6.85 (a) and 6.86 (a).

6.14. (b) Strengthening Factor (STF°)

The variation of strengthening factor (STF¢) for SGF, LGF and CGF with five different
fiber volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.81 (b), 6.82 (b)
and 6.83 (b). Among all the fiber volume combinations, it can be noticed that the
specimens with 40% 3mm+60%6mm (SGF-Il) has given the higher strengthening
factor compared to the all other short graded fiber specimens whereas in case of long
graded fiber, specimens with 40% 12mm+60%20mm (LGF-II) has given the higher

strengthening factor compared to other long graded specimens. An examination of the
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combined graded fiber, specimens with 40%SGF+60%LGF (CGF-Il) showed the
higher strengthening factor compared to the other combined graded specimens. For
a particular fiber volume combination i.e., 40:60, CGF-Il has given the higher
strengthening factor than that of SGF-Il and LGF-Il. An overall observation is that,
strengthening factor of CGF are more than SGF and LGF in any mixture from the type-
| (20:80) to type-V (80:20) as can be seen in Fig.6.81 (b), 6.82 (b) and 6.83 (b) for
0.3%, 0.4% and 0.5% volume fraction.

Strengthening factor (STF°) variations of SGF, LGF, CGF for M50 grade of concrete
with 0.3%, 0.4% and 0.5% volume fractions is similar to the M30-GGFRC and can be
seen in Fig.6.84 (b), 6.85 (b) and 6.86 (b).

6.14. (c) Ductility Factor (DF°)

The variation of ductility factor (DF°€) for SGF, LGF and CGF with five different fiber
volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.81 (c), 6.82 (c) and
6.83 (c). Among all the fiber volume combinations, it can be noticed that the specimens
with 40% 3mm+60%6mm (SGF-II) has given the higher ductility factor compared to
the all other short graded fiber specimens whereas in case of long graded fiber,
specimens with 40%12mm+60%20mm (LGF-1l) has given the higher ductility
compared to other long graded specimens. An examination of the combined graded
fiber specimens with 40%SGF+60%LGF (CGF-1I) showed the higher ductility
compared to the other combined graded specimens. For a particular fiber volume
combination i.e., 40:60, CGF-Il has given the higher ductility factor than that of SGF-
Il and LGF-Il. An overall observation shows that, ductility factor of CGF are more than
SGF and LGF in any mixture from the type-1 (20:80) to type-V (80:20) as can be seen
in Fig.6.81 (c), 6.82 (c) and 6.83 (c) for 0.3%, 0.4% and 0.5% volume fraction.

Ductility factor (DF°) variations of SGF, LGF, CGF for M50 grade of concrete with
0.3%, 0.4% and 0.5% volume fractions is similar to the M30-GGFRC and it can be
seen in Fig.6.84 (c), 6.85 (c) and 6.86 (c).

6.14. (d) Strain softening Slope (Ess)

The variation of strain softening slope (Ess) values for SGF, LGF and CGF with five
different fiber volume combinations of 0.3%, 0.4% and 0.5% are shown in Fig.6.81 (d),

6.82 (d) and 6.83 (d). Among all the fiber volume combinations, it can be observed
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that the specimens with 40%3mm+60%6mm (SGF-II) has given the lower strain
softening slope compared to the all other short graded fiber specimens. Similarly, in
case of long graded fibers and combined graded fibers, specimens with 40%
12mm+60%20mm (LGF-Il) and 40%SGF+60%LGF (CGF-Il) has given the lower
values of strain softening slope compared to all other long graded and combined
graded fiber volume combinations. For a particular fiber volume combination i.e.,
40:60, SGF-II given the higher strain softening slope than that of CGF-Il and LGF-II.
An overall observation is that, strain softening slope values of SGF are more than CGF
and LGF in any mixture from the type-I (20:80) to type-V (80:20) as can be seen in
Fig.6.81 (d), 6.82 (d) and 6.83 (d) for 0.3%, 0.4% and 0.5% volume fraction. Moreover,
it can be concluded that strain softening slope of CGF is less than that of SGF, LGF
and also MGF for any given volume fraction (0.3%, 0.4% and 0.5%). For any given
fiber volume fraction, as the grading of fibers changes from SGF (3mm + 20mm) to
LGF (12mm+20mm) and to CGF (3mm+6mm+12mm+20mm), strain softening region
increased. Hence, strain softening region increases with improved fiber grading. Lower
strain softening slope means higher post peak deformations whereas higher strain

softening slope means lower post peak deformations.

The above strain softening slope (Ess) behaviour of SGF, LGF and CGF for M50
grade of concrete with 0.3%, 0.4% and 0.5% volume fractions is similar to the M30-
GGFRC and it can be seen in Fig.6.84 (d), 6.85 (d) and 6.86 (d).

6.14. (e) Energy Absorption Capacity (EAssr)

The variation of energy absorption capacity in strain softening region (EAssr) for SGF,
LGF and CGF with five different fiber volume combinations of 0.3%, 0.4% and 0.5%
are shown in Fig.6.81 (e), 6.82 (e) and 6.83 (e). Among all the fiber volume
combinations, it can be noticed that the specimens with 40% 3mm+60%6mm (SGF-
II) has given the higher energy absorption capacity compared to the all other short
graded fiber specimens whereas in case of long graded fiber, specimens with 40%
12mm+60%20mm (LGF-II) has given the higher energy absorption capacity compared
to other long graded specimens. An examination of the combined graded fiber,
specimens with 40%SGF+60%LGF (CGF-Il) showed the higher energy absorption
capacity compared to the other combined graded specimens. For a particular fiber

volume combination i.e., 40:60, CGF-Il given the higher energy absorption capacity
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than that of SGF-1l and LGF-Il. An overall observation shows that, energy absorption
capacity of CGF are more than SGF and LGF in any specimen from the type-1 (20:80)
to type-V (80:20) as can be seen in Fig.6.81 (e), 6.82 (e) and 6.83 (e) for 0.3%, 0.4%

and 0.5% volume fraction

Energy absorption capacity (EAssr) variations of SGF, LGF, CGF for M50 grade of
concrete with 0.3%, 0.4% and 0.5% volume fractions is similar to the M30-GGFRC
and it can be seen in Fig.6.84 (e), 6.85 (e) and 6.86 (e).

6.14. (f) Comparisons

Finally, It can be noted that the strength enhancement for short graded fibers varied
from 1-19 to 1.38 and for long graded fibers 1.11 to 1.24 which shows that there was
a significant improvement in peak strength for specimens with short graded fibers
when compared to the specimens with long graded fibers. A significant enhancement
in ductility occurred in case of the long graded fibers i.e., between 2.71 and 4.15,
compared to short graded fibers i.e., between 2.62 and 3.81. Hence, short graded
fibers are more effective in improving the ultimate strength by delaying the formation
of micro cracks and long graded fibers are more effective in increasing the
deformations by bridging the macro cracks. The combination of short graded and long
graded fibers to form combined graded fibers enhanced the strengthening factor from
1.21 to 1.47 and ductility factor from 2.92 to 4.39. The comparison with best of the best
combinations i.e., 40%3mm+60%6mm (SGF-Il), 40%12mm+60%20mm (LGF-II) and
40%SGF+60%LGF (CGF-Il) showed the clear variation. Specimens with SGF-1l gave
1.38 times improvement in peak strength whereas Specimens with LGF-II gave 4.15
times improvement in ductility. The combination of short graded and long graded i.e.,
combined graded fibers (CGF-Il) gave 1.47 times in peak strength and 4.39 times in
ductility. That is to say that the combined graded fibers have given the best
performance compared to short graded fibers and long graded fibers in both peak
strength and post peak deformation. From the above observation, it can be concluded
that the combined graded fibers (CGF) are better than mono glass fibers (MGF) or

SGF or LGF in terms of peak strength and post peak deformation.

In all, irrespective of volume of the fiber (0.3%, 0.4% and 0.5%) and grade of concrete
(M30 and M50), long graded fibers (LGF) exhibited higher ductility factor, energy
absorption capacity than that of short graded fibers (SGF). Short graded fibers showed
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higher strengthening and initial slope compared to the long length fibers. Hence, the
combination of SGF and LGF i.e., CGF have exhibited the higher strengthening factor,
ductility factor and energy absorption capacity than that of SGF, LGF and MGF.

Table 6.27 Summary of test results for M30-GGFRC with Vi = 0.3% in Compression

Strain Softening Region

Specimen B €8, c - ES . . . ESS4 EASSZR
Designation | v | (xio- | [P g% | (X10%) | STF® | DF® | (X107 | (X107)
(1) (MPa) 4 (MPa) | (X104 | MPa (7 (8) MPa | N/mm

@) 3) (4) (5) (6) (9) (10)

Short Graded Fibers (SGF), Vi=0.3%
SGF-I#c 28.73 | 19.90 | 20.04 | 52.25 123 | 1.22 | 2.62 | 0.27 | 0.0468
SGF-ll#c 31.21 | 24.44 | 20.38 | 87.59 1.09 | 1.32 | 3.58 | 0.17 | 0.0624
SGF-lli#c | 30.94 | 23.91 | 20.27 | 78.57 1.10 | 1.31 | 3.29 | 0.20 | 0.0605
SGF-IV#c | 30.01 | 21.61 | 20.09 | 62.94 1.18 | 1.27 | 291 | 0.24 | 0.0530
SGF-V#c 29.30 | 18.33 | 20.51 | 48.07 1.36 | 1.24 | 2.62 | 0.30 | 0.0439
Long Graded Fibers (LGF), Vi=0.3%
LGF-I#c 26.22 | 29.01 | 20.04 | 78.52 0.77 | 1.11 | 2.71 | 0.12 | 0.0622
LGF-ll#c 28.43 | 37.83 | 20.36 | 140.93 | 0.64 | 1.21 | 3.73 | 0.08 | 0.0879
LGF-lll#c 28.12 | 35.58 | 20.23 | 125.09 | 0.67 | 1.19 | 3.52 | 0.09 | 0.0818

LGF-IV#c 2743 | 32.14 | 20.04 | 98.63 0.73 | 1.16 | 3.07 | 0.11 | 0.0721

LGF-V#c 26.91 | 29.86 | 19.81 | 82.10 0.77 | 1.14 | 275 | 0.14 | 0.0657

Combined Graded Fibers (SGF), Vi=0.3%

CGF-l#c 28.98 | 33.40 | 20.28 | 97.59 0.74 | 1.23 | 292 | 0.14 | 0.0792

CGF-ll#c 32.26 | 41.92 | 20.48 | 165.68 | 0.65 | 1.37 | 3.95| 0.10 | 0.1106

CGF-lll#c 31.67 | 39.30 | 20.40 | 146.16 | 0.68 | 1.34 | 3.72 | 0.11 | 0.1018

CGF-Iv#c | 30.80 | 36.02 | 20.30 | 115.72 | 0.73 | 1.31 | 3.21 | 0.13 | 0.0907

CGF-V#c 29.72 | 32.75 | 20.75 | 93.59 0.77 | 1.26 | 2.86 | 0.15 | 0.0796

Note: f8, = Peak Stress at B, B, = Peak Strain at B, f¢» = Stress at inflection C, €€ = Strain
at inflection C, Intial Slope (ES) = A/ €*, Strengthening Factor (STF®) = {8, fo, Ductility factor
(DF°) = €p / €8, Strain Softening Slope (Ess) = (8- f ©p) / (€% - €By), Energy Absorption
capacity (EAssr) = Area under the stress strain curve in Strain Softening Region.
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Table 6.28 Summary of test results for M30-GGFRC with Vi = 0.4% in Compression

Specimen Strain Softening Region ES Ess | EAssr
Designation f 8, €8, fCp eCp (X104) STF® | DF° (X104) (X102)
(1) (MPa) | (X10%) | (MPa) | (X10% | MPa | (7) | (8) | MPa | N/mm

) ®3) (4) (5) (6) ©) (10)

Short Graded Fibers (SGF), Vi=0.4%

SGF-I1#d 28.76 | 19.90 | 20.04 | 54.15 | 1.23 | 1.22 | 2.72| 0.25 | 0.0477

SGF-ll#d | 31.99 | 26.21 | 20.40 | 98.05 | 1.04 | 1.36 | 3.74 | 0.16 | 0.0686

SGF-llI#d | 31.59 | 24.42 | 20.29 | 8540 | 1.10 | 1.34 | 3.50 | 0.19 | 0.0631

SGF-IV#d | 30.57 | 21.27 | 20.13 | 64.84 | 1.22 | 1.30 | 3.05| 0.24 | 0.0532

SGF-v#d | 30.29 | 19.53 | 20.04 | 52.70 | 1.32 | 1.28 | 2.70 | 0.31 | 0.0484

Long Graded Fibers (LGF), Vi=0.4%

LGF-1#d 26.73 | 31.3438 | 20.28 | 89.17 | 0.72 | 1.13 | 2.84| 0.11 | 0.0685

LGF-lI#d | 29.44 | 40.6730 | 20.37 | 158.19 | 0.62 | 1.25 | 3.89 | 0.08 | 0.0979

LGF-lll#d | 28.81 | 38.4212 | 20.25 | 141.63 | 0.64 | 1.22 | 3.69 | 0.08 | 0.0905

LGF-IV#d | 28.19 | 34.9845 | 20.06 | 113.99 | 0.68 | 1.20 | 3.26 | 0.10 | 0.0806

LGF-V#d | 27.67 | 31.3154 | 20.28 | 91.21 | 0.75 | 1.17 | 291 | 0.12 | 0.0709

Combined Graded Fibers (SGF), V:i=0.4%

CGF-l#d 29.57 | 36.4506 | 20.75 | 110.99 | 0.69 | 1.25 | 3.04| 0.12 | 0.0881

CGF-lli#d | 33.16 | 48.4699 | 20.49 | 199.87 | 0.58 | 1.41 | 4.12| 0.08 | 0.1314

CGF-lll#d | 32.41 | 43.5574 | 20.43 | 170.21 | 0.63 | 1.37 | 3.91| 0.09 | 0.1154

CGF-IV#d | 31.10 | 40.2824 | 20.33 | 140.42 | 0.66 | 1.32 | 3.49| 0.11 | 0.1024

CGF-V#d | 30.47 | 36.0249 | 20.28 | 110.57 | 0.72 | 1.29 | 3.07 | 0.14 | 0.0898
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Table 6.29 Summary of test results for M30-GGFRC with Vi = 0.5% in Compression

Specimen Strain Softening Region ES Ess | EAssr
Designation f 8, €8, fCp eCp (X104) STF® | DF° (X104) (X102)
(1) (MPa) | (X10%) | (MPa) | (X10%) | MPa | (7) | (8) | MPa | N/mm

2) (3) (4) (5) (6) ) (10)
Short Graded Fibers (SGF), V:=0.5%
SGF-l#e | 29.58 | 20.26 | 20.04 | 55.87 | 1.24 | 1.25 | 2.76 | 0.27 | 0.0490
SGF-ll#e | 33.12 | 26.74 | 20.41 | 101.93 | 1.05 | 1.40 [3.81| 0.17 |0.0724
SGF-llli#e | 32.44 | 24.83 | 20.30 | 90.30 | 1.11 | 1.38 | 3.64 | 0.19 | 0.0659
SGF-IV#e | 31.14 | 21.77 | 20.14 | 70.91 | 1.22 | 1.32 | 3.26 | 0.22 | 0.0554
SGF-V#e | 30.29 | 19.53 | 20.04 | 55.50 | 1.32 | 1.28 | 2.84 | 0.28 | 0.0484
Long Graded Fibers (LGF), Vi=0.5%
LGF-I#e 27.23 | 32.83 | 20.04 | 9448 | 0.71 | 1.15 |2.88| 0.12 |0.0731
LGF-ll#e | 29.95 | 41.90 | 20.37 | 165.29 | 0.61 | 1.27 [ 3.95| 0.08 | 0.1026
LGF-lli#e | 29.31 | 39.88 | 20.25 | 150.96 | 0.62 | 1.24 | 3.79 | 0.08 | 0.0956
LGF-IV#e | 28.70 | 36.55 | 20.07 | 125.02 | 0.67 | 1.22 | 3.42 | 0.10 | 0.0858
LGF-V#e | 28.40 | 3291 | 20.04 | 97.08 | 0.73 | 1.20 | 2.95| 0.13 | 0.0764
Combined Graded Fibers (SGF), Vi=0.5%
CGF-l#e | 30.17 | 38.71 | 20.04 | 124.26 | 0.66 | 1.28 | 3.21 | 0.12 | 0.0955
CGF-ll#e | 34.95 | 51.78 | 20.49 | 220.46 | 0.57 | 1.48 | 4.26 | 0.09 | 0.1480
CGF-lli#e | 33.46 | 47.85 | 20.43 | 193.79 | 0.59 | 1.42 | 4.05| 0.09 | 0.1309
CGF-IV#e | 32.00 | 43.56 | 20.34 | 157.21 | 0.62 | 1.36 | 3.61 | 0.10 | 0.1140
CGF-V#e | 30.77 | 38.78 | 20.51 | 126.05 | 0.67 | 1.30 | 3.25| 0.12 | 0.0976
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Table 6.30 Summary of test results for M50-GGFRC with Vs = 0.3% in Compression

Strain Softening Region

. ES Ess EAssr
Specimen B 4 c c 4 -2

ECime f8, | ofe, o | (X10% | STFe | DF | (X109 | (X102)

Des'g(g')a ton 1 wpay | %107 | (vpa) (x£10-4) MPa | (7) | (8 | MPa | N/mm
@ || @] e | 6 © | (10)

Short Graded Fibers (SGF), Vi=0.3%

SGF-I#c 48.36 | 18.43 | 35.67 | 50.49 223 | 1.19 | 274 | 0.40 | 0.1224

SGF-ll#c 52.61 | 26.84 | 35.55 | 96.27 1.67 | 1.30 | 3.59 | 0.25 | 0.1938

SGF-lll#c 50.97 | 25.51 | 35.34 | 85.81 170 | 1.26 | 3.36 | 0.26 | 0.1785

SGF-IV#c | 49.31 | 21.07 | 35.01 | 62.63 199 | 1.22 | 297 | 0.34 | 0.1426

SGF-V#c 48.60 | 16.97 | 35.67 | 45.93 243 | 1.20 | 271 | 045 | 0.1132

Long Graded Fibers (LGF), Vi=0.3%

LGF-l#c 46.26 | 32.12 | 35.26 | 89.74 122 | 1.14 | 279 | 0.19 | 0.1673

LGF-ll#c 49.33 | 43.25 | 35,51 | 16245 | 0.97 | 1.22 | 3.76 | 0.12 | 0.2403

LGF-lll#c 48.69 | 41.01 | 35.27 | 14495 | 101 | 1.20 | 3.53 | 0.13 | 0.2248

LGF-IV#c 47.87 | 35.85 | 3491 | 110.15 | 1.14 | 1.18 | 3.07 | 0.17 | 0.1932

LGF-V#c 46.71 | 29.54 | 35.67 | 81.38 134 | 115 | 2.76 | 0.21 | 0.1554

Combined Graded Fibers (SGF), Vi=0.3%

CGF-l#c 49.07 | 37.28 | 36.07 | 111.00 | 1.12 | 1.21 | 298 | 0.18 | 0.2511

CGF-ll#c 5452 | 48.75 | 35.73 | 19340 | 0.95 | 1.35 | 3.97 | 0.13 | 0.2993

CGF-lll#c 52.79 | 46.74 | 3559 | 173.74 | 096 | 1.30 | 3.72 | 0.14 | 0.2779

CGF-IvV#c | 50.73 | 42.15 | 35.40 | 137.02 | 1.02 | 1.25 | 3.25 | 0.16 | 0.2408

CGF-V#c 49.31 | 36.13 | 35.67 | 103.94 | 1.16 | 1.22 | 2.88 | 0.20 | 0.2446

Note: f8, = Peak Stress at B, €8, = Peak Strain at B, f¢» = Stress at inflection C, £%p = Strain
at inflection C, Intial Slope (ES) = A/ €*, Strengthening Factor (STF®) = {8, fo, Ductility factor
(DF°) = €p / €8, Strain Softening Slope (Ess) = (8- f ©p) / (€% - €By), Energy Absorption
capacity (EAssr) = Area under the stress strain curve in Strain Softening Region.
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Table 6.31 Summary of test results for M50-GGFRC with Vi = 0.4% in Compression

Specimen Strain Softening Region ES Ess | EAssr
Designation | [ €8, fCp €Cp | (X10% | STF® | DF® | (X10%) | (X10?)
(1) (MPa) | (X10%) | (MPa) | (X10%) | MPa | (7) | (8) | MPa | N/mm
2) 3) 4) (5) (6) ) (10)

Short Graded Fibers (SGF), Vi=0.4%
SGF-I#d | 48.36 | 18.60 | 35.67 | 53.07 | 2.21 | 1.19 | 2.85| 0.37 | 0.1235
SGF-li#d | 54.53 | 28.53 | 35.58 | 10850 | 1.62 | 1.35 | 3.80 | 0.24 | 0.2136
SGF-lli#d | 52.44 | 27.63 | 35.38 | 98.50 | 1.61 | 1.29 |3.56 | 0.24 | 0.1989
SGF-IV#d | 50.73 | 22.77 | 35.08 | 70.80 | 1.89 | 1.25 | 3.11| 0.33 | 0.1586
SGF-V#d | 49.07 | 17.82 | 35.67 | 50.19 | 2.34 | 1.21 |2.82| 0.41 | 0.1200
Long Graded Fibers (LGF), Vi=0.4%
LGF-I#d | 46.30 | 34.99 | 35.67 | 102.99 | 1.12 | 1.14 | 294 | 0.16 | 0.1824
LGF-ll#d | 49.93 | 46.12 | 34.88 | 184.80 | 0.92 | 1.23 | 4.01 | 0.11 | 0.2593
LGF-lll#d | 49.15 | 43.88 | 35.30 | 163.93 | 0.95 | 1.21 | 3.74 | 0.12 | 0.2428
LGF-IV#d | 48.09 | 38.71 | 34.95 | 130.31 | 1.06 | 1.19 | 3.37 | 0.14 | 0.2096
LGF-V#d | 46.76 | 31.54 | 35.67 | 9451 | 1.26 | 1.15|3.00| 0.18 | 0.1661
Combined Graded Fibers (SGF), Vi=0.4%
CGF-l#d | 49.31 | 40.15 | 35.67 | 123.09 | 1.04 | 1.22 | 3.07 | 0.16 | 0.2717
CGF-ll#d | 57.13 | 51.62 | 35.75 | 218.10 | 0.94 | 1.41 | 4.23 | 0.13 | 0.3321
CGF-llI#d | 55.34 | 49.61 | 35.63 | 199.09 | 0.95 | 1.37 | 4.01| 0.13 | 0.3091
CGF-IV#d | 52.15 | 45.02 | 35.45 | 159.04 | 0.98 | 1.29 | 3.53 | 0.15 | 0.3223
CGF-V#d | 50.26 | 42.44 | 35.67 | 131.91 | 1.01 | 1.24 | 3.11 | 0.16 | 0.2928
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Table 6.32 Summary of test results for M50-GGFRC with Vi = 0.5% in Compression

Specimen Strain Softening Region ES Ess | EAssr
Designation | [ €8, fCp €Cp | (X10% | STF® | DF® | (X10%) | (X10?)
(1) (MPa) | (X10%) | (MPa) | (X10%) | MPa | (7) | (8) | MPa | N/mm
2) 3) 4) (5) (6) ) (10)

Short Graded Fibers (SGF), V:=0.5%
SGF-l#e | 48.84 | 18.77 | 35.67 | 55.91 | 2.21 | 1.20 | 2.98 | 0.35 | 0.1258
SGF-llI#e | 55.96 | 30.23 | 35.60 | 115.22 | 1.57 | 1.38 | 3.81 | 0.24 | 0.2322
SGF-llli#e | 54.10 | 29.33 | 35.40 | 108.90 | 1.57 | 1.33 | 3.71| 0.23 | 0.2178
SGF-IV#e | 51.21 | 24.47 | 35.10 | 8253 | 1.78 | 1.26 | 3.37 | 0.28 | 0.1720
SGF-V#e | 49.07 | 17.99 | 35.26 | 52.85 | 2.32 | 1.21 | 2.94| 0.40 |0.1212
Long Graded Fibers (LGF), Vi=0.5%
LGF-l#e | 46.35 | 37.85 | 35.26 | 115.21 | 1.04 | 1.14 | 3.04| 0.14 | 0.2408
LGF-llI#e | 50.39 | 48.99 | 35.53 | 203.06 | 0.87 | 1.24 | 4.15| 0.10 | 0.3389
LGF-lli#e | 49.61 | 46.74 | 35.31 | 181.46 | 0.90 | 1.22 | 3.88| 0.11 | 0.2611
LGF-IV#e | 48.55 | 41.58 | 34.96 | 143.76 | 0.99 | 1.20 [ 3.46 | 0.13 | 0.2273
LGF-V#e | 47.22 | 34.41 | 35.26 | 109.52 | 1.17 | 1.17 | 3.18| 0.16 | 0.1830
Combined Graded Fibers (SGF), Vi=0.5%
CGF-l#e | 49.78 | 43.01 | 35.67 | 135.72| 0.98 | 1.23 | 3.16 | 0.15 | 0.2940
CGF-ll#e | 59.78 | 54.49 | 35.76 | 239.10 | 0.93 | 1.47 | 4.39 | 0.13 | 0.4471
CGF-lli#e | 56.88 | 52.48 | 35.65 | 220.06 | 0.92 | 1.40 | 4.19| 0.13 | 0.4098
CGF-IV#e | 53.15 | 47.89 | 35.47 | 17528 | 0.94 | 1.31 | 3.66 | 0.14 | 0.3494
CGF-V#e | 50.73 | 45.31 | 35.67 | 149.22 | 0.95 | 1.25 |3.29 | 0.14 | 0.3155
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Fig.6.81 Mechanical properties variation of M30-GGFRC-0.3% in Compression
(a) Initial slope (ES), (b) strengthening factor (STF°), (c) ductility factor (DF°), (d) strain
softening slope (Ess) and (e) energy absorption capacity in strain softening region (EAssr).
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Fig.6.82 Mechanical properties variation of M30-GGFRC-0.4% in Compression
(a) Initial slope (ES), (b) strengthening factor (STF®), (c) ductility factor (DF®), (d) strain
softening slope (Ess) and (e) energy absorption capacity in strain softening region (EAssr).
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Fig.6.83 Mechanical properties variation of M30-GGFRC-0.5% in Compression
(a) Initial slope (ES), (b) strengthening factor (STF®), (c) ductility factor (DF®), (d) strain
softening slope (Ess) and (e) energy absorption capacity in strain softening region (EAssr).
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Fig.6.84 Mechanical properties variation of M50-GGFRC-0.3% in Compression
(a) Initial slope (ES), (b) strengthening factor (STF°), (c) ductility factor (DF°), (d) strain
softening slope (Ess) and (e) energy absorption capacity in strain softening region (EAssr).
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Fig.6.85 Mechanical properties variation of M50-GGFRC-0.4% in Compression
(a) Initial slope (ES), (b) strengthening factor (STF°), (c) ductility factor (DF°), (d) strain
softening slope (Ess) and (e) energy absorption capacity in strain softening region (EAssr).
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Fig.6.86 Mechanical properties variation of M50-GGFRC-0.5% in Compression
(a) Initial slope (ES), (b) strengthening factor (STF°), (c) ductility factor (DF°), (d) strain
softening slope (Ess) and (e) energy absorption capacity in strain softening region (EAssr).
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6.15 Analytical model for Behaviour of GGFRC in compression

Analytical stress strain curves are predicted for GGFRC in compression similar to the
MGFRC in compression. A typical stress-strain curve of GFRC in compression is
shown in Fig.5.53 marking salient points and already given in Chapter-5. Grading of
fibers (SGF, LGF and CGF) in the composite effect the stress and strain both at peak
and inflection points. In this diagram, important points which influence the stress strain
behaviour are B and C. In order to predict the stress strain behaviour of GGFRC, the
points B (fu, €u) and C (fir, €ip) are needed to be determined. The equations have been

developed in this investigation for normalised stress strain curves.

In the present study to predict analytical stress strain diagram for GGFRC an equation

(13) given in Chapter-5 is used and re written below.

fe — B(ec/Ew)
fu ﬁ_l‘l'(gc/gu)ﬁ

Where f,the peak strength of fiber reinforced concrete and ¢, is the corresponding
peak strain. f. and ¢, are the stress and strain values on the curve and {3 is the material

parameter that depends on the shape of the stress strain diagram.

In Table 6.27 to 6.32 the strengthening factor and ductility factor for GGFRC
specimens are given. An examination of this results showed improvement in strength
and also strain with increase in grading of fibers (SGF, LGF and CGF) and fiber volume
combination. Thus the amount of fiber grading with percentage of volume combination
has direct influence on strength and strain of GGFRC specimens. In the graded fibers
in order to reflect synergy effect, a parameter Rlcr is considered as given in article 6.7.
Rlcr takes into account the fiber participation in the composite. It is also known that
the properties of matrix has direct influence on strength and strain of composite. Thus
the peak strength of the composite (fu) and peak strain of the composite are directly
proportional to that of plain concrete and also directly proportional to Rlcr. However,
the influence of Rlcr is linear or nonlinear has to be established from the experimental

results. Hence, it can be written that
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» fuoxfo
« (Rlgr)n
Then fu = k fo (RIcF)»
The above expression is rewritten as
> (fu/fo) =k (Rler)"
Similarly, it can be written for strain as

> (eu/e0) =k (RleF)"
The above expression can be used to predict fu, €u for a given value of Rlcr i.e., for a
set of fiber properties. In order to construct compressive stress strain diagram as
indicated Fig 5.53 given in Chapter-5, the material property defined by B given in the
equation (13) is the only one now required to be determined for graded fiber specimen.
In order to arrive at 3 for fiber properties (Rler) of GGFRC, the equation (19) is taken
from the chapter-5 and re written below.
B =1.9407 (RIgF) 9039

Here RIwr is replaced with Rler for GGFRC. The Rlcr (using equation (26)) is
calculated for M30-GGFRC and M50-GGFRC with 0.3%, 0.4% and 0.5% fiber volume
fraction and given in column 2 of Table 6.33 to 6.38. For each Rlcr the corresponding

B values are calculated and given in column 8 of Table 6.33 to 6.38.

In the above expression f,,, €, and B for each specimen is known and if these values

are substituted in equation (13) and it generates the stress strain diagram of GGFRC

for a set of fiber properties indicated by Rlcr.

The limitation for the above equation is that the drooping portion (post peak behaviour)
is continuous right up to the stress level becomes zero, which is unrealistic. Hence the

post peak behaviour is limited to the point of inflection i.e., point C in the Fig.5.53. In
order to identify the point C, the variation of fipfrom the experimental data can be noted
and an equation is proposed which will be helpful to find the €ip values for a given fip

from the equation (14) given in chapter-5. Thus the salient points of stress strain

diagram of GFRC given in Fig.5.53 can be estimated theoretically. In the subsequent

articles the method of arriving at models for fy, fo, e, and fip are explained.
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Table 6.33 Stress ratios, strain ratios and energy absorption of M30-GGFRC-0.3% in

Compression

Specimen Al Strain Softening Region B
Designation ) fulfo| euleo| fir/fo| €p /€0 | EAssr / EA%sr @)
1) @ | @ | O (6) (7)
Short Graded Fibers (SGF), Vi=0.3%
SGF-I#c [0.15(1.22 | 1.02 | 0.85 | 2.69 1.55 2.09
SGF-ll#c | 0.39|1.32| 1.26 | 0.86 | 4.50 2.07 2.013
SGF-lli#c (059 (1.31| 1.23 | 0.86 | 4.41 2.00 1.980
SGF-IV#c |0.88|1.27 | 1.11 | 0.85 | 3.57 1.76 1.951
SGF-V#c [2.36|1.24 | 094 | 0.87 | 2.47 1.46 1.880
Long Graded Fibers (LGF), Vi=0.3%
LGF-I#c 0.16 | 1.11 | 1.49 | 0.85 3.01 2.06 2.080
LGF-ll#c |0.43|121| 194 | 0.86 | 4.77 2.91 2.006
LGF-Ili#c [ 0.64|1.19| 1.83 | 0.86 | 4.48 2.71 1.971
LGF-IV#c |0.96|1.16 | 1.65 | 0.85 | 3.77 2.39 1.940
LGF-V#c [ 254|114 | 1.54 | 0.84 3.51 2.18 1.871
Combined Graded Fibers (CGF), Vi=0.3%
CGF-l#c |0.09|1.23| 1.72 | 0.86 | 4.50 2.62 2.130
CGF-li#c |0.24|1.37 | 2.15 | 0.87 | 8.52 3.66 2.053
CGF-lli#tc | 0.35]1.34 | 2.02 | 0.87 | 6.49 3.37 2.020
CGF-IV#c | 053|131 | 185 | 0.86 | 5.95 3.01 1.991
CGF-V#c |142|1.26| 168 | 0.88 | 4.41 2.64 1.910

Table 6.34 Stress ratios, strain ratios and energy absorption of M30-GGFRC-0.4% in

Compression

Specimen e Strain Softening Region B
Designation ) fulfo| euleo | fir/fo| €p /€0 | EAssr / EA%sr @)
1) @ | @ | O (6) (7)
Short Graded Fibers (SGF), Vi=0.4%
SGF-I#d |0.14|1.22| 1.02 | 0.85 2.78 1.58 2.10
SGF-ll#d | 0.37|1.36 | 1.35 | 0.87 4.83 2.27 2.02
SGF-llI#d | 0.56|1.34 | 1.26 | 0.86 4.49 2.09 1.990
SGF-IV#d |0.83|1.30| 1.09 | 0.85 3.52 1.76 1.950
SGF-V#d |1.67|1.28 | 1.00 | 0.85 3.22 1.60 1.900
Long Graded Fibers (SGF), Vi=0.4%
LGF-I#d 0.16|1.13| 1.61 | 0.86 3.46 2.27 2.091
LGF-ll#d |0.42|1.25| 2.09 | 0.86 6.09 3.24 2.008
LGF-llI#d | 0.62|1.22 | 1.98 | 0.86 5.18 3.00 1.982
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LGF-IV#d [0.94|1.20| 1.80 | 0.85 4,72 2.67 1.951
LGF-V#d |250|1.17| 161 | 0.86 | 4.22 2.35 1.870
Combined Graded Fibers (CGF), Vi=0.4%
CGF-l#d |0.08| 125|187 | 0.88 | 491 2.92 2.141
CGF-ll#d [0.221.41| 249 | 0.87 | 8.93 4.35 2.065
CGF-lll#d |0.33|1.37 | 2.24 | 0.87 | 8.85 3.83 2.030
CGF-IV#d [0.49|132| 207 | 0.86 | 7.41 3.39 2.001
CGF-V#d |[1.30|1.29| 185 | 0.86 | 5.95 2.97 1.920

Table 6.35 Stress ratios, strain ratios and energy absorption of M30-GGFRC-0.5% in

Compression

Specimen Al Strain Softening Region B
Designation ) fulfo| euleo| fir/fo| €/ € | EAssr / EA%ssr 8)
1) @ | @ | 6 (6) (7)
Short Graded Fibers (SGF), Vi=0.5%
SGF-l#e |0.13]1.25| 1.67 | 0.85 | 3.04 1.62 2.100
SGF-ll#e | 0.36|1.40| 2.21 | 0.87 | 5.48 2.40 2.020
SGF-lll#e | 0.54]1.38| 205 | 0.86 | 5.34 2.18 1.991
SGF-IV#e |0.80|1.32| 1.80 | 0.85 | 4.00 1.84 1.960
SGF-V#e |214(128| 161 | 085 | 3.42 1.60 1.881
Long Graded Fibers (LGF), Vi=0.5%
LGF-I#e |0.15|1.15| 1.69 | 0.85 | 3.83 2.42 2.090
LGF-ll#e |0.41|1.27| 2.15 | 0.86 | 5.99 3.40 2.010
LGF-Ili#e |0.61|1.24| 205 | 0.86 | 5.70 3.17 1.980
LGF-Iv#e [0.92(1.22| 1.88 | 0.85 | 5.23 2.84 1.951
LGF-V#e |2.45|1.20| 1.69 | 0.85 4.15 2.53 1.870
Combined Graded Fibers (LGF), Vi=0.5%
CGF-l#e |0.08|1.28| 199 | 0.85 | 6.39 3.16 2.140
CGF-li#e [0.21]1.48 | 2.66 | 0.87 | 10.52 4.90 2.063
CGF-lli#e |0.31|1.42| 246 | 0.87 | 9.72 4.34 2.031
CGF-IV#e [ 0.47|1.36 | 2.24 | 0.86 | 8.85 3.78 2.001
CGF-V#e |1.25(1.30| 199 | 0.87 | 6.41 3.23 1.922
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Table 6.36 Stress ratios, strain ratios and energy absorption of M50-GGFRC-0.3% in

Compression

Specimen Al Strain Softening Region B
Designation ) fulfo| euleo | fir/fo| €p /€0 | EAssr / EA%ssr @)
1) @ | @ | O (6) (7)
Short Graded Fibers (SGF), Vi=0.3%
SGF-I#c [0.15|1.13| 0.87 | 0.84 | 2.38 2.09 2.091
SGF-ll#c | 0.39(1.23| 1.27 | 0.83 | 3.76 3.30 2.013
SGF-lll#c [0.59]1.19| 1.20 | 0.83 | 3.21 3.04 1.982
SGF-IV#c | 0.88|1.16 | 0.99 | 0.82 | 2.66 2.43 1.951
SGF-V#c [2.36|1.14| 080 | 0.84 | 1.86 1.93 1.877
Long Graded Fibers (LGF), Vi=0.3%
LGF-l#c |0.16|1.08 | 1.52 | 0.83 | 3.10 2.85 2.085
LGF-li#c | 0.43|1.16 | 2.04 | 0.83 | 5.09 4.10 2.006
LGF-lli#c [ 0.64|1.14 | 1.94 | 0.83 | 4.49 3.83 1.975
LGF-IV#c |0.96|1.12| 1.69 | 0.82 | 3.93 3.29 1.944
LGF-V#c [254|1.09| 1.39 | 0.84 | 2.86 2.65 1.871
Combined Graded Fibers (CGF), Vi=0.3%
CGF-l#c |0.09|1.15| 1.76 | 0.85 | 4.09 4.28 2.133
CGF-ll#c | 0.24|1.28 | 230 | 0.84 | 7.52 5.10 2.053
CGF-lll#c [0.35]1.24 | 221 | 083 | 7.21 4.74 2.021
CGF-IV#c |053|1.19| 199 | 0.83 | 5.30 4.11 1.989
CGF-V#c |142|1.16| 1.71 | 0.84 | 3.96 4.17 1.914

Table 6.37 Stress ratios, strain ratios and energy absorption of M50-GGFRC-0.4% in

Compression

Specimen Al Strain Softening Region B
Designation ) fulfo| €uleo| fir/fo| €pP/ € | EAssr / EA®ssr 8)
(1) @ | @ | O (6) (7)
Short Graded Fibers (SGF), Vi=0.4%
SGF-I#d 0.141.13| 0.88 | 0.84 2.69 2.11 2.096
SGF-ll#d [0.37|1.28 | 1.35 | 0.83 4.40 3.64 2.017
SGF-llI#d | 0.56|1.23 | 1.30 | 0.83 4.26 3.39 1.986
SGF-IV#d [0.83]1.19| 1.07 | 0.82 2.87 2.70 1.955
SGF-V#d |1.67|1.15| 0.84 | 0.84 2.10 2.05 1.902
Long Graded Fibers (LGF), Vi=0.4%
LGF-l#d 0.16 | 1.09 | 1.65 | 0.84 3.28 3.11 2.087
LGF-ll#d |0.42|1.17| 2.18 | 0.82 5.80 4.42 2.008
LGF-lll#d | 0.62|1.15| 2.07 | 0.83 5.16 4.14 1.977
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LGF-IV#d [0.94|1.13| 1.83 | 0.82 | 4.25 3.58 1.946
LGF-V#d |250|1.10| 1.49 | 0.84 | 3.05 2.83 1.873
Combined Graded Fibers (CGF), Vi=0.4%

CGF-l#d |0.08|1.16 | 1.89 | 0.84 | 4.15 4.63 2.140
CGF-ll#d [0.221.34| 244 | 0.84 | 8.88 5.66 2.060
CGF-lli#d |0.33|1.30| 234 | 0.84 | 854 5.27 2.027
CGF-IV#d [ 0.49|1.22 | 2.13 | 0.83 | 6.31 5.50 1.996
CGF-V#d |1.30|1.18 | 2.00 | 0.84 | 5.00 4.99 1.921

Table 6.38 Stress ratios, strain ratios and energy absorption of M50-GGFRC-0.5% in

Compression

Specimen Rler Strain Softening Region B
Designation ) fulfo| euleo | fip/fo| €p /€0 | EAssr / EA%sr ®)
1) @ | @ | 6 (6) (7)
Short Graded Fibers (SGF), Vi=0.5%
SGF-l#e [0.13|1.14| 0.89 | 0.84 | 2.79 2.15 2.099
SGF-ll#e |0.36|1.31| 143 | 0.83 | 574 3.96 2.020
SGF-lll#e | 054 |1.27 | 1.38 | 0.83 4.11 3.71 1.989
SGF-IV#e |0.80|1.20| 1.15 | 0.82 | 3.08 2.93 1.957
SGF-V#e |214(1.15| 085 | 083 | 212 2.07 1.884
Long Graded Fibers (LGF), Vi=0.5%
LGF-I#e |0.15|1.09| 1.79 | 0.83 | 3.66 4.11 2.088
LGF-ll#e |0.41|1.18| 231 | 0.83 | 6.17 5.78 2.010
LGF-Ill#e | 0.61|1.16 | 2.21 | 0.83 5.88 4.45 1.978
LGF-IV#e [0.92|1.14 | 196 | 0.82 | 4.90 3.88 1.947
LGF-V#e |245|1.11] 1.62 | 0.83 3.55 3.12 1.874
Combined Graded Fibers (CGF), Vi=0.5%
CGF-l#e |0.08|1.17 | 2.03 | 0.84 | 5.06 5.01 2.144
CGF-li#e [0.21]1.40| 257 | 0.84 | 11.14 7.62 2.063
CGF-lli#e | 0.31]1.33| 248 | 0.84 | 9.96 6.99 2.031
CGF-IV#e [0.47|125| 2.26 | 0.83 | 5.25 5.96 1.999
CGF-V#e |1.25|1.19| 2.14 | 0.84 6.71 5.38 1.924
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Peak Stress (fu):

The reinforcing index of each mix was calculated and is given in column 2 of Table
6.33 to 6.38. The ratio between peak stress of GGFRC (M30 and M50 grade) and
plain concrete peak stress (fu/fo) is given in column 3 of Table 6.33 to 6.38. In order to
understand the variation of fu/fo with Rlcr, points are plotted as shown in Fig.6.87 (a).
An examination of the plot and various trails to arrive at the best fit, led to understand
that fu/fo varies as power function of Rlcr in the form of fu/fo = k (Rler)™ instead of +n
as envisaged earlier. The power function is modified by multiplying both sides by Rlcr.
The modified relation is (RleF) fu/fo = k (RIcr)?™. Now points are plotted with RIv as
abscissa and Rlcr.fu/fo as ordinate is shown in Fig.6.87 (b). The regression expression
obtained is (RlcF) fuffo = 1.172 (RlcF) %9868 with regression coefficient R? = 0.954. Then
the relation between Rlcr and fu/fo can be expressed as.
fu="10(1.172 . RIGFO013)  weommeeeeeee (28)

Where fo and fu are the peak stress of plain concrete and peak stress of GGFRC

respectively.
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Fig.6.87 stress ratio at ultimate point as a function of Rler for GGFRC in
Compression
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Strain at Peat Stress (gu):

The reinforcing index of each mix was calculated and is given in column 2 of Table
6.33 to 6.38. The ratio between strain at peak stress of GGFRC (M30 and M50 grade)
and strain at peak stress of plain concrete (gu / €0) is given in column 4 of Table 6.33
to 6.38. In order to understand the variation of €u / €0 with RlcF, points are plotted as
shown in Fig.6.88 (a). An examination of the plot and various trails to arrive at the best
fit, led to understand that fu/fo varies as power function of Rlcr in the form of ey / 0=k
(Rler)™. The power function is modified by multiplying both sides by Rler. The modified
relation is (Rlcr) €u/ €0= k (Rler)®™™. Now points are plotted with Rlcr as abscissa and
Rlcr. €u / €0 as ordinate is shown in Fig.6.88 (b). The regression expression obtained
is (RleF) €u / €0=1.6305 (RIcF) %43 with regression coefficient R? = 0.9251. Then the
relation between Rlcr and €u / €0 can be expressed as.
€u = €0 (1.6305 RIGFO057) —-ommmommmemeeee- (29)

Where €0 and €u are the peak strain at peak stress of plain concrete and peak

strain at peak stress of GGFRC respectively.
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Fig.6.88 strain ratio at ultimate point as a function of Rlecr for GGFRC in
Compression

243



Stress at inflection (fip):

The reinforcing index of each mix was calculated and is given in column 2 of Table
6.33 to 6.38. The ratio between stress at inflection of MGFRC (M30 and M50 grade)
and plain concrete peak stress (fir/fo) is given in column 5 of Table 6.33 to 6.38. In
order to understand the variation of fie/fo with Rlcr, points are plotted as shown in
Fig.6.89. An examination of the plot and various trails to arrive at the best fit, led to
understood that fip/fo varies as linear function of Rler in the form of fip/fo= m (RlcF) + k.
The regression expression obtained is fir/fo = -0.079 Rler + 0.901 with regression

coefficient R? = 0.8564. Then the relation between Ricr and fip/fo can be expressed as.
fir =fo (-0.079 Rler+ 0.901)  -—----m-mmmmmem- (30)

Where fo and fir are the peak stress of plain concrete and stress at inflection
point of GGFRC respectively.

M30-GGFRC M50-GGFRC

1.00
0.90
0.80

0.70
0.60 y =-0.079x + 0.901

0.50 R2=0.8564
0.40
0.30
0.20
0.10
0.00

Stress Ratio (fIP / fo) at inflection point

Rlgr

Fig.6.89 stress ratio at inflection point as a function of Rlerfor GGFRC in Compression

Strain at inflection (gip):

The reinforcing index of each mix was calculated and is given in column 2 of Table
6.33 to 6.38. The ratio between strain at peak stress of GGFRC (M30 and M50 grade)
and strain at peak stress of plain concrete (e / €0) is given in column 6 of Table 6.33
to 6.38. In order to understand the variation of €ip / €0 with Rlcr, points are plotted as
shown in Fig.6.90 (a). An examination of the plot and various trails to arrive at the best

fit, led to understand that ip / €0 varies as power function of Rlcr in the form of e / €0=
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k (Rler)™ instead of +n as envisaged earlier. The power function is modified by
multiplying both sides by Rlcr. The modified relation is (RlcF) € / €0=k (RIcr)?™. Now
points are plotted with Rlcr as abscissa and Rlcr. €ip / €0 as ordinate is shown in
Fig.6.90 (b). The regression expression obtained is (RlcF) €p / €0 = 0.856 (RlcF) 09985
with regression coefficient R? = 0.99. Then the relation between Rlcr and € / €0 can
be expressed as.

€P = €0 (0.856.RIGF007) --mmmmmmmmmeeeeee (31)

Where €0 and €p are the peak strain at peak stress of plain concrete and strain

at inflection of GGFRC respectively.

M30-GGFRC MM50-GGFRC M30-GGFRC MM50-GGFRC
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10.00 3200
S o
~8.00 &
w % 1.50
o e
£ 6.00 ;
p  1.00
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G ;
2.00 = 050
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0.00 1.00 2.00 3.00 0.00 1.00 2.00 3.00
(a) Rlgr (b) Rlge

Fig.6.90 strain ratio at inflection point as a function of Rler for GGFRC in
Compression.

Energy Absorption in strain softening region (EAssr):

EAssr is computed from the stress strain diagram (M30-GGFRC and M50-GGFRC)
shown in Fig.6.55 to 6.80 and vales are given in column 11 Table 6.27 to 6.32. The
reinforcing index of each mix was calculated and is given in column 2 of Table 6.33 to
6.38. The ratio between energy absorption of GGFRC (M30 and M50 grade) and plain
concrete energy absorption (EAssr / EA%ssR) is given in column 7 of Table 6.33 to 6.38.
In order to understand the variation of EAssr / EA%sr with Rlcr, points are plotted as

shown in Fig.6.91 (a). An examination of the plot and various trails to arrive at the best
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fit, led to understand that EAssr / EA%ssr varies as power function of Rlcr in the form
of EAssr / EA%sr = k (Rler)™ instead of +n as envisaged earlier. The power function
is modified by multiplying both sides by Rlcr. The modified relation is (Rlcr) EAssr /
EA%sr = k (Rlcr)®™. Now points are plotted with Rlcr as abscissa and Rlcr. EAssr /
EA%ssr as ordinate is shown in Fig.6.91 (b). The regression expression obtained is
(RlcF) EAssr / EA%sr = 3.5018 (RIcF) %9287 with regression coefficient R? = 0.898. Then
the relation between Rlcr and EAssr / EA%sr can be expressed as.
EAssr = EA%sr (3.5018 RIGFO-071) —ommmmomeeeee- (32)

Where EA%ssr and EAssr are the energy absorption in strain softening region

of plain concrete and energy absorption in strain softening region of GGFRC

respectively.
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Fig.6.91 Energy absorption as a function of Rlcr for GGFRC in Compression

6.16. Comparison of compressive stress strain models for GGFRC

The experimental stress—strain curves of six composite mixes, namely, M30-SGF-ll#c,
M30-LGF-Il#c, M30-CGF-ll#c, M50-SGF-ll#e, M50-LGF-lI#e and M50-CGF-Ili#e are
plotted in Fig.6.92 (a) to (f) along with the curves predicted using the adopted model
(equation (13)) and equation (19) given in Chapter-5. The shape of the strain softening
branch of the curve, which is steep in plain concrete becomes flatter with the addition
of fibres. The prediction of stress—strain curves for GGFRC using the proposed model
is closer to the experimental curves is shown in Fig.6.92 (a) to (f). Analytical model
Proposed by the equation has shown close correlation with experimental results of
both M30 and M50 grade of concrete.
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Fig.6.92 Analytical and experimental normalised stress—strain relationship for

(a) M30-SGF-li#c (Rler =0.39, B = 2.013), (b) M50-SGF-li#e (Rlcr =0.24, B = 2.063), (c) M30-LGF-
l#c (Rler =0.43, B = 2.006), (d) M50-LGF-li#e (Rler =0.41, B = 2.010), (e) M30-CGF-ll#c (Rlcr =0.24,
B =2.053) and (f) for M50-CGF-li#e (Rler =0.24, B = 2.063).
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6.17. Strain Hardening in Tension and Strain Softening in Compression of
GGFRC

The phenomena of strain hardening in tension and strain softening in compression for
GFRC is explained in article 5.14 of chapter-5. The strain hardening in tension and
strain softening in compression phenomena is noticed in the stress strain behaviour
of GGFRC similar to the MGFRC. Degree of resistance offered to lateral deformation
is proportional to grading of fibers (SGF, LGF and CGF) and volume of fibers (0.3%,
0.4% and 0.5%). The fibers come into action after cracking in concrete in compression
which is similar to the action of fibers in concrete after the onset of cracking in tension.
With the grading of fibers, the strain hardening in tension increased and thereby there

is increase of strain softening in compression for the same volume fraction.

In the present investigation the parameters such as grade of concrete and grading of
fibers (SGF, LGF and CGF) with volume of fibers (0.3%, 0.4% and 0.5%) are same
for the specimens in tension and compression. Values of stress and strain
corresponding to strain hardening region and strain softening region of each specimen
are given in column 2,3,4,5 and 6 of Tables 6.1 to 6.6 and 6.27 to 6.32 respectively.
Strain hardening behaviour in tension and strain softening behaviour in compression
for GGFRC specimens is normalised with corresponding peak stress and peak strain
are reported in Table 6.39 to 6.41.

In order to understand the complementry behaviour of strain hardening in tension and
strain softening in compression, the normalised stress and normalised strain at the
onset of strain hardening and at the inflection point of strain softening for M30-GGFRC
and M50-GGFRC for 0.3% volume fraction with Rlcr of 0.39, 0.43 and 0.24 are shown
in Fig.6.93 and 6.94. Similar plot can be drawn for all values of Rlcr. The gradient of
increase of strain hardening in tension is similar to the gradient of strain softening in
compression for the specimen with the same and it is influenced by Rlcr. The gradient
of strain hardening in tension is similar to the gradient of strain softening in
compression. Specimen with Short graded fibers i.e. Rler = 0.39 producing low strain
hardening in tension as similar low strain softening behaviour in compression, where
as in specimen with long graded fibers i.e., Rler = 0.43 exhibited significant strain
hardening in tension as similar significant strain softening behaviour in compression
respectively. Specimens with combined graded fibers i.e., Rler = 0.24 exhibited both

significant strain hardening in tension and corresponding strain softening in

248



compression. It can be concluded, for any given reinforcing index as the strain

hardening in tension increased the corresponding strain softening increased.

Table.6.39 Stress and Strain Ratio of SHR and SSR-GGFRC-0.3%

M30-GGFRC M50-GGFRC
Specimen Strain Strain Strain Strain
Designation Rlcr Hardening softening Hardening softening
1) (2) Region Region Region Region
0Pt/ 0% | Pt/ € | FCP/TBL | €Cp/€Bu | OPt/ 0% | €Pt/ €Q | FCR/ By | €Cip [ €By
3 (4) (©) (6) ) (8) 9 (10)
Short Graded Fibers (SGF), Vi=0.3%
SGF-l#c 0.15| 0.65 0.23 0.85 2.69 0.69 0.21 0.84 2.38
SGF-ll#c 0.39 | 0.65 0.19 0.86 4.50 0.65 0.19 0.83 3.76
SGF-lli#c 059 | 0.73 0.21 0.86 441 0.65 0.20 0.83 3.21
SGF-IV#c | 0.88 | 0.73 0.24 0.85 3.57 0.65 0.21 0.82 2.66
SGF-V#c 236 | 0.77 0.26 0.87 2.47 0.69 0.22 0.84 1.86
Long Graded Fibers (LGF), Vi=0.3%
LGF-I#c 0.16 | 0.65 0.19 0.85 3.01 0.65 0.19 0.83 3.10
LGF-li#c 0.43 | 0.58 0.16 0.86 4,77 0.58 0.16 0.83 5.09
LGF-Ill#c 0.64 | 0.58 0.17 0.86 4.48 0.58 0.17 0.83 4.49
LGF-IV#c 0.96 | 0.65 0.19 0.85 3.77 0.59 0.18 0.82 3.93
LGF-V#c 2.54 | 0.65 0.20 0.84 3.51 0.61 0.19 0.84 2.86
Combined Graded Fibers (SGF), Vi=0.3%
CGF-l#c 0.09 | 0.77 0.17 0.86 4.50 0.77 0.16 0.85 4.09
CGF-lli#c 0.24 0.77 0.14 0.87 8.52 0.73 0.14 0.84 7.52
CGF-lli#c | 0.35 | 0.77 0.15 0.87 6.49 0.73 0.14 0.83 7.21
CGF-IV#c | 053 | 0.77 0.16 0.86 5.95 0.77 0.15 0.83 5.30
CGF-Vi#c 142 | 0.77 0.16 0.88 4.41 0.77 0.16 0.84 3.96
Table.6.40 Stress and Strain Ratio of SHR and SSR-GGFRC-0.4%
M30-GGFRC M50-GGFRC
Specimen Strain Strain Strain Strain
Designation Rlcr Hardening softening Hardening softening
1) (2 Region Region Region Region
oPt/aQ | €Pt/eQ | TCR/TBy | €Cp/€By | Pt/ O | €Pt/eQ | TCR/TBy | €Cp [/ €By
(3 (4) (©)] (6) () (8) 9 (10)
Short Graded Fibers (SGF), Vi=0.4%
SGF-I#d 0.14 | 0.65 0.21 0.85 2.78 0.69 0.21 0.84 2.69
SGF-li#d 0.37 | 0.65 0.19 0.87 4.83 0.65 0.19 0.83 4.40
SGF-lli#d 0.56 | 0.73 0.20 0.86 4.49 0.65 0.20 0.83 4.26
SGF-IV#d 0.83 | 0.73 0.23 0.85 3.52 0.65 0.21 0.82 2.87
SGF-V#d 1.67 | 0.77 0.26 0.85 3.22 0.67 0.22 0.84 2.10
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Long Graded Fibers (LGF), Vi=0.4%

LGF-I#d 0.16 | 0.65 0.19 0.86 3.46 0.63 0.19 0.84 3.28
LGF-II#d 0.42 | 0.58 0.16 0.86 6.09 0.57 0.15 0.82 5.80
LGF-Ili#d 0.62 | 0.58 0.16 0.86 5.18 0.58 0.16 0.83 5.16
LGF-Iv#d 0.94 | 0.65 0.18 0.85 4.72 0.58 0.17 0.82 4.25
LGF-V#d 2,50 | 0.65 0.20 0.86 4.22 0.60 0.19 0.84 3.05
Combined Graded Fibers (SGF), Vi=0.4%
CGF-I#d 0.08 | 0.77 0.16 0.88 491 0.77 0.15 0.84 4.15
CGF-ll#d 0.22 | 0.77 0.14 0.87 8.93 0.73 0.14 0.84 8.88
CGF-llli#d 033 | 0.77 0.14 0.87 8.85 0.73 0.14 0.84 8.54
CGF-Iv#d 0.49 | 0.77 0.15 0.86 7.41 0.75 0.15 0.83 6.31
CGF-V#d 1.30 | 0.77 0.16 0.86 5.95 0.75 0.16 0.84 5.00
Table.6.41 Stress and Strain Ratio of SHR and SSR-GGFRC-0.5%
M30-GGFRC M50-GGFRC
. Strain Strain Strain Strain
DSpgmme_:n Rlcr Hardening softening Hardening softening
esignation . . . .
(1) (2) Region Region Region Region
oPt/ o | eP /€% | fCp/TBy | eCp/€By | OPt/ 0% | €Pt/ e | TCp /By | €Cp/ €By
3) 4) ®) (6) (W) (8) 9) (10)
Short Graded Fibers (SGF), Vi=0.5%
SGF-l#e 0.13| 0.82 0.21 0.85 3.04 0.69 0.21 0.84 2.79
SGF-ll#e 0.36 | 0.65 0.18 0.87 5.48 0.65 0.18 0.83 5.74
SGF-lli#e 0.54 | 0.73 0.19 0.86 5.34 0.65 0.19 0.83 411
SGF-IV#e |0.80| 0.73 0.22 0.85 4.00 0.65 0.20 0.82 3.08
SGF-V#e 214 | 0.77 0.23 0.85 3.42 0.66 0.22 0.83 2.12
Long Graded Fibers (LGF), Vi=0.5%
LGF-l#e 0.15| 0.65 0.18 0.85 3.83 0.62 0.18 0.83 3.66
LGF-ll#e 0.41 | 0.58 0.15 0.86 5.99 0.57 0.15 0.83 6.17
LGF-Ill#e 0.61 | 0.57 0.16 0.86 5.70 0.58 0.16 0.83 5.88
LGF-IV#e 0.92 | 0.65 0.18 0.85 5.23 0.58 0.17 0.82 4.90
LGF-V#e 2.45 | 0.65 0.19 0.85 4.15 0.58 0.18 0.83 3.55
Combined Graded Fibers (SGF), Vi=0.5%
CGF-l#e 0.08 | 0.77 0.15 0.85 6.39 0.77 0.15 0.84 5.06
CGF-ll#e 0.21 | 0.77 0.13 0.87 10.52 0.73 0.13 0.84 11.14
CGF-lll#e 0.31| 0.77 0.13 0.87 9.72 0.73 0.13 0.84 9.96
CGF-IV#e |0.47 | 0.77 0.14 0.86 8.85 0.73 0.14 0.83 5.25
CGF-V#e 1.25| 0.77 0.15 0.87 6.41 0.77 0.15 0.84 6.71
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Fig.6.93 Strain hardening vs strain softening (M30-GGFRC)
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Fig.6.94 Strain hardening vs strain softening (M50-GGFRC)

6.16.1. Relationship between Stress and strain of SSR in compression and SHR
in tension for GGFRC:

In order to correlate tensile and compression data, relationship between Reinforcing
Index (Rlcr) and (oPt/ o) / (fSp / By), (€Pt/e%) / (¢S / €By) is shown in Fig.6.95.
Equations (33) and (34) are obtained using the regression analysis performed using
all data points of M30-GGFRC and M50-GGFRC.
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The reinforcing index of each mix was calculated and is given in column 2 of Table
6.39 to 6.41. The ratios between stress and strains in strain hardening region and
strain softening region is considered for GGFRC (M30 and M50 grade) and given in
Table 6.39 to 6.41. In order to understand the variation of these ratios with RIm, points
are plotted as shown in Fig.6.95 (a). An examination of the plot and various trails to
aims at the best fit, led to understand that stress and strain ratios varies as power
function of Rlcr in the form of stress ratio or strain ratio = k/ (Rler)". The power function
is modified by multiplying both sides by Rler. The modified relation is (Rlcr) stress
ratio or strain ratio = k (Rler)*™. Now points are plotted with Rlcr as abscissa and Rlcr.
Stress ratio or strain ratio as ordinate is shown in Fig.6.95 (b). The regression
expression obtained is (Rler) Pt/ 0% = (fSp / fBu) 1.162 (RlcrF) 1992 with regression
coefficient R? = 0.9985 and (RlcrF) €7t / €% = (¢Cp / €By) 0.8098 (Rlcr) 99932 with
regression coefficient R? = 0.9143. Then the relation between Rler and stress and
strains can be expressed as.
ot/ 0% = (fSp / By) (1.162 RIGF%0962) —omoommmmeoeeeee- (33)

ePt/ €2 = (eCp / €Bu) (0.8098 RIGF007) ~ommmmmmmcmcmaee- (34)

Where, fB, fSp in compression is used to calculate from equation (28) and (30). By

€Cp in tension is used to calculate from equation (29) and (31).
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Fig.6.95 SHR in tension / SSR in compression vs Rlcr
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6.16.2. Relationship between Enerqy absorption capacity in tension and

compression for GGFRC:

Relationship between energy absorption in strain hardening region and energy
absorption in strain softening region is also developed and shown in Fig.6.96. The
equation (35) is obtained using the regression analysis performed using all data points
of M30-GGFRC and M50-GGFRC. The advantage of the equation (35) is that it can
be used to calculate the either energy absorption in strain hardening region in tension

or energy absorption in strain softening region, if one of them is known.

Energy absorption in strain hardening region (EAshr) is already given in column 11 of
Table 6.1 to 6.6, and energy absorption capacity in strain softening region (EAssr) is
already given column 11 of Table 6.27 to 6.33. The reinforcing index of each mix was
calculated and is given in column 2 of Table 6.39 to 6.41. In order to understand the
variation of EAsHr / EAssr with Rlcr, points are plotted as shown in Fig.6.96. An
examination of the plot and various trails to arrive at the best fit, led to understand that
EAsHr / EAssr varies as power function of Rlgr in the form of EAsHr / EAssr = k (Rlcr)".
The regression expression obtained is EAstr / EAssr = 70.071 (Rlcr) 93038 with
regression coefficient R? = 0.8197. Then the relation between Ricr and EAshr / EAssr
can be expressed as.
EAsHRr = EAssr (70.071 RIcr0-3036) (35)

Where EAshr is the energy absorption capacity in tension and EAssr is the energy

absorption capacity in compression
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r=0.905

2 70
<£ 60
w 50

x 40
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Fig.6.96 Ratio of Energy absorption in Tension / Energy absorption in Compression

is a function of Rlck.
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Chapter-7

Conclusions

7.1 Conclusions

A detailed study consisting of different lengths of glass fiber (3mm, 6mm, 12mm and
20mm) named as Mono Glass Fibers, and combination of different lengths of mono
fibers named as Graded Glass Fiber. Five different volume fractions 0.1%, 0.2%,
0.3%, 0.4% and 0.5% and two normal strength concrete mix M30, M50 and the
parameters were presented in the earlier chapters. Stress strain behaviour in tension
and compression of 1188 specimens each was reported and discussed. Image
analysis technigue was used to quantitatively evaluate the fiber efficiency
characteristics i.e., fiber dispersion coefficient, fiber orientation coefficient and fiber

length coefficient with respect to loading direction.

Broad outcome of the research area is divided into two phases namely, Phase-l is
Study on Mono Glass Fiber Reinforced Concrete and Phase-Il is Study on Graed

Glass Fiber Reinforced Concrete is presented below.

Phase-I: Study on Mono Glass Fiber Reinforced Concrete (MGFRC)

Influence of the Mono Glass Fibers (3mm, 6mm, 12mm and 20mm) on the
compressive and tensile stress-strain behaviour for normal grade concrete (M30 and
M50) was studied with 0.1%, 0.2%, 0.3%, 0.4%, and 0.5% fiber volume fractions. In
order to understand the behaviour of Mono Glass Fiber Reinforced Concrete
(MGFRC) at fresh and hardened state, slump test, uniaxial compression and uniaxial

tension test was conducted and the following conclusions are drawn.

1. Workability decreased with increase in fiber content and fiber length. MGFRC
with 0.3% volume fraction shown maximum improvement in compressive

strength.

2. Specimens with Short length fibers (3mm and 6mm) have given higher tensile
strength than the specimens with Long length fibers (12mm and 20mm).
Specimens with long length fibers (12mm and 20mm) have contributed more
post crack deformation capacity than the specimens with short length fibers

(3mm and 6 mm) in tension.
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. Specimens with Short length fibers (3mm and 6mm) have given higher peak
strength than the specimens with Long length fibers (12mm and 20mm).
Specimens with long length fibers (12mm and 20mm) have contributed more
post peak deformation capacity than the specimens with short length fibers

(3mm and 6 mm) in compression.

. Irrespective of volume of the fiber (0.3% to 0.5%) and grade of concrete (M30
and M50), long length fibers (12mm and 20mm) exhibited higher ductility factor,
energy absorption capacity than that of short length fibers (3mm and 6mm).
Short length fibers showed higher strengthening and initial slope compared to
the long length fibers. Hence, the short length fibers contributed to improve the
strength of the composite where as long length fibers contributed to improve

the deformations of the composite in both tension and compression.

. Optical Microscope study and Image analysis was used to examine fiber
dispersion and fiber orientation on a fracture plain. Fiber dispersion, fiber
orientation and fiber embedded length influences strength and deformation of

GFRC specimens.

. An equation with fiber dispersion coefficient (nd), along with fiber orientation
coefficient (ne) and fiber length coefficient (n) estimates composite tensile

strength almost equal to experimental strength.

. Arelation is obtained between strain at ultimate strength of composite in tension

and RIvr. Predicted results are good correlation with the experimental results.

. Fibers are not distributed uniformly across the section. In case of Short fibers,
less fibers are present at the corners and edges compared to the centre of
cross-section when compared to the long length fibers. Fiber density at fracture

plane decreased with the increase in volume of fiber.

. Short fibers dispersed and oriented effectively in the composite better than the

longer fibers

10. Higher the fiber dispersion coefficient (n4) and fiber orientation coefficient (ne)

higher the strength of composite and these parameters are estimated using the

reinforcing index (RIm).
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11. A model is developed for predicting stress—strain curves of MFRC in tension
and compression. All properties required for the generation of compressive
stress strain curves are estimated using the reinforcing index (RIm). A material
parameter 3 is developed for predicting stress—strain curves of MGFRC. The
analytical curves show good correlation with experimental test results of
MGFRC.

12. Increase in fiber content and fiber length improved post peak behaviour in
compression which is strain softening and pre peak behaviour in tension which
is strain hardening. It is noticed that strain softening behaviour in compression
is influenced by strain hardening behaviour in tension of MGFRC.

Phase-Il: Study on Graded Glass Fiber Reinforced Concrete (GGFRC)

Effect of Graded Glass Fibers (SGF, LGF and CGF) on the compressive and tensile
stress-strain behaviour for normal grade concrete (M30 and M50) was studied with
0.3%, 0.4%, and 0.5% fiber volume fractions. In order to understand the behaviour of
Graded Glass Fiber Reinforced Concrete (GGFRC) at fresh and hardened state,
slump test, uniaxial compression and uniaxial tension test was conducted and the

following conclusions are drawn.

1. Graded fibers improved workability of GFRC

2. Specimens containing the 40% of 3mm + 60% 6mm (SGF-II) has given the best
benefit of improvement in both strength and deformation compared to all other
short graded fibers whereas specimens containing the 40% 12mm + 60%
20mm (LGF-I1) has given the best benefit of improvement in both strength and
deformation compared to all other long graded fibers. Specimens containing
the 40% SGF + 60% LGF (CGF-II) has given the best benefit of improvement

in both strength and deformation compared to all other combined graded fibers

3. Short length fibers (3mm+6mm) can be mixed in a proportion (namely Short
Graded Fibers) to improve strength, similarly Long length fibers
(12mm+20mm) can be mixed in a proportion (namely Long Graded Fibers) to
improve deformation. Both strength and deformation can be improved by

properly proportionating short and long length fibers in a given volume fraction.
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4. Irrespective of volume of the fiber (0.3%, 0.4% and 0.5%) and grade of concrete
(M30 and M50), long graded fibers (LGF) exhibited higher ductility factor,
energy absorption capacity than that of short graded fibers (SGF). Short graded
fibers showed higher strengthening and initial slope compared to the long
length fibers. Hence, the combination of SGF and LGF i.e., CGF have exhibited
the higher strengthening factor, ductility factor and energy absorption capacity
than that of SGF, LGF and MGF in both tension and compression.

5. Optical Microscope study and Image analysis was used to examine fiber
dispersion and fiber orientation on a fracture plain. Fiber dispersion, fiber
orientation and fiber embedded length influences strength and deformation of
GGFRC specimens. Proposed method incorporates fiber dispersion coefficient
(na), fiber orientation coefficient (ne) and fiber length coefficient (ni) estimates
composite strength almost equal to experimental strength.

6. The composite with SGF, the fiber density is more at the center and less at the
edges and corners. Where as in long graded fibers, the fiber density is more at
the edges and corners and less at the center. Composite with CGF (containing
SGF + LGF) showed the almost uniform distribution. The results of image
analyses shows that graded fibers with different fibre volume combinations
disperse homogeneously avoiding clumping or balling. Graded fibers showed
the higher fiber dispersion coefficient and higher fiber orientation coefficient
when compared to the mono fibers.

7. Fiber dispersion coefficient (nd) and fiber orientation coefficient (ne) is higher for
the Graded fibers than Mono fibers for the same volume fraction.

8. The strength, deformation capacity and energy absorption capacity is higher for
Graded Glass Fiber Reinforced concrete than Mono Glass Fiber Reinforced

Concrete.

9. An expression is proposed to account for synergy of graded fibers to calculate
RlGF.

10.Models are developed as a function of a more comprehensive reinforcing index
(Rlcr) for the prediction of the mechanical properties of GGFRC, such as peak
stress, strain at peak stress, tensile strength, strain at tensile strength and
energy absorption index. All these properties increase with decreased

reinforcing index (RlcF).
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11. A model is developed for predicting stress—strain curves of GGFRC in tension

and compression. All parameters required for the generation of stress strain
curves are estimated using the proposed reinforcing index (Rlcr). The analytical
curves show good correlation with experimental test results of GGRC.

12.Increase in grading of fibers and fiber content improved post peak behaviour in

compression which is strain softening and pre crack behaviour in tension which
is strain hardening. It is noticed that strain softening behaviour in compression
is influenced by strain hardening behaviour in tension of GGFRC.

Final Conclusions

1.

Graded fibers improved workability and compressive strength compared to
Mono fibers

Short length fibers (3mm and 6mm) have given higher ultimate strength than
the long length fibers (12mm and 20 mm) whereas long length fibers have
contributed more improvement in deformations than the short length fibers in
both tension and compression.

Short Graded Glass Fibers shown the better peak strength and the Long
Graded fibers have shown more post peak deformation capacity. Combined
Graded fibers (SGF +LGF) have shown overall better performance among all
other combinations and it improved the strength and deformation of the
composite both in compression and tension.

The strength, deformation and energy absorption capacity is higher for GGFRC
than MGFRC in both tension and compression.

The results of image analyses shown the combined graded fibers (Short length
fibers + long length fibers) dispersed homogeneously without clumping and
orientated effectively across the failure cross section compared to short graded
fibers , long graded fibers and mono fibers.

Higher the fiber dispersion coefficient (nd) and fiber orientation coefficient (ne)
higher the strength of composite. Fiber dispersion coefficient (nd) and fiber
orientation coefficient (ne) is higher for the Graded fibers than Mono fibers.
Graded fiber resulted an effective mixing comparing to the mono fiber mixing in

concrete. Fiber efficiency is higher for Graded Fibers than that of Mono Fibers.
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7.2

. Tensile strength and corresponding tensile strain of MGFRC and GGFRC are

predicted using the reinforcing index and it showed good correlation with

experimental test results.

. All properties required for the generation of stress—strain curves are estimated

using the reinforcing index (Rlcr). A model is developed for predicting
compressive stress—strain curves of MGFRC and GGFRC. The analytical

curves showed good correlation with experimental test results.

Specific contribution from this work

. Studied the influence of grading of glass fibers of different lengths for various

fiber volume combinations at length.

. Development of reinforcing index for graded fibers (RlcF).

. Relationship between strain hardening in tension and strain softening in

compression is quantified.

Scope for further study

. The method of grading can be applied to concrete reinforced with different types

of fibers (steel, polypropylene, PVA etc.)

. There is need to study the effect of graded fibers on behaviour of special

concretes (high strength concrete, high performance concrete and self

compacting concrete).

. To study the structural behaviour of Graded Hybrid Fiber Reinforced Concrete.
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